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Abstract 1 

Quorum sensing (QS) is a cell-to-cell communication process that enables bacteria to 2 
coordinate group behaviors. In Vibrio cholerae colonies, a program of spatial-temporal 3 
cell death is among the QS-controlled traits. Cell death occurs in two phases, first along 4 
the colony rim, and subsequently, at the colony center. Both cell death phases are 5 
driven by the type VI secretion system (T6SS). Here, we show that HapR, the master 6 
QS regulator, does not control t6ss gene expression nor T6SS-mediated killing activity. 7 
Nonetheless, a ΔhapR strain displays no cell death at the colony rim. RNA-Seq 8 
analyses reveal that HapR activates expression of an operon containing four genes of 9 
unknown function, vca0646-0649. Epistasis and overexpression studies show that two 10 
of the genes, vca0646 and vca0647, are required to drive cell death in both a ΔhapR 11 
and a ΔhapR Δt6ss strain. Thus, vca0646-0649 are regulated by HapR but act 12 
independently of the T6SS machinery to cause cell death, suggesting that a second, 13 
parallel pathway to cell death exists in V. cholerae. 14 

 15 

Significance 16 

Cell death is a fundamental biological process. In mammals, cell death sculpts tissues 17 
during development, enables injury recovery, and regulates immunity. In bacteria, cell 18 
death mechanisms remain little explored. Recently, colonies formed by the pathogen 19 
Vibrio cholerae were demonstrated to undergo a spatio-temporal program of cell death. 20 
The program is controlled by quorum sensing (QS) and driven by the Type VI secretion 21 
system. Here, we discover QS-controlled genes, called vca0646-0649, that cause cell 22 
death in V. cholerae colonies independently of the Type VI secretion system. These 23 
findings indicate that a second cell death pathway exists in V. cholerae. The results 24 
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expand our understanding of bacterial cell death mechanisms and provide insight into 25 
how cell death shapes bacterial community structure. 26 

 27 

Introduction  28 

Quorum sensing (QS) is a process of bacterial cell-cell communication that depends on 29 
the production, release, accumulation, and detection of extracellular signal molecules 30 
called autoinducers (AIs) (1, 2). QS enables bacteria to monitor the vicinal cell density 31 
and coordinate population-wide gene expression and collective behaviors (1, 2). In so 32 
doing, bacteria accomplish tasks that require many cells acting in synchrony to make 33 
the tasks successful. In the model QS bacterium and pathogen Vibrio cholerae, which 34 
causes the cholera disease, information encoded in AIs is relayed through two QS 35 
pathways both of which converge on a shared transcription factor, LuxO (3). At low cell 36 
density (LCD), when AIs are absent, LuxO is phosphorylated (LuxO~P) and it activates 37 
transcription of genes encoding four small RNAs, called Qrr1-4 (4, 5). Qrr1-4 repress 38 
production of the HapR transcription factor (5). HapR is the master high cell density 39 
(HCD) QS regulator. At HCD, when AI concentrations are above the threshold required 40 
for detection, LuxO is dephosphorylated, production of Qrr1-4 ceases, HapR is 41 
produced, and it activates expression of genes specifying group behaviors.   42 

The bacterial type VI secretion system (T6SS) is a contact-dependent nanomachine 43 
that delivers toxic molecules into other cells (6–8). Briefly, T6SS structural proteins 44 
assemble into a syringe-like device, the tip of which is loaded with toxic effector proteins 45 
(7, 9). The apparatus injects the effectors into neighboring competitor cells, which kills 46 
them. To avoid self-harm, T6SS-active bacteria produce immunity proteins that 47 
inactivate the toxic effector proteins (10). Protection from incoming T6SS attacks is also 48 
conferred by physical means including exopolysaccharide or capsular polysaccharide 49 
macromolecules that act as “shields” (11, 12). In V. cholerae, the genes encoding T6SS 50 
components are arranged in one large and three auxiliary clusters (Figure S1). 51 
Regulation of the T6SS machinery is strain specific, and important for this work is that 52 
unlike the commonly studied pandemic El Tor strain, the El Tor V. cholerae 53 
environmental isolate called 2740-80 expresses its t6ss genes under laboratory settings 54 
due to the presence of an activating, cis-acting, single nucleotide polymorphism (13, 55 
14). In V. cholerae, T6SS function is also QS regulated (15). At LCD, t6ss expression 56 
from the large cluster is repressed by the Qrr sRNAs via a post-transcriptional 57 
mechanism. In addition, the Qrr sRNAs indirectly repress expression of auxiliary t6ss 58 
clusters by preventing HapR production (15). HapR is an activator of auxiliary t6ss gene 59 
cluster expression. Simultaneous to reducing T6SS offensive capacity, at LCD, the Qrr 60 
sRNAs promote increased production of the Vibrio polysaccharide (Vps) “shield” that 61 
blocks incoming T6SS attacks, and thus, boost T6SS defenses (16, 17).   62 

