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 2 

Abstract 33 

 Vibrio campbellii BB120 (previously designated as Vibrio harveyi) is a fundamental 34 

model strain for studying population density-based cell-to-cell communication, known as quorum 35 

sensing. In V. campbellii BB120, sensing of autoinducers at high cell densities activates the 36 

expression of the master transcriptional regulator, LuxR, which controls the expression of genes 37 

involved in group behaviors. The environmental isolate Vibrio campbellii DS40M4 was recently 38 

shown to be capable of natural transformation, a process by which bacteria take up exogenous 39 

DNA and incorporate it into their genome via homologous recombination. In contrast, BB120 is 40 

not naturally transformable. Here, we compare additional phenotypes between these two V. 41 

campbellii strains. DS40M4 has a faster growth rate and stronger type VI secretion-mediated 42 

cell killing, whereas BB120 forms more robust biofilms and is bioluminescent. To explore the 43 

function of DS40M4-encoded homologs of the BB120 quorum-sensing system, we exploited the 44 

power of natural transformation to rapidly generate >30 mutant strains. Our results show that 45 

DS40M4 has a similar quorum-sensing circuit to BB120 but with three distinct differences: 1) 46 

DS40M4 lacks the canonical HAI-1 autoinducer LuxM synthase but has an active LuxN 47 

receptor, 2) the quorum regulatory small RNAs (Qrrs) are not solely regulated by autoinducer 48 

signaling through the response regulator LuxO, and 3) the DS40M4 LuxR regulon is <100 49 

genes, which is relatively small compared to the >400 genes regulated in BB120. This work 50 

illustrates that DS40M4 is a tractable and relevant model strain for studying quorum-sensing 51 

phenotypes in Vibrio campbellii. 52 

 53 

Importance 54 

Wild isolates of bacterial type strains can yield important information about traits that 55 

vary within species. Here, we compare the recently sequenced isolate of Vibrio campbellii 56 

DS40M4 to the canonical lab type strain BB120 and examine several phenotypes that define 57 

this species, including quorum sensing, bioluminescence, and biofilm formation. Importantly, 58 

DS40M4 is naturally transformable with exogenous DNA, which allows for the rapid generation 59 

of mutants in a laboratory setting. By exploiting natural transformation, we genetically dissected 60 

the functions of BB120 quorum-sensing system homologs in the DS40M4 strain, including two-61 

component signaling systems, transcriptional regulators, and small RNAs. Our results show 62 

important distinctions between the quorum-sensing circuits of these two strains that underscore 63 

the need to examine wild isolates alongside type strains. 64 

 65 
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Introduction 67 

Quorum sensing is a form of cell-cell communication between bacteria in which 68 

individual cells synthesize and respond to signaling molecules called autoinducers. High 69 

concentrations of autoinducers trigger changes in gene expression among bacterial populations, 70 

resulting in group behaviors. Through this method of cell-cell signaling, bacteria control 71 

expression of genes involved in motility, toxin secretion, metabolism, and more (1). Quorum 72 

sensing has historically been heavily studied in marine Vibrio species, owing to easily 73 

observable behaviors such as bioluminescence and biofilm formation (2). Vibrio campbellii 74 

BB120 was one of the first Vibrio species to have its quorum-sensing circuit discovered (3–5). 75 

V. campbellii BB120 was historically called Vibrio harveyi BB120 (also known as strain ATCC 76 

BAA-1116) until it was recently reclassified (6). Although similar quorum-sensing system 77 

architectures have been established in other Vibrios, BB120 has remained a model organism for 78 

studying quorum sensing and signal transduction among Gram-negative bacteria.  79 

In the V. campbellii BB120 quorum-sensing system, previous research has identified 80 

three membrane-bound histidine kinase receptors, CqsS, LuxPQ, and LuxN (Fig. 1) (7). These 81 

receptors bind to autoinducers CAI-1, AI-2, and HAI-1, respectively, which are constitutively 82 

produced by the autoinducer synthases, CqsA, LuxS, and LuxM, respectively. When cells are at 83 

low cell density (LCD), the local concentration of autoinducers produced by V. campbellii is 84 

insufficient to bind to the receptors, which results in the receptors functioning as kinases. As 85 

kinases, all three receptors phosphorylate LuxU, a phosphotransfer protein that transfers 86 

phosphate to the response regulator LuxO. Phosphorylated LuxO activates transcription of five 87 

small RNAs (sRNAs) termed quorum regulatory RNAs (Qrrs). The Qrrs posttranscriptionally 88 

repress production of the transcriptional regulator LuxR while activating expression of the 89 

transcriptional regulator AphA. The activation of AphA and repression of LuxR combinatorially 90 

regulates ~170 genes and produces individual behaviors in V. campbellii, including biofilm 91 

formation (Fig. 1) (8).  As V. campbellii cells continue to grow and the local concentration of 92 

autoinducers produced by cells increases, the autoinducers bind to the receptors and change 93 

their kinase activity to act as phosphatases. This dephosphorylates LuxO, and the Qrrs are no 94 

longer expressed. The result at high cell density (HCD) is high expression of LuxR and no 95 

production of AphA. LuxR regulates >600 genes to produce group behaviors in V. campbellii, 96 

including activation of bioluminescence, type VI secretion (T6SS), and protease production, and 97 

repression of biofilm production and type III secretion (Fig. 1) (8, 9).   98 

Natural transformation is the process by which bacteria uptake exogenous DNA and 99 

integrate it into their genome through homologous recombination. This process is well-studied in 100 
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Vibrio cholerae, which is capable of chitin-mediated natural transformation through the induction 101 

of its master competence regulator TfoX (10). By exploiting this process, researchers are able to 102 

make gene deletions, point mutations, unmarked mutations, and insertions using transformation 103 

