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Abstract 12 

 13 

Microbial death is extremely common in nature, yet the ecological role of dead bacteria is 14 

unclear. Dead cells are assumed to provide nutrients to surrounding microbes, but may also 15 

affect them in other ways. We found adding lysate prepared from dead bacteria to cultures 16 

of E. coli in nutrient-rich conditions suppressed their final population density. This is in stark 17 

contrast with the notion that the primary role of dead cells is nutritional, although we also 18 

observed this type of effect when we added dead bacteria to cultures that were not supplied 19 

with other nutrients. We only observed the growth-suppressive effect of dead bacteria after 20 

they had undergone significant lysis, suggesting a key role for cellular contents released 21 

during lysis. Transcriptomic analysis revealed changes in gene expression in response to dead 22 

cells in growing populations, particularly in genes involved in motility. This was supported by 23 

experiments with genetic knockouts and copy-number manipulation. Because lysis is 24 

commonplace in natural and clinical settings, the growth-suppressive effect of dead cells we 25 

describe here may be a widespread and previously unrecognized constraint on bacterial 26 

population growth.  27 
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Introduction 28 

 29 

In any natural environment, microorganisms face environmental stressors that can kill them. 30 

These include abiotic factors like temperature, nutrient or pH stress, and biotic factors such 31 

as infectious viruses (bacteriophages) and antibiotics produced by other microorganisms. 32 

Because cell death is expected to release compounds such as amino acids (1), it potentially 33 

enhances growth of surrounding cells (2,3). Indeed, exposure to dead cells has been shown 34 

to support growth of neighbouring live bacteria (4,5) and is thought to play a key role in 35 

population survival of bacteria during extended periods after other nutrients are exhausted 36 

(1,3,6–8). However, dead cells and associated debris may also induce other types of changes 37 

in gene expression in living cells through the release of, for example, eDNA (9), membrane 38 

vesicles (10,11) or signalling molecules (12,13). For instance, in Pseudomonas aeruginosa, 39 

cells lysed by a competing strain cause neighbouring live cells to upregulate a number of 40 

genes involved in antibacterial activity, improving their fitness in interspecific competition 41 

(14). It was recently shown that dead cells can alter swarming behavior in E. coli and induce 42 

changes in gene expression that benefit swarming E. coli when challenged with antibiotics 43 

(15). These findings suggests the ecological role of dead cells may not be limited to nutrition 44 

(recycling nutrients and other compounds beneficial for growth). 45 

 Much research on the ecological role of dead cells has focused on experimental 46 

populations of bacteria that have entered late stationary phase or death phase in batch 47 

culture, and subsequent recycling of dead cells present in such cultures as nutrients (1,3,7,16–48 

18). For example, Escherichia coli can grow in the supernatant of starved cultures, and the 49 

amount of growth depends on the density of the starved culture (3). Although such studies 50 

reveal the effects of changes in medium composition caused by bacterial growth, starvation 51 
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and death, they do not tell us about the effects of dead cells themselves, because they are 52 

typically filtered out of the medium before the supernatant is added to live cultures. A recent 53 

study overcame this limitation by adding UV-killed culture directly to live cultures, 54 

demonstrating a nutritional effect consistent with that suggested by supernatant 55 

experiments (8). However, key gaps in our knowledge remain. Perhaps most importantly, it is 56 

unclear whether exposure to dead cells has a similarly nutritious effect in populations that 57 

are also supplied with other nutrients (because nutrient cycling effects are typically measured 58 

in starved cultures or nutrient-free medium). Bacteria in nature are not always starving, and 59 

responses to dead cells may be different when cells have access to other nutrients. 60 

Additionally, the impact of dead cells may depend on how they have died. It has been shown 61 

that live cells respond differently to dead kin depending on the cause of death in unicellular 62 

algae (19), yeast (20), and the eukaryotic immune system (21,22). Bacteria killed by stressors 63 

other than starvation may therefore have different effects on living cells. In particular, cell 64 

lysis, which is common in nature as a result of bacteriophage infection (23), some antibiotics 65 