Certain bacteria, including V. cholerae 2740-80, form colonies that, over time, develop 63 
outgrowths called sectors (16, 18–20). In V. cholerae, sector formation is preceded by a 64 



3 
 

cell death program that occurs in two phases (16). The first phase of death occurs at the 65 
colony rim and the second phase in the colony center. Relevant to the present work is 66 
that cell death at the colony rim is a consequence of T6SS-dependent kin-killing (16). 67 
Killing imposes a selective pressure for the bacteria to acquire mutations that enable 68 
them to resist killing. As a consequence, these “variants” form the outgrowths called 69 
sectors. The V. cholerae 2740-80 sector variants commonly possess gain-of-function 70 
mutations in luxO that “lock” the cells into the QS LCD gene expression program (16). 71 
The “locked” luxO LCD mutations confer growth advantages by two mechanisms: First, 72 
they reduce t6ss expression and thus suppress overall T6SS-mediated killing activity. 73 
Second, they increase Vps production, which enhances defense against incoming T6SS 74 
attacks. Isolation and streaking of the luxO variants as pure colonies show that they 75 
display no cell death at the colony rim, and they do not sector. However, cell death in 76 
the center of the colony continues to occur. Thus, killing at the rim must be a HCD QS-77 
controlled T6SS-dependent trait (16). 78 

Some V. cholerae 2740-80 variants isolated from sectors have mutations in hapR 79 
(Supplementary Table 1) (16). With one exception, the hapR mutations confer 80 
attenuation or loss-of-function and thus, analogous to the above luxO mutations, “lock” 81 
the cells into the QS LCD mode. Only one variant, encoding HapR A52T, did not fit this 82 
pattern (16). HapR A52T is known to drive expression of both HCD and LCD QS genes 83 
(16, 21). The role of HapR or the HapR variants in modulating T6SS function and/or the 84 
rim cell death program was not analyzed in the previous study (16). Exploring the role 85 
HapR plays in driving V. cholerae cell death pattern formation is the topic of this work.  86 

Surprisingly, we discover that, in V. cholerae 2740-80, HapR does not regulate t6ss 87 
gene expression nor T6SS-mediated killing activity. Rather, QS control relies only on 88 
the LuxO-Qrr arm of the circuit. Despite being proficient in T6SS-mediated killing, a 89 
ΔhapR strain nonetheless displays an absence of cell death at the colony rim. RNA-Seq 90 
demonstrated that expression of the vca0646-vca0649 operon was diminished in the 91 
ΔhapR strain. Restoration of vca0646-vca0649 operon expression reestablishes cell 92 
death at the colony rim. Introduction of each gene and combination of genes from the 93 
operon into a ΔhapR strain showed that the vca0646-0647 pair of genes is sufficient to 94 
drive the cell death pattern. VCA0647 was previously identified as a potential repressor 95 
of T6SS defense function in V. cholerae (22). The obvious hypothesis was that in V. 96 
cholerae 2740-80, HapR activates vca0646-0649 expression and VCA0646 and 97 
VCA0647, in turn, suppress T6SS defense function. Together, these regulatory 98 
arrangements enable T6SS kin-killing and cell death to occur at the colony rim. 99 
However, again to our surprise, expression of vca0646-0649 restored the cell death 100 
pattern in a ΔhapR Δt6ss strain that lacks all T6SS killing machinery. Thus, VCA0646 101 
and VCA0647 do not carry out their functions via a T6SS-mediated mechanism. While 102 
overexpression of vca0646-0649 promoted cell death, deletion of these genes did not 103 
alter the cell death pattern. This finding suggests redundant or additional components 104 
exist that can compensate for loss of vca0646-0649. We conclude that VCA0646-0647 105 
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participate in a new QS-regulated, T6SS-independent cell death pathway in V. cholerae 106 
(Figure 1).  107 