(10–12). Importantly, multiple mutations can be generated simultaneously in V. cholerae 104 

through a technique termed MuGENT: multiplex genome editing by natural transformation (13, 105 

14). Other Vibrio species, such as Vibrio natriegens, can successfully undergo chitin-106 

independent transformation via overexpression of V. cholerae TfoX. Notably, the field has been 107 

unable to achieve natural transformation in BB120 with either method of transformation (15). 108 

The inability to rapidly generate defined mutations in BB120 has been a significant 109 

disadvantage, especially in comparison to other Vibrio species like V. cholerae that have more 110 

genetic tractability. BB120 is also a largely domesticated type strain, having been passaged in 111 

laboratory conditions for decades. Thus, the traits observed in BB120 likely vary compared to 112 

other Vibrios and wild isolates of V. campbellii.  113 

Recently, we showed that natural transformation is achievable in two wild isolates of V. 114 

campbellii, DS40M4 and NBRC 15631, by inducing expression of TfoX (15). Furthermore, 115 

DS40M4 can transform at frequencies similar to V. natriegens, which has been reported as the 116 

strain with the highest transformation frequency thus far. While V. campbellii strains all contain 117 

homologs of the known competence genes, TfoX overexpression does not stimulate expression 118 

of these genes in BB120, unlike in the wild isolates. This suggests that BB120 may have lost 119 

regulation by TfoX due to domestication in laboratory conditions. We hypothesized that these 120 

environmental V. campbellii strains may exhibit differences in other behaviors such as growth 121 

and quorum sensing-controlled phenotypes. Here, we show that the recently sequenced 122 

environmental isolate V. campbellii DS40M4 (16–18) exhibits several advantages as a model 123 

organism compared to BB120. Using natural transformation to rapidly construct mutants, we 124 

tested differences in quorum sensing-controlled phenotypes between DS40M4 and BB120, 125 

including biofilm formation, T6SS-mediated cell killing, protease activity, and bioluminescence.  126 

Additionally, we demonstrate the power of MuGENT in DS40M4 by simultaneously introducing 127 

five mutations to a single strain in one transformation reaction. Altogether, our data show that 128 

while DS40M4 is similar to BB120 in the presence of specific genes, it has a distinct quorum-129 

sensing circuit that produces different downstream behaviors. 130 

 131 
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Results 133 

 134 

Comparison of growth, bioluminescence, and virulence-associated behaviors between V. 135 

campbellii DS40M4 and BB120 136 

 137 

Because V. campbellii DS40M4 is a wild isolate, we hypothesized that DS40M4 138 

possesses stronger virulence-associated characteristics compared to BB120. We first tested the 139 

growth rate of both strains and found that DS40M4 has a faster generation time of ~45 minutes, 140 

growing nearly twice as fast as BB120’s doubling time of ~73 minutes (Fig. 2A). We next 141 

compared several virulence-associated behaviors between BB120 and DS40M4 and found 142 

differences between the two strains. First, DS40M4 exhibits stronger T6SS-dependent killing in 143 

competition assays with Escherichia coli (Fig. 2B). Interestingly, however, we found that BB120 144 

shows significantly stronger biofilm formation, as well as nearly double the extracellular 145 

protease activity of DS40M4 (Fig. 2C, 2D). Finally, we examined BB120 and DS40M4 for 146 

bioluminescence activity. Unlike BB120, DS40M4 produces no bioluminescence at HCD (Fig. 147 

2E). Comparison of the LuxCDABE protein sequences showed that DS40M4 only encodes a 148 

homolog of BB120 LuxB (no homologs of LuxCDAE) (Fig. 2F), and therefore lacks the genes 149 

required for bioluminescence.    150 

 151 

Simultaneous construction of multiple mutations in DS40M4 using multiplex genome editing by 152 

natural transformation (MuGENT)  153 

 154 

In several Vibrio species, natural transformation has been exploited as a means for 155 

construction of mutations in a highly efficient manner (14, 19, 20). Because V. campbellii 156 

DS40M4 exhibits high frequencies of natural transformation through ectopic over-expression of 157 

TfoX, we tested whether DS40M4 is capable of co-transformation of multiple transforming DNA 158 

substrates (tDNAs). Based on the literature on V. cholerae, we hypothesized that cells within the 159 

population that have the capacity to undergo natural transformation at high frequencies should 160 

be capable of taking up and integrating multiple tDNA products. To test this, we synthesized two 161 

linear tDNA products, each containing different antibiotic resistance cassettes: one targeting the 162 

luxO gene in DS40M4 to be replaced with a spectinomycin-resistance gene (SpecR) and one 163 

targeting the luxR gene to be replaced with a trimethoprim-resistance gene (TmR). We added 164 

both tDNA substrates to cells induced for TfoX overexpression, and we plated with selection for 165 

TmR alone, SpecR alone, or both TmR and SpecR. As expected, we isolated TmR and SpecR 166 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.019307doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.019307


 6 

colonies each at a high efficiency (Fig. 3A). We isolated numerous colonies (4 x 105) when 167 

selecting for both antibiotics. Thus, we conclude that DS40M4 is capable of transformation of 168 

multiple DNA products.   169 

In both V. cholerae and V. natriegens, multiple mutations can be introduced on the 170 

genome simultaneously using a process called MuGENT: multiplex genome editing by natural 171 

transformation (13, 20). This method utilizes one tDNA with a selectable antibiotic marker that is 172 

co-transformed with unselected tDNA substrates targeting other genes. This has been used to 173 

make concurrent unmarked deletions in up to four genes in a single transformation reaction in 174 