(24,25) or Type VI secretion systems (26), is likely to release a greater fraction of intracellular 66 

contents into the environment and may therefore have different effects compared to those 67 

observed for starved cultures. 68 

 Here, we investigate the effects of various types of dead bacteria and associated cell 69 

debris/lysate, on population growth of E. coli. We do this in both nutrient-rich and nutrient-70 

poor conditions, revealing environment-dependent effects: we show dead bacteria can serve 71 

as nutrients when these are scarce but can, surprisingly, negatively affect final population 72 

density in seasonal environments where other nutrients are supplied and then exhausted. By 73 

resuspending cultures in fresh medium immediately before killing them, we disentangle the 74 

effects of dead bacteria (cell debris and released compounds) from medium conditioning 75 
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during prior growth. We do this for cells killed in various ways, such as heat, sonication and 76 

phage lysis. We then use transcriptomic analysis and genetic knockouts to show that dead 77 

bacteria trigger widespread changes in gene expression in neighbouring live cells, indicating 78 

a key role of upregulated motility genes in the observed population-level response to dead 79 

cells in nutrient-rich conditions. Together, these results suggest dead bacteria can have 80 

qualitatively different effects on neighbouring live cells depending on the local abiotic 81 

conditions and how they have died. 82 

 83 

Results 84 

 85 

Exposure to cell lysate can inhibit or increase population growth depending on abiotic 86 

conditions 87 

 88 

To test the effect of dead bacteria, we resuspended cultures of E. coli in fresh medium 89 

immediately before killing them by sonication, after which we filtered out any surviving cells 90 

(our control treatment here was sterile medium subjected to the exact same procedure; see 91 

methods). Adding this dead-cell preparation (lysate) to live E. coli in buffer solution with no 92 

other carbon source (M9) supported increased population growth relative to the control 93 

treatment: the change in bacterial abundance over 24h estimated by optical density was 94 

significantly higher in cultures supplemented with dead cells (Welch two-sample t-test: t = -95 

46.33, df = 4.51, p < 0.0001; Fig. 1). By contrast, when we added dead cells (lysate) to E. coli 96 

cultures in nutrient-rich medium (LB), we observed a reduction of final population density 97 

compared to cultures without added dead cells (Welch two-sample t-test: t = 15.79, df = 6.68, 98 

p < 0.0001, Fig. 1). When we estimated bacterial densities by plating and counting colony-99 
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forming units (CFUs) instead of optical density (OD), we observed a similar pattern (Fig. 1), 100 

with a ~7-fold increase in mean density in M9 (mean ±.s.d. = 2.28×107 ±2.79×107 CFU/mL 101 

without, 1.60×108 ±3.47×107 CFU/mL with dead cells) and a ~2-fold decrease in LB (mean ±s.d. 102 

= 1.58×109 ±2.71×108 without, 7.18 x108 ±4.02×108 with dead cells). In a separate control 103 

experiment, we accounted for any possible nutrient depletion in the dead-cell preparation 104 

after resuspension and prior to sonication and filtration. We did this by including an additional 105 

control treatment where we resuspended E. coli as in the dead-cell treatment, but did not 106 

sonicate prior to filtration. This showed no effect on both OD and CFU (methods, Fig. S1), 107 

whereas both of these measures of population growth were negatively affected by addition 108 

of sonicated-and-filtered dead-cell preparation in the same experiment (Fig. S1). This 109 

indicates the negative response we observed in our dead-cell treatments in nutrient-rich 110 

medium was not due to nutrient depletion during dead-cell preparation. We also found the 111 

magnitude of the response to dead cells was stronger when the initial amount of sonicated 112 

cells was higher (148.5μl instead of 50μl of killed-cell suspension, with the same total culture 113 

volume of 150μl and live-cell inoculum of 1.5μl overnight culture; see Methods) in both rich 114 

medium (dead cells × amount interaction in LB: F1,20 = 18.93, p < 0.001; Fig S2) and in buffer 115 

(dead cells × amount interaction in M9: F1,20 = 41.87, p < 0.0001; Fig S2), although the negative 116 

effect in LB was observed for both ratios (Fig. S2). 117 

 When we added cells lysed by bacteriophage T7, instead of by sonication, to cultures 118 

of a closely related, T7-resistant E. coli strain in nutrient-rich medium, we observed a similar 119 

negative effect as above for sonicated cells (Welch two-sample t-test, t = -4.72, df = 3.09, p = 120 

0.017; Fig. S3). This indicates the negative effect of dead cells (lysate) we observed above for 121 

sonicated cells also applies to cells lysed by natural causes, including bacteriophages.  122 
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By contrast, we found cells killed by heat did not support significant growth when 123 

added in M9 (Welch two-sample t-test, t = 2.17, df = 9.96, p = 0.055; Fig. S4A), and had a very 124 

minor suppressive effect on OD in LB (Welch two-sample t-test for the effect of adding 50 µL 125 

dead cells, t = 2.39, df = 13.35, p = 0.032; Fig. S4B). Sonicating the cell suspension before heat-126 

treatment  restored their negative effect on population growth (Welch two-sample t-test: for 127 

OD t = -12.45, df = 7.25, p < 0.0001; for CFU/mL t = -12.45, df = 7.25, p < 0.0001, Fig. S5) in LB. 128 