Results 108 

QS control of T6SS-mediated killing activity in V. cholerae 2740-80 is driven by 109 
LuxO~P and  the Qrr sRNAs independently of HapR. It was previously reported that 110 
some variants recovered from V. cholerae 2740-80 colony sectors had acquired 111 
mutations in hapR (Supplementary Table 1) (16). However, the mechanism connecting 112 
the hapR mutations to T6SS-mediated cell death was not investigated. We do that here 113 
starting by assessing whether V. cholerae 2740-80 ΔhapR or V. cholerae 2740-80 114 
possessing the hapR variant mutations display altered t6ss gene expression compared 115 
to wildtype (WT) V. cholerae 2740-80. To measure expression, we constructed a 116 
luciferase (lux) transcriptional fusion to the hcp2 promoter (designated hcp2-lux). Hcp2 117 
is encoded by the first gene in the T6SS operon that also harbors vasX (Figure S1). 118 
VasX is a key T6SS toxin that drives cell death at the rim of V. cholerae 2740-80 119 
colonies (16, 22). To avoid complications from possible secondary mutations in the 120 
hapR variants originally obtained from colony sectors, we reintroduced each hapR allele 121 
from the variants into the parental V. cholerae 2740-80 strain. As a control, we included 122 
V. cholerae 2740-80 carrying luxO A97E in our analyses (16). LuxO A97E is a 123 
phosphomimetic allele that confers the QS LCD state (16). V. cholerae 2740-80 luxO 124 
A97E has decreased expression of t6ss genes (16). Indeed, when strains were grown 125 
to HCD, V. cholerae 2740-80 luxO A97E displayed ~15-fold lower hcp2-lux activity than 126 
WT V. cholerae 2740-80 (Figure 2A). By contrast, at HCD, the ΔhapR strain and the 127 
strains harboring the variant hapR alleles did not exhibit altered hcp2-lux expression, 128 
producing light levels similar to that of V. cholerae 2740-80 at HCD (Figure 2A and 129 
Supplementary Table 1).  130 

To understand whether T6SS-mediated killing activity tracks with level of expression of 131 
t6ss genes, we measured the capacity of the V. cholerae 2740-80 ΔhapR strain, the 132 
hapR variants, and the luxO A97E strain to act as predators and kill Escherichia coli 133 
prey cells in an inter-bacterial T6SS-dependent killing assay. The E. coli strain used as 134 
the prey in our assay constitutively produces lux and is unable to defend itself against 135 
incoming T6SS attacks (16). Thus, light output from the E. coli prey correlates with live 136 
prey cells. To ensure that we are exclusively measuring T6SS-dependent killing, we 137 
also assayed a V. cholerae 2740-80 strain lacking a T6SS structural protein that is 138 
essential for function of the T6SS injection machine, VasK (ΔvasK) (23). When the luxO 139 
A97E strain was used as the predator, there was a ~50-fold decrease in prey killing 140 
relative to when V. cholerae 2740-80 was predator (Figure 2B). By contrast, when the 141 
ΔhapR strain or strains carrying the variant hapR alleles were used as predators, they 142 
displayed T6SS-mediated killing activity similar to WT V. cholerae 2740-80 when it was 143 
predator (Figure 2B and Supplementary Table 1). No killing occurred when the ΔvasK 144 
strain was the predator, confirming that, in our assay, killing requires T6SS activity. 145 
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Thus, HapR alters neither t6ss expression nor T6SS-mediated killing activity in 146 
V. cholerae 2740-80.  147 

HapR resides at the bottom of the V. cholerae QS regulatory cascade, downstream of 148 
LuxO and the Qrr sRNAs (Figure 1). Given that LuxO and the Qrr sRNAs are required 149 
for T6SS-mediated killing but HapR is not, we wondered how QS control of T6SS-150 
mediated killing occurs in strains lacking HapR or those with attenuated HapR activity. 151 
One possibility is that the Qrr sRNAs control T6SS-mediated killing activities by a HapR-152 
independent mechanism. To test this notion, we introduced a plasmid encoding a 153 
constitutively expressed representative Qrr sRNA, qrr4 (Ptac-qrr4), or the plasmid alone 154 
(Pcontrol), into V. cholerae 2740-80, the ΔhapR strain, and the ΔvasK strain and 155 
examined their ability to kill E. coli in the T6SS-mediated killing assay. Here, we are 156 
using the ΔhapR strain as the representative for strains with decreased HapR function. 157 
Introduction of Ptac-qrr4 into V. cholerae 2740-80 and the ΔhapR strain resulted in loss 158 
of prey killing relative to the strains carrying the control plasmid (Figure 2C). The ΔvasK 159 
strain displayed no T6SS-mediated killing activity, irrespective of whether it carried 160 
Ptac-qrr4 or Pcontrol (Figure 2C). Thus, the Qrr sRNAs repress T6SS-mediated killing 161 
function in V. cholerae and HapR is dispensable for this activity.  162 