V. natriegens (13). Because V. campbellii DS40M4 is capable of efficiently transforming at least 175 

two tDNA products, we hypothesized that we could use MuGENT to introduce unmarked 176 

mutations onto the DS40M4 genome. We synthesized a linear tDNA product that targets the 177 

luxB gene in DS40M4 and replaces it with a TmR cassette to use as the selectable tDNA. The 178 

luxB gene was chosen because DS40M4 does not have a functional bioluminescence operon 179 

(Fig. 2E, 2F), and we predicted that deleting this gene should not greatly affect other cell 180 

processes. We explored the extent to which MuGENT can be used in DS40M4 and 181 

simultaneously examined the role of the Qrrs in DS40M4. We used MuGENT to construct 182 

strains with various combinations of Qrr deletions using five non-selectable tDNAs targeting the 183 

Qrr genes and one selectable tDNA targeting luxB. In a single MuGENT transformation 184 

experiment, 25% of TmR mutants contained one unselected genome edit, 22% contained two 185 

edits, 12.5% contained three, and 7.8% contained four unselected genome edits (Fig. 3B). We 186 

confirmed the presence of the unselected mutations using multiplex allele-specific colony 187 

(MASC)-PCR followed by sequencing (Fig. 3C) (21, 22). Although we were able to make 188 

various combinations of up to four unselected edits, none of the mutant colonies screened 189 

contained all five unselected deletions of the Qrr genes. We conclude that while V. campbellii 190 

DS40M4 has a high transformation frequency, the limit of one round of MuGENT in our testing 191 

was five mutations: four non-selected deletions and one selected deletion.  192 

 193 

V. campbellii DS40M4 has an active quorum-sensing circuit that is distinct from BB120 194 

 195 

We searched the DS40M4 genome for homologs of the proteins and sRNAs previously 196 

identified in the V. campbellii quorum-sensing system. DS40M4 encodes genes with high amino 197 

acid or nucleotide identity to all the components except for LuxM, for which there was no 198 

homolog in DS40M4 (Table 1).  199 
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To determine whether homologs of previously tested BB120 quorum-sensing sRNAs 200 

and proteins have similar functions in DS40M4, we generated numerous mutant strains, 201 

including cqsA, luxS, cqsA luxS, luxO, luxR, luxO D47E (a LuxO phosphomimic allele), 202 

in addition to every combination of qrr deletion (single or combined). We previously showed, 203 

using a PluxCDABE-gfp reporter plasmid, that wild-type DS40M4 activates the luxCDABE promoter 204 

from BB120, and this is dependent on DS40M4 LuxR (15). We have since constructed a 205 

plasmid encoding the BB120 luxCDABE operon under control of its endogenous promoter 206 

(pCS38) for use in DS40M4, which enables us to monitor bioluminescence of various DS40M4 207 

strains and assess LuxR regulation as a function of upstream quorum-sensing components. 208 

 209 

DS40M4 produces and responds to CAI-1 and AI-2 but not HAI-1 210 

DS40M4 lacks a LuxM homolog, which is the HAI-1 synthase in BB120 (Table 1). 211 

However, DS40M4 encodes a LuxN homolog that is 63% identical to BB120 LuxN (Fig. 4A, 212 

Table 1, Fig. S1A), which is the HAI-1 receptor that exhibits kinase activity in the absence of 213 

HAI-1 ligand and phosphatase activity when HAI-1 is bound. Curiously, there is high sequence 214 

conservation (91% amino acid identity) between the BB120 and DS40M4 LuxN proteins in the 215 

C-terminal receiver domain (amino acids 466-849), whereas the N-terminal region of BB120 216 

LuxN (amino acids 1-465) that binds the HAI-1 autoinducer shares only 40% identity with 217 

DS40M4 LuxN (Fig. 4A, Fig. S1A). We wondered if this might suggest that the DS40M4 LuxN 218 

senses a different molecule than HAI-1, possibly produced by a different synthase. DS40M4 219 

encodes close homologs of BB120 CqsS and LuxPQ, which bind CAI-1 and AI-2, respectively 220 

(98% and 99% amino acid identity, respectively; Table 1). We investigated the activity of the 221 

autoinducers produced by DS40M4 by collecting cell-free supernatant from DS40M4 and adding 222 

it to autoinducer-sensing reporter strains in the BB120 background in which a single autoinducer 223 

synthase is deleted. For example, a cqsA BB120 strain is not producing CAI-1 and has a lower 224 

level of bioluminescence compared to wild-type (Fig. 4B). Addition of a supernatant containing 225 

CAI-1 such as BB120 supernatant results in an increase in bioluminescence (Fig. 4B). We 226 

observed that addition of DS40M4 supernatant increased bioluminescence in the AI-2 and CAI-227 

1 BB120 sensing strains (luxS and cqsA, respectively), but did not affect bioluminescence in 228 

the HAI-1 sensing strain luxM. (Fig. 4B). From these experiments, we conclude that DS40M4 229 

produces AI-2 and CAI-1 molecules that can be sensed by BB120, but not an HAI-1 molecule. 230 

 We previously assessed the molecules sensed by DS40M4 receptors CqsS and LuxPQ 231 

(15). Our data showed that DS40M4 senses the AI-2 and CAI-1 molecules produced by BB120 232 

but not BB120 HAI-1, even though DS40M4 encodes a LuxN homolog. From both sets of data 233 
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regarding autoinducers produced by BB120 and DS40M4, we conclude that DS40M4 does not 234 

produce or respond to HAI-1 under our lab conditions. However, our collective data did not 235 

address whether LuxN is functional. To determine whether DS40M4 LuxN is functional to act as 236 

a kinase, phosphatase, or both, we generated numerous mutants in the DS40M4 background 237 

and examined bioluminescence and biofilm formation at HCD. Bioluminescence is produced at 238 