Microscopic observations of different dead-cell suspensions showed those that were only 129 

heat-treated contained large clumps of intact, non-viable cells, whereas the phage-lysed 130 

suspensions and those that were sonicated before heat-treatment did not (Fig. S6). Thus, the 131 

dead-cell preparations that had the strongest negative effects on population growth of 132 

neighbouring live cells above were those associated with relatively extensive cell lysis and 133 

release of intracellular material. 134 

 135 

Adding more nutrients results in stronger growth suppression in response to dead cells 136 

We hypothesized that the different responses to dead-cell preparations we observed in 137 

nutrient-rich medium compared to buffer solution are linked to the different amounts of 138 

population growth supported in the two environments. As a first manipulation of this, we 139 

tested if the response to dead-cell treatment (lysate) changed when we added lower amount 140 

of nutrients in LB (by using lower concentrations of tryptone and yeast extract, but keeping 141 

the salt concentration constant). The negative effect of our dead-cell treatment declined with 142 

decreasing nutrient concentration (dead cells × nutrient concentration interaction: F1,44 = 143 

155.96, p < 0.0001; Fig. 2), eventually switching to a positive effect similar to that observed in 144 

M9 at the lowest nutrient concentration. When we added dead-cell preparation to cultures 145 

growing in buffer supplemented with other types of carbon sources, we observed variable, 146 
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predominantly positive effects on growth (dead cells × medium interaction: F3,48 = 6.96, p < 147 

0.001; Fig S7), similar to those observed in reduced-nutrient-LB treatments supporting 148 

equivalent final population densities. Thus, the growth-suppressive effect of exposure to 149 

dead-cell lysate on the final population density of live cultures was strongest in nutrient-rich 150 

conditions supporting a lot of population growth. 151 

 152 

Dead cells have similar effects in cultures with different population densities 153 

The variable effects of dead-cell preparations above could potentially be explained by density 154 

dependence (exposure to dead bacteria having stronger negative effects per capita when the 155 

live population is at higher density, as is reached in higher-nutrient LB treatments). This could 156 

come about by, for example, interference with density-dependent behaviors such as those 157 

mediated by quorum sensing (27,28). Alternatively, dead bacteria could inhibit population 158 

growth in nutrient-rich medium by reducing the number of new cells produced per unit 159 

resource, with a per capita effect independent of the density of the culture. This would be 160 

more consistent with mechanisms such as nutrient sequestration or changes in gene 161 

expression that affect the efficiency of growth and replication. To disentangle these 162 

possibilities, we varied the starting density of the live E. coli population. Within the range 163 

tested, this did not significantly alter the net change in population density in the absence of 164 

dead-cell treatment in rich medium (effect of starting density in LB: for OD F2,12 = 2.98, p = 165 

0.089, Fig 3; for CFU  F2,12 = 2.18, p = 0.16, Fig. S8). In the presence of dead-cell treatment 166 

(lysate produced by sonication and filtration), we observed the same reduced population 167 

growth in LB as in our previous experiments above, and the magnitude of this effect was 168 

independent of starting population density (dead cells × starting density interaction: for OD, 169 

F2,24 = 1.67, p = 0.21, Fig. 3; for CFU,  F2,24 = 0.93, p = 0.41, Fig S8). Thus, the growth suppression 170 
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we observed was not stronger for cultures growing at higher densities, and therefore was 171 

probably not caused by interference with density-dependent growth regulation mechanisms 172 

such as quorum sensing. Consistent with the effect of dead bacteria depending more on 173 

growth dynamics than on population density, we also found the positive effect of dead 174 

bacteria on population growth in M9 was independent of  the starting population density of 175 

the live bacteria (dead cells × starting density interaction: for OD F2,24 = 1.18, p = 0.32; for CFU  176 

F2,24 = 0.04, p = 0.96; Fig S9). 177 

 178 

Exposure to dead bacteria induces changes in gene transcription in E. coli 179 

We next aimed to find out whether the negative effect of dead bacteria on population growth 180 

of E. coli in rich medium (LB) was associated with changes in gene expression in the live cell 181 

population. We performed RNA sequencing on E. coli populations grown with or without dead 182 

cells (sonicated-and-filtered dead-cell preparation) to identify genes involved. We found a 183 

total of 321 genes to be differentially expressed in the dead-cell treatment compared to the 184 

dead-cell-free treatment (average expression change of at least two-fold and false discovery 185 

rate<0.1; see methods; Fig. 4, Table S1). 53 of these genes were differentially expressed at 186 

more than one of the three timepoints we sampled, of which 32 were exclusively upregulated. 187 

Of these upregulated genes, 19 were involved in motility, chemotaxis and flagellum synthesis 188 

(Fig. 4; Table S1). This was further corroborated by enrichment analysis using gene ontology 189 