Despite normal T6SS-mediated killing activity, the V. cholerae 2740-80 rim cell 163 
death program is abolished in strains lacking HapR. The above results show that 164 
HapR does not regulate overall t6ss expression nor T6SS activity. Nonetheless, we 165 
wondered if HapR plays a role in driving the spatio-temporal pattern of cell death in V. 166 
cholerae colonies. To explore this possibility, we used a time-lapse fluorescence 167 
microscopy assay that we previously developed to track live and dead cell distributions 168 
in colonies (16). We assessed colonies of V. cholerae 2740-80, luxO A97E, ΔhapR, and 169 
the hapR variants. The luxO A97E strain lacks the rim cell death program and was 170 
included as a control (16). In our assay, live cells are tracked via mKO fluorescent 171 
protein produced constitutively from the chromosome of each strain (shown in red). 172 
SytoX dye (shown in cyan) marks dead cells. Representative images for V. cholerae 173 
2740-80, the luxO A97E strain, and the ΔhapR strain are shown in Figure 3 to 174 
demonstrate how the data are obtained. Ratio-metric data (dead/live cell distributions) 175 
are converted into space-time kymographs (Figure 4). In V. cholerae 2740-80, the cell 176 
death program occurs in two phases. “Phase 1” occurs along the colony rim between 177 
∼8 and 40 h (marked by a white arrow in Figure 3, left panel and a black arrow in Figure 178 
4A). “Phase 2” initiates as a ring in the colony center at ~44 h, and over the next ~6 h, 179 
cell death propagates inward and outward in an apparent wave (marked by a white 180 
arrow in both Figure 3, right panel, and Figure 4A). In contrast to the parent, the luxO 181 
A97E and ΔhapR strains, and each hapR variant displayed near absences of Phase 1 182 
cell death along the colony rims (Figure 4; ~10-fold lower). Each strain exhibited the 183 
Phase 2 death pattern at the colony center (Figure 4 and (16)). Thus, despite not 184 
altering t6ss expression or T6SS-mediated killing function, HapR is required to drive the 185 
spatio-temporal cell death pattern at the rims of V. cholerae 2740-80 colonies. Because 186 
the ΔhapR and hapR variant colonies phenocopy each other, in the remainder of this 187 
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work, we focus on the ΔhapR strain to understand how HapR influences spatiotemporal 188 
cell death. 189 

Elimination of the ability to form biofilms as a defense against T6SS-mediated 190 
killing in the V. cholerae 2740-80 ΔhapR strain does not restore rim cell death. A 191 
mechanism enabling variants in V. cholerae 2740-80 colony rims to escape killing is via 192 
overproduction of Vps exopolysaccharide that blocks incoming T6SS attacks (16). The 193 
ΔhapR strain and hapR variants exhibit high level vps expression. Thus, it is possible 194 
that the decreased rim cell death that occurs in the ΔhapR strain and hapR variants 195 
compared to WT V. cholerae 2740-80 is a consequence of excess Vps that prevents 196 
neighboring cells from engaging in T6SS-mediated killing. If so, we reasoned that a 197 
ΔhapR strain that is incapable of Vps production would display high colony rim cell 198 
death. To test this idea, we tracked cell death in colony rims of a ΔhapR ΔvpsL strain. 199 
VpsL is essential for Vps synthesis. To our surprise, the ΔhapR ΔvpsL strain had a 200 
phenotype identical to the ΔhapR strain: minimal death along the colony rim (compare 201 
data in Figure 4 panels A and H). 202 

The vca0646-0649 operon restores rim cell death in the V. cholerae 2740-80 203 
ΔhapR strain. In addition to Vps blocking incoming attacks, in V. cholerae, T6SS 204 
defense is conferred by T6SS immunity proteins, each of which neutralizes one specific 205 
T6SS effector toxin protein. Also, a recent Tn-Seq aided genetic screen uncovered 206 
several new defense genes that function independently of T6SS immunity proteins, 207 
including a gene called vca0647 (24). The mechanisms by which these components 208 
confer T6SS defense remain largely unknown. We wondered whether HapR protects 209 
against T6SS-mediated killing at V. cholerae 2740-80 colony rims by altering expression 210 
of T6SS immunity genes or genes encoding the newly discovered defense proteins. To 211 
test this idea, we performed RNA-Seq on WT V. cholerae 2740-80 and ΔhapR cells 212 
isolated from colonies after 20 h of growth, a time when the normal rim cell death 213 
pattern is established. Expression of genes encoding T6SS components, including 214 
structural, effector, and immunity proteins, was not substantially different in the WT V. 215 
cholerae 2740-80 and ΔhapR strains (see blue in Figure 5). Moreover, most of the 216 
recently reported defense gene showed no differences between the two strains (see 217 
green in Figure 6). By contrast, the newly identified vca0647 defense gene displayed 218 
higher expression in WT V. cholerae 2740-80 than in the ΔhapR strain (see red in 219 
Figure 5). Our inspection of the DNA sequence surrounding vca0647 reveals that it 220 
resides in a four gene operon (vca0646, vca0647, vca0648, and vca0649), and indeed, 221 
the RNA-Seq data show higher expression of all four genes in WT V. cholerae 2740-80 222 
compared to the ΔhapR strain (also highlighted in red in Figure 5). 223 