HCD and biofilm formation is repressed at HCD. Based on the pathway characterized in BB120, 239 

if LuxN was functioning as a kinase, deletion of luxN would have a decreased pool of 240 

phosphorylated LuxO, decreased Qrr levels, increased LuxR levels, and finally increased 241 

bioluminescence and decreased biofilm formation. Conversely, if LuxN is functioning as a 242 

phosphatase, we predicted that deletion of luxN would decrease bioluminescence and increase 243 

biofilm production because there would be less phosphatase activity draining phosphate from 244 

LuxO. A luxO D47E mutant produces no bioluminescence and maximal biofilm formation 245 

because it is a phosphomimic of LuxO that acts as a constitutively phosphorylated LuxO (Fig. 246 

4C, 4D).  247 

For both phenotypes, the cqsA luxS mutant is significantly different from wild-type 248 

(Fig. 4C, 4D). Deletion of luxS or cqsA does not have a significant effect on bioluminescence 249 

(Fig. 4C). Conversely, deletion of cqsA but not luxS increases biofilm formation, which is 250 

analogous to what is observed for biofilm formation in V. cholerae (23) (Fig. 4D). Deletion of 251 

luxR does not maximize biofilm production, though the luxO D47E mutation does (Fig. 4D). We 252 

also noted that the cqsA luxS strain retains bioluminescence production more than 10-fold 253 

higher than the luxR strain (Fig. 4C). Deletion of luxN decreases bioluminescence and 254 

increases biofilm formation compared to the cqsA luxS parent strain (Fig. 4C, 4D). Of note, 255 

the cqsA luxS luxN strain has the highest level of biofilm formation, comparable to the luxO 256 

D47E strain. Deletion of luxN in the wild-type background does not impact biofilm formation 257 

(data not shown). This is likely because the other two receptors are acting as phosphatases in 258 

the wild-type strain at HCD. We conclude from these data that LuxN does not have kinase 259 

activity but has phosphatase activity acting on the LuxU-LuxO circuit. We suggest two 260 

possibilities: 1) LuxN functions as a phosphatase in the absence of a ligand, or 2) LuxN has 261 

phosphatase activity because it is bound to an unknown ligand. 262 

 263 

The Qrrs and LuxO in DS40M4 have different activities compared to BB120 264 

 The wild-type DS40M4 strain exhibits a typical “U-shape” bioluminescence curve (in 265 

strains containing pCS38 expressing luxCDABE) in which bioluminescence is produced from 266 

the inoculum and is diluted by growth over time (Fig. 5A). As the cells grow to HCD, LuxR is 267 
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produced at higher levels, which in turn drives expression of the luxCDABE genes and 268 

bioluminescence is maximally produced at stationary phase. Because LuxR is a required 269 

activator of luxCDABE, a luxR strain does not produce bioluminescence (Fig. 5A). DS40M4 270 

encodes five Qrrs with high percent nucleotide identity and similar genome position compared to 271 

BB120 (Figure S2). Further, the Sigma-54 and LuxO binding sites identified in BB120 qrr 272 

promoters are conserved in DS40M4 (Fig. S2) (24). Thus, we predicted and observed that a 273 

DS40M4 strain lacking all of the qrr1-5 genes does not inhibit LuxR production and is 274 

constitutively bright (Fig. 5A). The luxO D47E phosphomimic constitutively expresses Qrr 275 

sRNAs throughout the curve to inhibit LuxR production, resulting in no bioluminescence (Fig. 276 

5A). Each of these phenotypes matches the analogous BB120 mutant phenotypes (24). 277 

However, the luxO strain has a distinct difference. In BB120, a luxO mutant strain is 278 

constitutively bright and is similar to the qrr1-5 strain because luxO cannot express the Qrrs 279 

(25). Curiously, in DS40M4, the luxO strain has a similar trend to wild-type (Fig. 5A), 280 

suggesting that in the absence of LuxO, this strain can still regulate bioluminescence production 281 

in a density-dependent manner. One possibility is that another functional LuxO is present in V. 282 

campbellii. Both BB120 and DS40M4 encode a second homolog with 49% identity to LuxO. 283 

However, deletion of the DS40M4 luxO homolog in both the wild-type and luxO strains resulted 284 

in the same U-shaped curve (data not shown), indicating that this luxO homolog does not 285 

regulate bioluminescence. Given the epistatic relationship of the Qrrs to LuxO control of 286 

bioluminescence, we propose that regulation of bioluminescence is occurring via an additional 287 

regulatory circuit outside the LuxO quorum-sensing pathway that also converges on the Qrrs.  288 

 To further examine this result, we constructed strains containing different combinations 289 

of deletions of qrr1-5 (Table S2). We first assessed the bioluminescence phenotype of each of 290 

the strains producing only a single Qrr, e.g., qrr1+, qrr2+, etc. Surprisingly, these phenotypes 291 

also did not match previous data from BB120 (24). In analogous qrr mutant strains of BB120, 292 

the curve is still U-shaped but with increasing levels of bioluminescence depending on the Qrr 293 

gene expressed, such that the curves for each Qrr-expressing strain lie between the wild-type 294 

U-shaped curve and the qrr1-5 constitutively bright curve. Specifically, in BB120, expression of 295 

Qrr2 and Qrr4 alone exhibit the strongest effect on bioluminescence repression, followed by 296 