(GO) categories, which showed significant enrichment of a total of 11 GO categories in the 190 

upregulated genes (table S2). Of these eleven categories, four were motility-associated, 191 

including two that were enriched at more than one timepoint. Individual motility genes that 192 

were upregulated included multiple genes of the flg (9) and fli (7) operons, as well as motA, 193 

fliA and flhC. These three genes are all transcriptional activators of motility and chemotaxis 194 
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in E. coli (29–31), and therefore probably contribute to the observed increased expression of 195 

other motility/chemotaxis-associated genes, which is consistent with recent work 196 

demonstrating that the presence of dead cells can affect E. coli swarms and increase their 197 

antibiotic resistance. We also observed a shift in expression for several genes involved in 198 

purine (pur operon) and pyrimidine (carA and carB) biosynthesis, ribose uptake systems 199 

(rbsABCD), and the ferric citrate (Fec) uptake system, including fecIR, exbBD, tonB and the fep 200 

operon. 201 

  202 

Altered expression of motility genes affects population growth and response to dead cells 203 

To test for further evidence that changes in gene expression identified above were involved 204 

in responding to dead cells, we assayed single-gene knockout strains in the presence and 205 

absence of dead cells. We did this for nine genes, focusing on those with regulatory functions 206 

and showing consistent fold changes across time points above, either themselves or 207 

downstream (Materials & Methods), using the same protocol and ratio of dead:live cells as 208 

above in our RNA sequencing experiment. We found the response to dead cells varied among 209 

different knockout strains (strain × dead cells interaction, F8,72 = 2.704, p = 0.01; Fig 5). Most 210 

knockout strains showed a reduction in final population density in the presence of dead cells, 211 

as observed for the wild type here and in our other experiments. However, both the fliA and 212 

flhC knockout strain did not respond to dead cells (Welch two-sample t-test - fliA: t = 0.61, df 213 

= 7.05, p = 0.56; flhC: t = -0.96, df = 6.25, p = 0.37; Fig. 5), consistent with them being involved 214 

in the wild-type response to dead cells. A later repetition of this assay with the higher 215 

dead:live cell ratio used in some of our other experiments confirmed these mutants 216 

responded more weakly than the wild-type to dead cells (strain × dead cells interaction, F3,86 217 

= 4.24, p = 0.007; Fig. S10). flhC is one half of the flhCD dual transcription regulator which, 218 
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among other genes, controls expression of fliA. fliA encodes s28, a minor alternative sigma 219 

factor involved in regulation of genes involved in motility, chemotaxis and flagellar synthesis 220 

(29–31). Many genes downstream of flhC and fliA were also upregulated in our transcriptomic 221 

analysis (Fig. 4; Table S1). Despite this, we found no consistent effect of exposure to lysed 222 

cells on swimming motility of the wild type on soft agar (Fig. S11). We also found no evidence 223 

of altered biofilm formation, which can be affected by motility genes (34,35), in response to 224 

dead cells in LB (Fig. S12). The lack of detectable changes in swimming behaviour could be 225 

because the observed overproduction of transcripts involved in chemotaxis does not 226 

translate to an altered motility phenotype, but we do not exclude that were altered motility 227 

phenotypes not detected by this type of assay, particularly given there are several different 228 

types of motility in E. coli (36,37), and recent evidence that exposure to dead cells induces 229 

altered swarming behaviour upon antibiotic exposure (15). 230 

 231 

Having observed that the two motility genes fliA and flhC (and genes they regulate) were 232 

overexpressed in the presence of dead cells, and that deleting these two genes reduced the 233 

negative response of E. coli to dead cells, we hypothesized that overexpression of these genes 234 

would negatively affect bacterial growth, which would help to explain the reduced growth we 235 

observed in the presence of dead cells. We tested this using ASKA library (overexpression) 236 

strains for flhC and fliA, which contain a high copy-number plasmid with the gene of interest 237 

under control of the lacZ promoter, inducible by IPTG. We found adding IPTG caused a 238 

significant reduction in bacterial growth for both the flhC and fliA overexpression strains (Fig. 239 