The vca0647 gene is predicted to encode a repressor of T6SS defense (24). Based on 224 
this earlier report and its high expression in the WT V. cholerae 2740-80 strain, we 225 
developed the following working model: in the absence of HapR, reduced production of 226 
VCA0647 occurs, which enhances T6SS defense and prevents T6SS-mediated killing 227 
among cells at the colony rim. If so, we reasoned that increasing the expression of 228 
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vca0647 in the ΔhapR strain would restore cell death at the colony rim. To test this 229 
hypothesis, we introduced a plasmid carrying arabinose-inducible vca0647 into the 230 
ΔhapR strain and monitored cell death (Pbad-vca0647). As a control, we introduced an 231 
empty vector (Pcontrol). Overexpression of vca0647 had no effect on the cell death 232 
phenotype (Figure 6; compare panels A and C).  233 

The role of vca0647 in T6SS defense was discovered in a transposon sequencing aided 234 
screen, a strategy that can have polar effects on flanking genes. Given that vca0647 235 
resides in an operon that is more highly expressed in WT V. cholerae 2740-80 than the 236 
ΔhapR strain, we wondered whether the VCA0647 protein acts together with another 237 
component(s) encoded in the operon to promote cell death. To explore this possibility, 238 
we engineered plasmids carrying different combinations of genes from the vca0646-239 
0649 operon. Each configuration was placed under control of an arabinose inducible 240 
promoter in the ΔhapR strain. None of the individual genes modified the ΔhapR cell 241 
death pattern (Figure 6; compare panels B-E with A). Induction of expression of only 242 
one gene pair, vca0646-0647, from among three gene pairs tested, increased cell death 243 
in the ΔhapR strain relative to the control (Figure 6; compare panels F-H with A). 244 
Expression of the three gene vca0647-0649 segment did not change the cell death 245 
pattern, whereas expression of the full operon did increase cell death (Figure 6, 246 
compare panels I-J with A). Thus, vca0646 and vca0647 are both required to influence 247 
the cell death program, while vca0648 and vca0649 are dispensable.  248 

vca0646-0649 activate cell death independently of the T6SS machinery in V. 249 
cholerae 2740-80. The obvious conclusion from the above findings is that expression of 250 
the vca0646-0649 operon restores rim cell death to the ΔhapR strain by lowering T6SS 251 
defenses. If so, expression of vca0646-0649 in a ΔhapR Δt6ss strain, in which cells are 252 
incapable of engaging in T6SS mediated killing, would not restore cell death at the 253 
colony rim. We engineered a ΔhapR Δt6ss strain that lacks all four pairs of T6SS 254 
effector-immunity proteins as well as vasK, a gene essential for function of the T6SS 255 
injection machinery. As expected, cell death did not occur at the rim nor in the center of 256 
the ΔhapR Δt6ss strain (Figure 7, compare panel C with A). By contrast, introduction of 257 
arabinose-inducible vca0646-0649 into the ΔhapR Δt6ss strain drove increased overall 258 
cell death (Figure 7, compare panel C with panel G and panel D with panel H and see 259 
Figure S3 for controls). Indeed, the results resemble those following introduction of the 260 
arabinose-inducible vca0646-0649 operon into the ΔhapR single mutant that possesses 261 
a functional T6SS apparatus (Figure 7, compare panel A with panel E and panel B with 262 
panel F). Thus, vca0646-0649 promotes V. cholerae cell death by a mechanism that 263 
does not rely on the T6SS machine.   264 

Deletion of vca646-49 does not affect cell death in V. cholerae. Given that 265 
overexpression of vca646-49 boosts cell death at the rims of V. cholerae colonies 266 
(Figures 6 and 7), we reasoned that deletion of vca0646-0649 would dampen colony rim 267 
cell death. We assessed cell death in WT V. cholerae 2740-80 and the Δvca0646-0649, 268 
Δt6ss, and Δt6ss Δvca0646-0649  strains. Surprisingly, deletion of vca0646-0649 did 269 
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not alter the cell death patterns (Supplementary Figure 4). Possibly, redundancy exists, 270 
and other genes compensate for the loss of vca0646-0649. Alternatively, vca0646-0649 271 
could function together with some other component and while the high dose of vca0646-272 
0649 delivered by overexpression is sufficient to bypass its requirement, deletion of 273 
vca0646-0649 is not.  274 

Discussion  275 

Here, we discover that QS-regulated spatio-temporal cell death in V. cholerae colonies 276 
is conferred by at least two pathways operating in parallel (Figure 1). The first cell death 277 
pathway, previously described, is driven by the T6SS. The second pathway requires 278 
genes in the vca0646-0649 operon, particularly vca0646 and vca0647 but not the T6SS 279 
apparatus (Figures 1 and 6). Overexpression of vca0646-0649 promotes cell death, 280 
while deletion of these genes does not influence cell death. This finding suggests 281 
redundant or additional components exist that can compensate for loss of vca0646-282 
0649. We do not know the functions of any of the VCA0646-0649 proteins. As 283 
mentioned, a Tn-Seq study revealed vca0647 to be a repressor of T6SS defense, but 284 
the mechanism was not defined (24). A separate expression analysis reported vca0646 285 
to be more highly transcribed in classical V. cholerae than in El Tor biotypes (25). Our 286 
next goal is to discover the functions of VCA0646-0649, with an emphasis on VCA0646 287 
and VCA0647 as well as identify the genes that, in the absence of vca0646-0649, drive 288 
rim cell death. Another question for future study is whether VCA0646- and VCA0647-289 
mediated cell death is a consequence of self-poisoning or sibling killing.  290 