Qrr3, then Qrr1, and finally Qrr5, which has no effect when deleted because it is not expressed 297 

under tested conditions (24). Thus, in BB120, Qrr2/Qrr4>Qrr3>Qrr1>Qrr5 with regard to 298 

repression of bioluminescence. In contrast, in DS40M4, we observe that deletion of qrrs has a 299 

much different effect (Fig. 5B). A strain expressing only qrr4 produces less bioluminescence 300 

than wild-type. Importantly, this occurs even at HCD, when the Qrrs are not expected to be 301 
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expressed based on data in BB120. The other strains exhibit varying phenotypes: qrr1+, qrr3+, 302 

and qrr5+ all have varying levels of bioluminescence production, each with a more flat-lined 303 

expression pattern across the growth curve and varying strengths such that 304 

Qrr4>Qrr5/Qrr3>Qrr1 (Fig. 5B). The qrr2+ strain appears to be the only one that follows the U-305 

shape pattern observed in BB120. These data collectively indicate that expression of Qrrs is not 306 

controlled only by the quorum-sensing pathway with the exception of Qrr2. Because the qrr2+ 307 

strain exhibits near wild-type levels of bioluminescence throughout the curve, this suggests that 308 

Qrr2 is controlled solely by quorum sensing and has a strong repression effect on LuxR. 309 

However, expression of luxO D47E completely represses bioluminescence (Fig. 5A), suggesting 310 

that phosphorylated LuxO is epistatic to other regulatory inputs that activate bioluminescence. 311 

The U-shape curve observed in the luxO strain suggests that another quorum-sensing 312 

signal is controlling bioluminescence production. To test this, we constructed a luxO qrr4+ 313 

strain. This strain produces a U-shaped curve similar to luxO but produced less 314 

bioluminescence throughout the assay (Fig. 5C). This result confirms that Qrr4 expression is 315 

epistatic to LuxO. Further, another factor is likely altering expression of Qrr4 throughout the 316 

growth curve that also changes with cell density, as evidenced by the change in 317 

bioluminescence.  318 

 319 

Virulence phenotypes are differentially regulated by quorum sensing in DS40M4 and BB120 320 

 321 

Quorum sensing plays an important role in regulating several pathogenic behaviors in 322 

Vibrio strains. To assess the impact of quorum sensing on pathogenic behavior in DS40M4 and 323 

BB120, we compared several virulence phenotypes between different quorum-sensing mutants. 324 

We tested three different virulence phenotypes that are controlled by quorum sensing: type VI 325 

killing, exoprotease activity, and biofilm formation (26–28). BB120 exhibited stronger changes in 326 

type VI-dependent killing assays with quorum-sensing mutants (Fig. 6A). The LCD mutant 327 

strains, which are the luxO D47E strain and the ΔluxR strain, both showed increased type VI-328 

dependent killing of E. coli compared to wild-type. However, DS40M4 quorum-sensing mutants 329 

showed no significant changes in type VI-dependent killing relative to the wild-type, suggesting 330 

that quorum sensing does not control this behavior in this strain (Fig. 6A). When we examined 331 

relative exoprotease activity between BB120 and DS40M4 strains, we observed analogous 332 

functions of the quorum-sensing proteins between the two strains. While BB120 exhibits 333 

stronger exoprotease activity than DS40M4, exoprotease activity significantly drops in LCD 334 

mutants, suggesting this behavior is dependent on LuxR in both BB120 and DS40M4 (Figure 335 
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6B). Comparing biofilm formation between DS40M4 and BB120 mutants showed that LCD 336 

mutants exhibit increased biofilm formation compared to the wild-type parent strain (Figure 6C). 337 

Interestingly, however, while BB120 overall has significantly stronger biofilm formation than 338 

DS40M4, quorum sensing appears to regulate biofilm formation more strongly in DS40M4 than 339 

in BB120. From these experiments, we conclude that quorum sensing controls protease 340 

production and biofilm formation in both BB120 and DS40M4, whereas type VI killing is only 341 

regulated by quorum sensing in BB120.  342 

 343 

dRNA-seq identifies the quorum-sensing regulon and transcriptional start sites of DS40M4 344 

genes 345 

 To facilitate the use of DS40M4 as a model quorum-sensing strain, we defined the 346 

genes regulated by quorum sensing. Using RNA-seq, we compared gene expression of wild-347 

type and luxR cultures grown to OD600 = 1.0, which is the point at which bioluminescence is 348 

maximal (Fig. 5). LuxR regulates 90 genes >2-fold (p > 0.05, Table S1), including those involved 349 

in metabolism, cyclic di-GMP synthesis, transport, and transcriptional regulation. This is a 350 

smaller regulon than those observed in other vibrios, including BB120 in which LuxR regulates 351 

>400 genes (29, 30). Certain genes that are regulated by LuxR in other vibrios, such as type VI 352 

secretion genes, are not regulated by LuxR in DS40M4. Further, the fold-change in gene 353 

activation and repression by LuxR is smaller. For example, the type III secretion operons in 354 

DS40M4 are all repressed <2-fold by LuxR, whereas these are repressed >10-fold in BB120.  355 

To verify the results of the RNA-seq analysis, we performed qRT-PCR on wild-type, 356 

luxR, and qrr1-5 DS40M4 strains to examine the transcript levels for luxR, aphA, and type III 357 

and type VI secretion genes. RNA samples were collected from these three strains at LCD 358 