S13), consistent with overexpression of these genes being costly. By contrast, adding IPTG did 240 

not change average growth of K12 MG1655 in the same experiment (Fig. S13), suggesting the 241 

observed growth reduction for the ASKA strains did not reflect a general effect of IPTG on 242 
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bacterial growth. When we added dead cells, neither flhC nor fliA overexpression strains 243 

showed reduced growth (Fig. S13). In the presence of IPTG, this may be explained by them 244 

already paying the cost of overexpression of these genes in both the presence and absence 245 

of dead cells. In the absence of IPTG this is more surprising, because we would expect them 246 

to show reduced growth in response to dead cells as in our other experiments. This may be 247 

explained by strain differences between the ASKA host K-12 AG 1 and K12 MG1655 (used in 248 

our other experiments, and showing the same reduced growth in response to dead cells as 249 

before when tested in the same block of assays as the ASKA strains; Fig. S12), or by leaky 250 

expression of the plasmid-borne gene copies in the ASKA strains (38). Consistent with the 251 

latter, the ASKA strains reached lower stationary phase densities than K12 MG1655 even 252 

without induction by IPTG. 253 

 254 

Discussion 255 

 256 

We investigated the effect of dead bacteria on live bacteria. We found that in low-nutrient 257 

environments, adding lysate prepared from dead bacteria increased the final population 258 

density of neighbouring live cells, consistent with the widely held view that dead cells play a 259 

nutritional role. By contrast, we found that in a seasonal environment where bacteria were 260 

supplied with other nutrients, adding dead-cell lysate negatively affected final population 261 

density. The type of dead cells was important: we found a large effect using phage-lysed or 262 

sonicated cells, whereas cells that were killed by heat showed a marginal effect (note the lack 263 

of effect for heat-killed cells was not due to heat-lability of active ingredients; sonication prior 264 

to heating restored the negative effect on live cells). Our transcriptomic study of the response 265 

of E. coli to dead bacteria in LB revealed upregulation of flagellar synthesis and motility-266 
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associated genes. Knocking these genes out supported their involvement in the response to 267 

dead bacteria. By contrast, overexpression of the same genes was costly to bacteria in terms 268 

of population growth in these conditions, which probably contributes to the reduced 269 

population density we observed upon exposure to dead-cell lysate. Extensive cell lysis is 270 

common in nature, for example by phages (23), antibiotics (24,25) or type VI secretion (26), 271 

indicating such effects may apply in conditions beyond those tested here. 272 

 273 

Together, these data show while dead cells can serve as nutrients, they can also promote 274 

other behavior in bacteria that reduces net population growth. This is in contrast to much 275 

previous work, which has often focused on the role of dead cells in nutrient recycling in 276 

starving cultures (3,5,8,39,40), late stationary phase and so-called GASP (Growth Advantage 277 

in Stationary Phase) phenotypes (1,6,7,18,41). In line with this research, we observe that  E. 278 

coli can indeed grow on dead cells in buffer with no other available carbon source. However, 279 

when supplied with other nutrients, we see that this positive effect becomes progressively 280 

smaller the more nutrients are present, and eventually becomes negative. These different 281 

observations potentially reflect the different physiological state of E. coli in starvation/with 282 

no other nutrients supplied compared to in nutrient-rich medium. Induction of the stringent 283 

response via RpoS (42), and the subsequent wide-ranging changes in gene expression, may 284 

be an important determinant of the ability of E. coli to feed off dead cells in these conditions. 285 

This is corroborated by the central role of RpoS mutations in the GASP phenotype that appear 286 

in late stationary phases, and presumably confer increased ability to use nutrients released 287 

by dead cells (7). Another difference between our experiments and work with starved 288 

cultures is how cells have died (lysis vs starvation). Cause of death has been shown to 289 

influence responses to dead cells in several other systems (19–22). Thus, we do not rule out 290 
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that starved cells, which are commonly used to study nutrient recycling of dead cell material, 291 

may have different effects to those observed here for lysed cells because, for example, 292 

prolonged starvation may cause cells to break down intracellular components prior to death. 293 

 294 

A key question for future research is how the negative response to dead cells in terms of 295 

population growth in the high-nutrient environment has evolved. One possible explanation is 296 

an adaptive response that might protect bacteria from stress. Dead cells, especially dead 297 

conspecifics, may be reliable indicators of lethal stress nearby (12,13). Recent work found 298 

evidence of such 'necrosignalling' in E. coli, by showing that swarming E. coli cells respond to 299 

released protein from dead clone mates, increasing their ability to withstand antibiotic stress 300 

and subsequently swarm on agar with an otherwise lethal concentration of antibiotic (15). 301 

This increase in antibiotic resistance is only observed in swarming E. coli, and agrees with both 302 

our transcriptomic data pointing to a link between a dead-cell response and motile behavior, 303 

and our failure to observe altered swimming behavior in the presence of dead cells. Our work 304 

also goes beyond these past findings by addressing the effect of dead cells on population 305 

growth, and how this depends on local nutrient status. We speculate the increased 306 

transcription of motility-associated genes may reflect a 'fleeing' response to dead cells and 307 

associated stressors. Future work testing whether the overexpression of motility-associated 308 

genes and reduced population growth we observed in the presence of dead cells confers a 309 

fitness benefit to bacteria in other types of stressful conditions will shed light on this idea. We 310 

note also that, while our results strongly implicate motility-associated genes in the observed 311 

response to dead cells, we also observed changes in gene expression for some other types of 312 

genes. Although our genetic knockouts indicated defective motility systems ameliorated the 313 

observed effect of dead cells, we do not rule out other types of responses. 314 
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 315 