Our epistasis analyses show that HapR does not regulate V. cholerae 2740-80 T6SS-291 
mediated killing (Figure 2). This finding was unexpected because studies conducted in 292 
pandemic isolates of V. cholerae (C6706 and A1552) demonstrate that HapR activates 293 
t6ss gene expression (15, 26, 27). A key difference in these T6SS studies may explain 294 
our findings. In pandemic isolates, the T6SS machine is not produced under laboratory 295 
growth conditions. Environmental stimuli (low temperature or changes in osmolarity) or 296 
genetic modification (deletion of tsrA encoding a T6SS repressor) are required to induce 297 
T6SS-mediated killing in pandemic strains in the laboratory setting (26–28). By contrast, 298 
in V. cholerae 2740-80, the T6SS system functions during laboratory growth (13, 14). 299 
Thus, in the work here, there was no need to expose V. cholerae 2740-80 to additional 300 
stimuli present in the environment to have T6SS activity. Perhaps, however, in V. 301 
cholerae 2740-80, HapR only participates in T6SS regulation when the strain is cultured 302 
under conditions that closely mimic the environment. Consistent with this logic, the 303 
promoter regions driving HapR-controlled T6SS genes (i.e., vc1415 and vca0017) 304 
possess 100% sequence identity in pandemic V. cholerae C6706 and in V. cholerae 305 
2740-80, suggesting that the HapR binding sites are retained in each strain. 306 

The two cell death pathways in V. cholerae 2740-80, one that is T6SS-driven and one 307 
that is VCA0646-0649-dependent (Figure 1) provide intriguing parallels to cell death 308 
mechanisms in higher organisms. In humans, at least five cell death mechanisms exist, 309 
each thought to serve a different biological function. For example, apoptosis helps 310 
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sculpt tissues during development, necroptosis is associated with inflammation and 311 
tissue damage, while pyroptosis is relevant during infection or stress (29–32). Perhaps 312 
each of the cell death pathways we have discovered in V. cholerae is likewise relevant 313 
in a specific biological context. For, example, T6SS-mediated cell death could be crucial 314 
for development of particular structures such as sectors or biofilm morphological 315 
features in bacterial communities. By contrast, the VCA0646-0649 pathway may 316 
function in the context of external stress or phage infection by providing a means for 317 
members of the community to, respectively, contain the spread of a toxic substance or 318 
undergo abortive infection. 319 

Materials and Methods  320 

Bacterial growth: E. coli S17-1 λpir was used for cloning and conjugations. V. cholerae 321 
and E. coli were cultured in LB medium at 37°C with shaking and with a headspace to 322 
growth medium volume ratio of 7. When required, media were supplemented with 323 
streptomycin, 200 μg/mL; polymyxin B, 50 μg/mL; kanamycin 50 μg/mL; 324 
chloramphenicol, 1 μg/mL. Gene expression was induced with 0.1% arabinose as 325 
designated. V. cholerae assays were performed at 30°C unless otherwise noted. LB 326 
medium, both liquid and solid, was prepared using either dd H2O, 100% tap water, or a 327 
mixture of 80% tap water and 20% dd H2O. These variations in preparation were due to 328 
COVID disruptions in supply which made acquisition of LB reagents from multiple 329 
vendors necessary. Medium batch differences influenced assay timing and amount of 330 
sectoring. However, consistent phenotypes were achieved when solid LB medium was 331 
prepared with 80% tap water and 20% dd H2O, and liquid LB medium was prepared 332 
with 100% tap water (16). Bioluminescence assays were conducted as previously 333 
described (16). Relative light units (RLU) denote bioluminescence output divided by 334 
culture optical density. 335 

Strain construction: Chromosomal alterations in V. cholerae strains were introduced 336 
using either the pKAS32 or pRE112 suicide vectors as previously described (33, 34). 337 
Plasmids were constructed using Pbad-pEVS,  pKAS32, or pRE112 as backbones and 338 
assembled using the NEB Hi-Fi assembly kit. Plasmids were routinely maintained in E. 339 
coli S17-1 λpir and introduced into V. cholerae strains by conjugation. All strains and 340 
plasmids used in the study are listed in Supplementary Tables 2 and 3, respectively.  341 