(OD600 = 0.1), HCD (OD600 = 1.0), and late stationary phase (OD600 = 3.25), and measured by 359 

qRT-PCR. Our results confirm that luxR is expressed at the highest levels late stationary phase 360 

and is repressed by qrr1-5 at LCD (Figure 7A). Similar to what is observed in BB120, aphA and 361 

the type III secretion gene exsB are more highly expressed at LCD, repressed by LuxR, and 362 

activated by qrr1-5 (Fig. 7B, 7C). The type VI secretion gene tssC is remarkably more highly 363 

activated at late stationary phase (Fig. 7D). This result agrees with the type VI killing assay in 364 

which quorum sensing mutants were not different than wild-type. Together, our qRT-PCR 365 

results confirmed our RNA-seq results. We conclude that the LuxR regulon in DS40M4 is 366 

smaller than that of LuxR in BB120, and the fold-change of regulation is reduced in DS40M4. 367 

 In addition to establishing the LuxR regulon in DS40M4, we also used differential RNA-368 

seq (dRNA-seq) to determine the transcription start sites for all the genes expressed in 369 
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DS40M4, both in wild-type and luxR strains. Three examples are shown in Figure 7E, in which 370 

the transcription start sites determined by dRNA-seq are shown for luxR, exsB (type III 371 

secretion), and tssABC (type VI secretion). This transcriptomic experiment provides critical data 372 

for future genetic and mechanistic studies of quorum-sensing gene expression. 373 

 374 

Discussion 375 

 376 

V. campbellii BB120 has historically served as the primary model strain for quorum-377 

sensing experiments in Vibrio species. BB120 was isolated as a conjugation-proficient mutant of 378 

parent strain BB7 that arose after multiple cycles of conjugation and laboratory passaging 379 

(Bonnie Bassler, personal communication). It is perhaps not surprising that the wild isolate 380 

DS40M4 strain isolated by Margo Haygood (18) exhibits different physiological and functional 381 

characteristics compared to BB120. DS40M4 grows at a faster rate and exhibits increased 382 

T6SS-induced killing of E. coli cells. Interestingly, however, we found that BB120 exhibits much 383 

stronger biofilm formation than DS40M4, a trait often lost in laboratory conditions (31–33), as 384 

well as an increase in exoprotease production (34). In addition, DS40M4 is one of many dark 385 

(non-bioluminescent) Vibrio campbellii isolates that contain lesions in the lux locus that abrogate 386 

bioluminescence production (35). As an environmental isolate, DS40M4 likely serves as a better 387 

model for comparing behaviors of V. campbellii to Vibrio strains in their native marine 388 

environment. One such behavior is the type VI secretion activity of DS40M4. It will be 389 

informative to assess the effects of increased type VI secretion and growth rate on virulence in 390 

host systems in future studies, as well as other virulence-associated characteristics such as 391 

type III secretion and motility. 392 

Unfortunately, although BB120 still remains a core model strain for Vibrio studies, it is 393 

one of several Vibrio strains that is not capable of natural transformation, at least not under any 394 

conditions we have tested (15). Thus, making mutations in BB120 is laborious and requires 395 

construction of suicide plasmids and the use of counter-selection and colony screening. Here 396 

we expanded upon our previous study of natural transformation in DS40M4 (15) to show the 397 

power of natural transformation for constructing up to four unmarked mutations simultaneously. 398 

The Qrr genes in the quorum-sensing circuit are only one example of a gene set for which 399 

MuGENT is useful in studying combinatorial mutant phenotypes. The ease with which mutants 400 

are constructed in DS40M4 allowed us to quickly generate deletion mutants of several core 401 

quorum-sensing genes. Our results from assessing the autoinducers produced and detected by 402 

DS40M4 suggest that there is likely another arm of the circuit. DS40M4 shares the AI-2/CAI-1 403 
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pathway of BB120, but it lacks a LuxM (HAI-1 synthase) homolog, and its LuxN (HAI-1 receptor) 404 

homolog is only 63% identical. Although the DS40M4 LuxN homolog cannot sense HAI-1 from 405 

BB120, our data suggest that LuxN has phosphatase activity that acts in the quorum-sensing 406 

circuit. While the biochemical activity of DS40M4 LuxN remains to be tested, one possibility is 407 

that LuxN has more phosphatase activity than kinase activity, thus it is constitutively 408 

dephosphorylating LuxU. Another possibility is that DS40M4 LuxN senses an unidentified 409 

autoinducer produced by a different synthase than LuxM, thus resulting in phosphatase activity 410 

at HCD as has been shown for BB120 LuxN. Genetic screens will likely differentiate these two 411 

possibilities. 412 

Several of the recently identified quorum-sensing receptor proteins in V. cholerae have 413 

not yet been characterized in BB120. CqsR and VpsS are additional histidine sensor kinases in 414 

V. cholerae that phosphorylate LuxU (36). The ligands for these receptors are unknown (37).  415 

BB120 encodes homologs to both V. cholerae CqsR and VpsS with a percent identity of 54.76% 416 

and 50.35%, respectively (Table 2). Conversely, DS40M4 appears to only encode a clear CqsR 417 

homolog. Although we identified numerous homologs of VpsS in DS40M4, each has incomplete 418 

coverage and low identity. The amino acid identity of these homologs lies in the kinase/receiver 419 

domain, and thus these homologs are likely other putative sensor kinases but not necessarily 420 

VpsS-like proteins nor connected to quorum sensing (Table 2). Another quorum-sensing system 421 

in V. cholerae has been identified in which the molecule DPO (3,5-dimethylpyrazin-2-ol, 422 

synthesized by threonine dehydrogenase) is bound by transcription factor VqmA (38). VqmA-423 

DPO activates expression of a sRNA (VqmR) that represses biofilm formation. A homolog of 424 