In conclusion, our results show dead bacteria influence live bacterial cultures, including a 316 

novel, growth-suppressive effect in a seasonal environment where bacteria are initially 317 

supplied with other nutrients. This depends critically on how the bacteria involved died (lysed 318 

or not) and which environment they are growing in. The response seems to be rooted in 319 

upregulation of motility- and chemotaxis-associated genes. Because many environments 320 

have a diverse range of nutrient contents and lethal stressors, these results are likely relevant 321 

in many natural conditions. For example, the nutrient medium we used (LB) mainly contains 322 

amino acids as carbon source (43), thought to be a major component of the nutrients 323 

available in the gut (44). Similarly, because of the huge abundance of bacteria in the 324 

gastrointestinal tract, dead cells are likely to be present in significant quantities in such 325 

environments, some of which may be lysed as in our experiments, due for example to killing 326 

by other bacteria, antibiotics or viruses. Another key implication of our findings is in 327 

population biology, where theoretical models of microbial populations frequently assume 328 

that dead cells simply exit the model. Our results suggest instead that dead cells can have 329 

important effects by regulating population density. 330 

 331 

Materials & Methods 332 

 333 

Organisms and growth conditions 334 

We used various bacterial strains in different experiments (Table S3), and for most 335 

experiments we used two types of growth medium: LB (Lennox lysogeny broth, Sigma) and 336 

M9 mineral medium (containing M9 salts [33.7 mM Na2HPO4, 22.0 mM KH2PO4, 8.55 mM 337 

NaCl, 9.35 mM NH4Cl] plus 1 mM MgSO4 and 0.3 mM CaCl2). For one experiment we 338 
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supplemented M9 with 0.2 % w:v glucose, glycerol or casamino acids. For another experiment 339 

we made nutrient-depleted versions of LB by reducing the concentration of tryptone and 340 

yeast extract. All incubation was at 37°C. 341 

 342 

Growth assays 343 

In our first experiments, we measured the response of E. coli to dead cells (prepared as 344 

described below) by filling wells in 96-well microplates (Greiner, Kremsmünster, Austria) with 345 

either 148.5 μl of dead-cell suspension or control medium (prepared as described below), 346 

after which we inoculated each well with 1.5 μl of an independent overnight culture grown in 347 

the appropriate medium. For several experiments, we used 50 μl of dead-cell suspension with 348 

98.5 μl of fresh medium instead; this is indicated where relevant in the main text. For all 349 

experiments, we inoculated 4-12 replicate populations (depending on the experiment). 350 

Starting ODs were measured using a spectrophotometer (Tecan NanoQuant Infinite M200 351 

Pro), after which the microplates were incubated for 24h, before measuring their final 352 

densities. We then calculated the change in OD600 over 24h for each well (∆OD, equal to 353 

OD600t=24h - OD600t=0h).  354 

 For some experiments, we used a second measure of bacterial growth by counting 355 

colony forming units (CFU/mL), after plating dilution series onto LB agar plates. We used 356 

Welch’s t-test to determine whether average yield were affected by the addition of dead cells. 357 

We also plated one culture of each treatment level on TA (tetrazolium arabinose) agar to 358 

check for viable cells from the “dead” cultures added (see below).  359 

 360 

Preparation of dead cells 361 
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We tested the effects of various types of dead bacteria and corresponding control treatments. 362 

In every experiment, we confirmed that dead-cell aliquots contained no viable colony-forming 363 

units by plating 50 μl onto LB-agar and incubating overnight. Additionally, we prepared dead 364 

bacteria from a marked version of the ancestral strain, K12 MG1655 DAra, allowing us to test 365 

for regrowth from killed cultures during the assay by plating on tetrazolium agar (45). We did 366 

not observe any DAra colonies in any of our assays. We prepared dead bacteria in the 367 

following ways: 368 

 369 

1. Heat-killed cells. We centrifuged overnight cultures of E. coli at 4000 rpm for 5 minutes, 370 

after which we resuspended the cultures in the appropriate growth medium. This procedure 371 

removes all medium conditioning by prior growth and allows us to investigate the effect of 372 

dead cells directly. We then heated these cultures at 100°C for 1 hour. As a control, we used 373 

150 μl aliquots of sterile medium subjected to the exact same procedure. We then plated 50 374 