Cell death assay: The cell death assay was previously reported (16). Briefly, a 700 μL 342 
aliquot of a V. cholerae overnight culture was combined with 4 mm glass beads in an 343 
Eppendorf tube and the sample subjected to vortex for 5 min to disperse aggregates. 344 
The sample was diluted with PBS to reach a final OD600 of 0.5. The sample was again 345 
subjected to vortex for 5 min, this time without glass beads. A 1 μL aliquot of this 346 
suspension was placed onto 35 mL of solid LB agar supplemented with 2 μM SytoX dye 347 
(ThermoFisher) in a one well plate and allowed to dry for 5 min at room temperature. 348 
The plate was incubated at 30°C for the remainder of the assay. A total of 24 such 349 
samples were aliquoted onto each agar pad.  350 
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RNA isolation and sequencing: Strains were cultured on LB agar medium exactly as 351 
described for the cell death assay. Subsequently, colonies were resuspended in PBS, 352 
4 mm glass beads were added, and the suspensions subjected to vortex for 5 min to 353 
disperse aggregates. The resulting cell suspensions were treated for 15 min at room 354 
temperature with RNAProtect reagent per the manufacturer’s instructions. Thereafter, 355 
RNA isolation was performed as described previously (16, 35). Samples were stored at 356 
−80°C and shipped on dry ice to SeqCenter (https://www.seqcenter.com/). Sequencing 357 
and bioinformatic analyses were conducted as previously described (36). The volcano 358 
plot was produced using a custom script in R. Fold-changes for all genes are provided 359 
in Supplementary Table 4.   360 

Image acquisition and analysis: Colonies were plated as described above for the cell 361 
death assay. Images of growing colonies were acquired with a Cytation 7 imaging plate 362 
reader (Biotek) as reported (16). mKO and SytoX were monitored at ex: 556 and em: 363 
600 nm and ex: 500 and em: 542 nm, respectively. The focal plane was maintained 364 
using the Biotek laser autofocus method. At each time point and in each acquisition 365 
channel, a 3x3 xy-montage of the colony was obtained and stitched together using the 366 
linear blend algorithm. A depth of between 225 and 500 μm was sectioned. Maximum 367 
intensity z-projections were generated for each time point using the Biotek Gen5 368 
software. Fluorescence time-course images of colony growth were analyzed using a 369 
custom ImageJ script. First, image background subtraction was performed using a 370 
rolling ball radius of 1,000 pixels. Second, to account for shifts during imaging, the 371 
sequence of images was registered using the MultiStackReg Fiji plugin and the Rigid 372 
Body algorithm. Colony boundaries were determined using the information from the live 373 
channel images as a reference and with the aid of the Triangle algorithm. Thereafter, 374 
the center of the colony was located with a centroid-finding algorithm using the 375 
fluorescent channel that monitored live cells, beginning at the first image acquisition at 8 376 
h and the FeretAngle was determined. The centroid and FeretAngle were used to 377 
calculate coordinates to draw a line from the center of the colony to the colony 378 
boundary. Finally, spatiotemporal fluorescence intensities in both the live- and dead-cell 379 
channels along the line were extracted for kymograph analyses. The regions used to 380 
extract intensities were manually monitored to ensure they lacked sectors. The obtained 381 
intensity values were used to construct kymograph profiles quantifying the space-time 382 
development of live and dead cells within the colony using the R and the ggplot2 383 
visualization packages.  384 

 385 

Data and code availability 386 

Imaging data reported in this study will be shared by the lead contact upon request. 387 
Original scripts employed here will be deposited at Zenodo and will become publicly 388 
available on the date of publication. 389 

 390 
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Figure Legends 503 

Figure 1: Simplified model of V. cholerae 2740-80 QS regulation of t6ss, vps, and 504 
vca0646-0649, and consequently, the HCD-specific cell death behavior.  505 

Figure 2: QS control of T6SS-mediated killing activity in V. cholerae 2740-80 is 506 
driven by LuxO~P and the Qrr sRNAs independently of HapR. (A) Transcriptional 507 
activity of hcp2-lux in the indicated strains. (B, C) Inter-bacterial T6SS-mediated killing 508 
assay measuring survival of E. coli Top 10 prey. E. coli Top 10 does not possess the 509 
T6SS machinery and thus, does not perform T6SS attacks. E. coli Top 10  is 510 
susceptible to incoming T6SS attacks. E. coli Top 10 survival is shown following 511 
challenge with the indicated V. cholerae predators. The E. coli prey cells constitutively 512 
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express luciferase, so light production can be used as a proxy for live cells (16). In all 513 
panels, data represent average values from biological replicates (n = 3), and error bars 514 
show SDs. Asterisks indicate statistical significance using a two-tailed Student t test as 515 
follows: **, P < 0.005; ***, P < 0.0005. Abbreviations: hapR 2aa ins denotes a variant 516 
with DNA encoding a two amino acid insertion in hapR, hapR IS ins denotes a variant 517 
with an IS 200-like element inserted in hapR. 518 