VqmA is present in both BB120 and DS40M4 (Table 2), and a putative VqmR lies directly 425 

upstream of these vqmA genes. Both BB120 and DS40M4 encode Tdh, which is not surprising 426 

given its role in metabolism (Table 2). However, the production of DPO, the function of VqmA 427 

and VqmR, and any connection to downstream genes still remains to be tested in most Vibrios, 428 

including BB120 and DS40M4. Based on our data and the recent identification of novel 429 

autoinducers/receptors in V. cholerae (36, 38), it is very possible that there are other quorum-430 

sensing components that act in parallel or integrate into the known circuit that have yet to be 431 

identified in various Vibrio species. 432 

Our data also suggest that DS40M4 contains a regulator that converges on the quorum-433 

sensing circuit at the Qrrs. Contrary to BB120, deletion of luxO in DS40M4 does not result in 434 

maximal quorum sensing (monitored via bioluminescence production). The ∆luxO strain is quite 435 

similar to wild-type DS40M4, whereas the ∆qrr1-5 mutant has maximal bioluminescence at all 436 

cell densities. Further complicating quorum-sensing regulation, our data also show that when 437 
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qrr4 is the only qrr gene remaining in DS40M4, cells have constitutively low bioluminescence 438 

levels. Interestingly, deletion of LuxO in the qrr4+ background is not sufficient to fully maximize 439 

quorum sensing, and bioluminescence still shows a cell density-dependent response. We 440 

propose that LuxO is not the sole regulator for the Qrrs, and that an additional regulator acts to 441 

influence Qrr expression in DS40M4. Although DS40M4 and BB120 have an additional LuxO 442 

homolog, the transcript levels of these genes are very low in both strains, and deletion of the 443 

homolog in the DS40M4 strain did not result in a constitutively bright strain. Genetic screens will 444 

likely uncover any additional regulator(s) of the Qrrs. 445 

Previous studies of quorum sensing in V. harveyi have typically been performed in 446 

BB120, and quorum-sensing models for this strain presumably apply to other V. 447 

harveyi/campbellii strains. However, while it is understood and accepted that strains of the same 448 

bacterial species can vary widely in nature, it isn’t often investigated how the canonical models 449 

diverge amongst these strains. Although BB120 and DS40M4 share an average nucleotide 450 

identify of 98.02% (16), we have shown that these two strains differ widely from one another in 451 

natural transformation, quorum-sensing pathways, and virulence phenotypes. It is important to 452 

consider strain to strain variations and how bacteria in the environment may differ from the 453 

models established from laboratory strains. Here we have shown that the environmental isolate 454 

DS40M4 may serve as a powerful and relevant model strain when studying behaviors in V. 455 

campbellii. 456 

 457 

 458 

Materials and Methods 459 

 460 

Bacterial strains and media 461 

All bacterial strains and plasmids are listed in Tables S2 and S3. V. campbellii strains were 462 

grown at 30C on Luria marine (LM) medium (Lysogeny broth supplemented with an additional 463 

10 g NaCl per L). Instant ocean water (IOW) medium was used in the chitin-independent 464 

transformations; it consists of Instant Ocean sea salts (Aquarium Systems, Inc.) diluted in sterile 465 

water (2X = 28 g/l). Transformations were outgrown in LBv2 (Lysogeny Broth medium 466 

supplemented with additional 200 mM NaCl, 23.14 mM MgCl2, and 4.2 mM KCl). When 467 

necessary, strains were supplemented with kanamycin (100 μg/ml), spectinomycin (200 μg/ml), 468 

gentamicin (100 μg/ml), or trimethoprim (10 μg/ml). Plasmids were transferred from E. coli to 469 

Vibrio strains by conjugation on LB plates. Exconjugants were selected on LM plates with 470 

polymyxin B at 50 U/ml and the appropriate selective antibiotic. 471 
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 472 

Construction of linear tDNAs 473 

All PCR products were synthesized using Phusion HF polymerase (New England 474 

Biolabs). Sequencing of constructs and strains was performed at Eurofins Scientific. Cloning 475 

procedures and related protocols are available upon request. Oligonucleotides used in the study 476 

are listed in Table S4. Linear tDNAs were generated by splicing-by-overlap extension (SOE) 477 

PCR as previously described (39). 478 

 479 

Natural Transformation 480 

Chitin-independent transformations were performed following the protocol established in 481 

Dalia et al. 2017 (13). Transformation frequency was calculated as the number of antibiotic-482 

resistant colonies divided by viable cells. Following natural transformation, strains containing the 483 

correct target mutation were identified via colony PCR with a forward and reverse detection 484 

primer. Following MuGENT, colonies were screened for integration of unselected genome edits 485 

via MASC-PCR as described previously (20). Detection primers are listed in Table S3.  486 

 487 

Bioluminescence assays and growth curves 488 

For the bioluminescence growth assays, overnight cultures were back-diluted to an 489 

OD600 = 0.0005 in 25 ml LM with selective antibiotics as required and incubated at 30C shaking 490 

at 275 RPM. The OD600 was recorded every 45 minutes using a spectrophotometer, and 491 

bioluminescence was measured in black-welled clear-bottom 96-well plates using the BioTek 492 

Cytation 3 Plate Reader (gain set at 160). For endpoint bioluminescence assays, strains were 493 

back-diluted to 1:1,000 in 5 ml LM with selective antibiotics as required and incubated at 30C 494 

shaking at 275 RPM for 7 h. 200 ul of the culture was transferred to a black-welled clear-bottom 495 

96-well plate and the OD600 and bioluminescence were measured using the BioTek Cytation 3 496 

Plate Reader (gain 160). For growth assays, overnight cultures were back-diluted 1:1,000 in 200 497 

µl LM in a 96-well plate, and incubated at 30°C shaking in the BioTek Cytation 3 Plate Reader. 498 