µL of each killed culture without dilution on LB and TA agar to check for viable cells. We 375 

observed no growth on the plates after the procedure. 376 

 377 

2. Sonicated-cell lysate. We hypothesized that the effect of dead bacteria may be stronger 378 

when they are lysed. Therefore we sonicated 5 mL cultures for 5 minutes with 1 second pulses 379 

at 80 % amplitude using a SonoPlus HD2070. Prior to sonication we resuspended cultures in 380 

fresh medium. Plating showed that sonication did not kill 100% of the population, so we then 381 

filtered (0.20 µm) each lysate after sonication. All culture tubes were kept on ice between 382 

resuspension and sonication/filtration. It would in theory be possible that the negative effect 383 

of dead-cell treatments we prepared in this way resulted from nutrient depletion after 384 

resuspension but prior to sonication. We tested for this using a control experiment including 385 
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tubes that were resuspended, kept on ice and then filtered (but not sonicated); this showed 386 

no evidence of significant nutrient depletion after resuspension/before sonication (Fig. S1). 387 

In some experiments we heat-treated sonicated cultures instead of filtering them; this 388 

allowed us to test for the effects of heating vs filtration (comparing sonicated-and-filtered 389 

treatments to sonicated-and-heated), which might arise from denaturation of heat-labile 390 

enzymes in the lysate, and whether any lack of effect in heat-treated cultures was due to the 391 

effects of heating, or the lack of sonication (by comparing heated vs sonicated-and-heated). 392 

 393 

3. Phage-lysed cells. We hypothesized that lysis by bacteriophages would produce similar 394 

effects compared to lysis by sonication. We diluted overnight cultures of E. coli 100× into 5 395 

mL fresh LB and grew them for ~2.5 hours before resuspending in fresh LB. Then, we added 396 

~6×109 plaque-forming units (PFU) of lytic phage T7 suspended in 100 µL and further 397 

incubated until lysis was visible (~3 hrs). We filtered the lysate (0.20 µm filter) to remove any 398 

viable cells (confirmed by plating on LB agar). Note this procedure does not remove the 399 

phages. To ensure this did not influence our subsequent assays, as the live E. coli here we 400 

used a strain (ECOR9, from the ECOR collection (46)) that is closely related to E. coli K12 but 401 

fully resistant to this phage. To control for the possibility that ECOR9 would react differently 402 

to dead-cell lysate compared to E. coli K-12, we also tested ECOR9 with dead-cell lysate 403 

produced by sonication and compared this to K12 under the same treatment. As above, the 404 

control treatment was prepared in the same way but without any bacterial cells.  405 

 406 

RNA isolation and sequencing 407 

To test for changes in gene expression upon exposure to dead cells, we extracted total RNA 408 

from E. coli exposed to sonicated E. coli or the corresponding control treatment (three 409 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 23, 2020. ; https://doi.org/10.1101/2020.10.23.352005doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.23.352005


19 
 

replicates each) at three different timepoints (after 5, 6.5 and 24 hours of growth). We grew 410 

E. coli the same way as in our growth assays described above, adding 50 µL of sonicated-and-411 

filtered dead cells or control medium. We used 50 µL here, rather than 148.5 µL as in some 412 

of our experiments, to minimise the amount of extracellular RNA in the medium that was not 413 

from our focal culture, while still producing a clear effect of dead cells on growth. Additionally, 414 

cultures were pelleted and resuspended before RNA extraction, which we expect to remove 415 

the majority of any free-floating RNA derived from the lysate rather than contained in live 416 

cells. To obtain sufficient culture volume for RNA extraction, for each replicate we pooled six 417 

separate wells inoculated from the same overnight culture and incubated in the same 418 

conditions (we did this, rather than simply incubating larger culture volumes, to keep the 419 

culture volume and growth conditions identical to the main experiments above). We then 420 

pelleted the pooled cultures, removed supernatant, and added Qiagen RNA-Protect Bacteria 421 

Reagent. We then extracted total RNA with the SV Total RNA isolation kit. Total RNA was then 422 

DNAse treated using the Ambion Turbo DNA-Free DNAse kit (Life technologies), and 423 

ribosomal RNA was removed using the MICROBExpress bacterial mRNA enrichment kit 424 

(Thermo Fisher). Resulting read-alignment was performed with bowtie2 (47) using the 425 

Ensembl genome build K12_MG1655_ASM584v2 as reference. Gene expression values were 426 

computed with the function featureCounts from the R package Rsubread (48) (using the 427 

following settings: min mapping quality 10, min feature overlap 10bp, count multi-mapping 428 

reads, count only primary alignments, count reads also if they overlap multiple genes). We 429 

computed differential expression using the generalized linear model implemented in the 430 