Figure 3: Time-series images demonstrating the two phases of spatio-temporal 519 
cell death in V. cholerae 2740-80 colonies. Quantitative images from selected time 520 
points during growth of the WT V. cholerae 2740-80, luxO A97E, and ΔhapR strains. 521 
The strains constitutively produce mKO, which marks live cells. Dead cells are marked 522 
with the SytoX stain. The white arrows with the P1 designations highlight the rim of the 523 
colony where Phase 1 cell death occurs (left panel). The white arrows with the P2 524 
designations pointing to the colony interior show the Phase 2 cell death ring (right 525 
panel). For Phase 2, WT V. cholerae 2740-80 colonies are shown between 37-52 h and 526 
luxO A97E and ΔhapR colonies are shown between 27-44 h. There are ~2.5 h intervals 527 
between images, with time increasing from left to right. The differences in timing of 528 
Phase 2 among strains has been reported previously (16). Higher level cell death 529 
occurs during Phase 1 than Phase 2. Thus, to highlight Phase 2 cell death, logarithmic 530 
ratios of the intensities are shown (right panel). For each acquisition channel, the 531 
intensity values were mapped using the indicated colors. Scale bars indicate 532 
color:intensity.  533 

Figure 4: The V. cholerae 2740-80 rim cell death program is abolished in a ΔhapR 534 
strain and in V. cholerae 2740-80 hapR variants. (A–G) Cell death space-time 535 
kymographs of the indicated strains show logarithmic ratio values obtained by dividing 536 
the output intensity from the dead-cell channel by that from the corresponding live-cell 537 
channel. Ratio values are color-mapped, and the scale bars represent color:intensity. 538 
The X axis on each kymograph indicates the radial position in the colony at which the 539 
intensity was quantified. The center of the colony is at 0 mm and the colony rim is at ~3 540 
mm. Phase 1 cell death occurs along the colony rim and is indicated with the black 541 
arrow labeled P1 in (A) and cell death is visible as the yellow-colored region. Phase 2 542 
cell death is indicated with the white arrow labeled P2 in (A) and is visible as the red 543 
colored region in the colony interior. Kymographs from one colony are presented and 544 
are representative of results from ~3 colonies for each strain.  545 

Figure 5: Transcriptomic analysis of V. cholerae 2740-80 reveals that HapR 546 
controls the vca0646-0649 operon. Volcano plot displaying fold-changes in gene 547 
expression in V. cholerae 2740-80 and ΔhapR colonies measured by RNA sequencing. 548 
Data are displayed relative to transcript abundance in V. cholerae 2740-80. Genes 549 
encoding T6SS-mediated killing components (structural, effector, and immunity genes) 550 
are highlighted in blue, those encoding T6SS defense components identified by Hersch 551 
et. al. (24) are highlighted in green and the vca0646-0649 genes are highlighted in red. 552 
Note: the dots showing the four vca0646-0649 genes overlap making them difficult to 553 
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distinguish. Expression levels of individual genes are also provided in Supplementary 554 
Table 4. The horizontal line represents a p-value of 0.05. Left and right vertical lines 555 
represent log2 fold-changes of −1 and 1, respectively. Samples are from n= 3 biological 556 
replicates. Complete datasets are provided in Supplementary Table 4.  557 

Figure 6: Overexpression of vca0646-0649 restores rim cell death to the V. 558 
cholerae 2740-80 ΔhapR strain. (A–J) Logarithmic space-time kymographs showing 559 
cell death, similar to those in Figure 4, for the indicated strains carrying the designated 560 
plasmids. All strains were cultured in the presence of 0.1 % arabinose to induce 561 
expression from the Pbad promoter. Kymographs from one colony are presented and 562 
are representative of results from ~3 colonies for each strain. Companion kymographs 563 
for the same strains cultured in the absence of arabinose are provided in Figure S2. 564 
Note that the scale used here differs from that in Figure 4. The goal is to enable better 565 
visualization of features in strains with low overall cell death.  566 

Figure 7: The vca0646-0649 genes confer cell death to V. cholerae 2740-80 567 
independently of the T6SS. (A–H) Logarithmic space-time kymographs showing cell 568 
death, similar to those in Figure 4, for the indicated strains carrying the designated 569 
plasmids. Strains were cultured in the absence or presence of 0.1 % arabinose to 570 
induce expression from the Pbad promoter. Kymographs from one colony are presented 571 
and are representative of results from ~3 colonies for each strain. Note that the scale 572 
used here differs from that in Figure 4. The goal is to enable better visualization of 573 
features in strains with low overall cell death. Consequently, it appears as if the ΔhapR 574 
Δt6ss strain undergoes cell death in the colony center. That is not the case, only 575 
residual death occurs relative to that in the WT V. cholerae 2740-80 and ΔhapR strains 576 
as shown in Figure S3.  577 
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