Bioconductor package DESeq2 (49). Genes were considered expressed if they had at least 10 431 

reads assigned. 432 

 433 
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Keio knockout and ASKA overexpression assays 434 

From gene expression data above, we selected a subset of genes for further investigation. We 435 

used the omics dashboard on the Ecocyc website (50) to identify genes meeting the following 436 

criteria: (1) a fold-change of >2 at one or more timepoints, (2) more than 10 downstream 437 

genes (in the case of regulatory genes) with fold changes of >2 at at least one timepoint 438 

(downstream genes were also identified with the omics dashboard). Of the 330 genes that 439 

met at least one of these criteria, we then picked 9 genes for further investigation, prioritizing 440 

those with regulatory functions. We then took single gene knockout mutants of these genes 441 

from the Keio collection (51) and tested their response to dead cells for an altered response 442 

compared to the ancestor, using the same protocol as described earlier for sonicated, lysed 443 

cells. For two genetic knockouts that showed altered responses to dead cells compared to the 444 

wild type (fliA and flhC), we also tested for an effect of overexpression of the same genes, 445 

using strains from the ASKA library (52). Briefly, these strains each carry a plasmid containing 446 

an IPTG-inducible copy of the relevant open reading frame, allowing us to test the effect of 447 

overexpression in E. coli. We assayed these two strains and MG1655, as described above, 448 

both with and without 0.1 mM of IPTG to induce the plasmid-borne copies of the gene. 449 

  450 
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 574 

Figure 1. Population growth of E. coli K12 MG1655 in minimal medium (M9 without carbon 575 

source; A & B) and nutrient-rich medium (LB; C & D), in the presence and absence of dead-576 

cell lysate (x-axis; lysate produced by sonication and filtration). Population growth is shown 577 

by two different measures: (A&C) change in optical density (OD600) over 24 hours and (B&D) 578 

colony-forming units per milliliter (CFU/mL) of the same cultures. All points represent 579 

independent replicates (n = 5) and individually prepared cultures of dead cells/controls. Each 580 
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line shows the mean for one treatment group. We used a total volume of 150 µL, consisting 581 

of 1.5 µL overnight culture with 148.5 µL of dead cell suspension. 582 

 583 

Figure 2 Bacterial population growth (change in OD600 over 24 hours) in the presence and 584 

absence of  dead-cell lysate or control medium, in culture medium with different 585 

concentrations of the principle nutrients in LB (tryptone and yeast extract). Lower-nutrient-586 

concentration treatments were prepared with 5 g/L NaCl, to retain the same osmolarity as in 587 

100% LB. All points represent independent replicates (n = 6). Each line shows the mean from 588 

one treatment group. We used a total volume of 150 µL, consisting of 1.5 µL overnight culture 589 

with 148.5 µL of dead cell suspension (produced by sonication and filtration).  590 
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 591 

Figure 3 Bacterial population growth (change in OD600 over 24 hours) in nutrient-rich 592 

medium (LB) in the presence or absence of dead-cell lysate or control medium, using 593 

different starting densities of the live cells. In all other assays, 5e+06 was used as the starting 594 

density. All points represent independent replicates (n = 5). Black lines show the mean. We 595 

used a total volume of 150 µL, consisting of 1.5 µL overnight culture with 148.5 µL of dead 596 

cell suspension (produced by sonication and filtration). 597 

 598 
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 623 

Figure 4 Transcriptional changes of E. coli in the presence vs absence of dead-cell lysate. 624 

Average gene expression relative to the control treatment is shown after (A) 5, (B) 6.5 and (C) 625 

24 hours of growth in the presence of dead cell lysate (produced by sonication and filtration) 626 

in LB medium. Each point shows one gene. Dark points in the red and blue areas show 627 

significantly differentially expressed genes (false discovery rate<0.1 and fold change>2); 628 

yellow points show differentially expressed genes that are motility-associated (defined here 629 

as falling under one of the following five GOterms: GO:0071973 (bacterial-type flagellum-630 

dependent cell motility); GO:0071978 (bacterial-type flagellum-dependent swarming 631 

motility); GO:0044780 (bacterial-type flagellum assembly); GO:0006935 (chemotaxis); 632 

GO:0044781 (bacterial-type flagellum organization)). 633 

  634 
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 635 

Figure 5 Bacterial growth (change in OD600 over 24 hours) of nine single-gene deletion 636 

mutants of E. coli in the presence and absence of dead-cell lysate (50µL sonicated-and-637 

filtered lysate added to 100µl culture) in LB medium. All points represent independent 638 

replicates (n = 5). The line shows the mean. We used a total volume of 150 µL, consisting of 639 

1.5 µL overnight culture with 148.5 µL of dead cell suspension. 640 
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