OD600 was recorded every 30 minutes in the plate reader for a total of 24 hours. 499 

 500 

Autoinducer Assays 501 

Overnight cultures of supernatant strains were back-diluted 1:100 in fresh media and 502 

incubated at 30C shaking at 275 RPM until the OD600 ~2.0. Cultures were centrifuged to 503 

pellet cells at 16,200 x g, supernatants were filtered through 0.22-μm filters, and these were 504 

added to fresh medium at 20% final concentration. Cells from strains to be assayed in the 505 
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presence of supernatants were added to these supplemented media at a 1:5,000 dilution of 506 

the overnight culture and incubated shaking at 30°C at 275 RPM overnight. 507 

Bioluminescence and OD600 were measured in black-welled clear-bottom 96-well plates using 508 

the BioTek Cytation 3 Plate Reader. 509 

 510 
Extracellular protease activity assay 511 

Extracellular protease activity was determined as previously described (40).  Briefly, all 512 

strains were back-diluted 1:1,000 in LM medium and grown at 30°C shaking at 275 RPM for 9 h.  513 

The culture OD600 was measured, and the strains were collected by centrifugation at 3700 x g for 514 

10 min.  The supernatants of each strain were filtered through 0.22 µm filters and 1 ml of filtered 515 

supernatant was mixed with 1 ml phosphate buffer saline (PBS, pH 7.2) and 10 mg of hide 516 

powder azure (HPA).  These mixtures were incubated at 37°C while shaking at 275 RPM for 2 517 

h, and the reactions were stopped by adding 1 ml 10% trichloroacetic acid (TCA).  Total 518 

protease activity was measured at 600 nm on a spectrophotometer and then normalized for 519 

each strain by dividing by the culture OD600. 520 

 521 

Biofilm formation assay 522 

Biofilm formation was measured as previously described (41).  Overnight cultures of 523 

strains grown in seawater tryptone (SWT) medium were diluted to OD600 = 0.005 in SWT and 524 

grown statically in six replicates in 96-well microtiter plates at 30°C for 24 h.  The OD600 of the 525 

strains in the plate were measured, and the plates were rinsed with deionized water.  0.1% 526 

crystal violet was added to each well, and the plate was subsequently rinsed with deionized 527 

water. The crystal violet-stained biofilms were then solubilized with 33% acetic acid and 528 

measured at 590 nm using the BioTek Cytation 3 Plate Reader and normalized to the OD600.  529 

 530 

Type VI secretion competition assay 531 

Type VI killing was measured using a competition assay as previously described (42). 532 

Predator strains (V. campbellii) were grown in LM medium overnight at 30°C, while the prey 533 

strain (E. coli S17-1pir) was grown in LB at 37°C. Predator strains were diluted 1:20 and prey 534 

strains were diluted 1:40 and grown until they reached an OD600 between 0.6-1.2.  Cells were 535 

harvested by centrifugation at 3,700 x g for 10 min, and then resuspended in fresh LB to reach 536 

an OD600 = 10. Predator and prey strains were mixed at a ratio of 1:1, and 5 µl of each mixture 537 

was spotted onto a piece of sterile filter paper fitted to an LB plate.  The competition was carried 538 

out at 30°C for 4 h, and then each filter paper was moved to 0.5 ml of LB and vortexed to 539 
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resuspend the cells. These suspensions were serially diluted and plated on prey-selective 540 

plates (LB+trimethoprim10).  Plates were incubated at 37°C until colonies were visible, then 541 

colonies were counted to determine CFU of the surviving prey. 542 

 543 

dRNA-Seq analysis 544 

cDNA libraries were constructed as described previously (43) by Vertis Biotechnology 545 

AG (Freising, Germany) and sequenced using an Illumina NextSeq 500 machine in single-read 546 

mode (75 bp read length). The raw, demultiplexed reads and coverage files have been 547 

deposited in the National Center for Biotechnology Information Gene Expression Omnibus with 548 

accession code GSE147616. 549 

 550 

RNA extraction and quantitative reverse transcriptase real-time PCR (qRT-PCR) 551 

Strains were inoculated in 5 ml LM and grown overnight shaking at 30°C at 275 RPM.  552 

Each strain was back-diluted 1:1,000 in LM and grown shaking at 30°C at 275 RPM until they 553 

reached an OD600 = 0.1, 1.0, or 3.25. Cells were collected by centrifugation at 3,700 RPM at 4°C 554 

for 10 min, the supernatant was removed, and the cell pellets were flash frozen in liquid N2 and 555 

stored at -80°C.  RNA was isolated from pellets using a TRIzol/chloroform extraction protocol as 556 

described (44) and treated with DNase via the DNA-freeTM DNA Removal Kit (Invitrogen). 557 

 qRT-PCR was used to quantify transcript levels of specific quorum sensing-controlled 558 

genes in DS40M4 and was performed using the SensiFast SYBR Hi-ROX One-Step Kit (Bioline) 559 

according to the manufacturer’s guidelines. Primers were designed to have the following 560 

parameters: amplicon size of 100 bp, primer size of 20-28 nt, and melting temperature of 55-561 

60°C. All reactions were performed using a LightCycler 4800 II (Roche) with 0.4 µM of each 562 

primer and 5 ng of template RNA (10 µl total volume). All qRT-PCR experiments were 563 

normalized to hfq expression and were performed with 2-4 biological replicates and 2 technical 564 

replicates. 565 

 566 
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Table 1. DS40M4 homologs of established BB120 quorum-sensing proteins. 698 

 699 

Gene name Amino acid 

identity 

Query Cover BB120 locus tag
a 

DS40M4 locus tag
b 

cqsA 97.96% 100% VIBHAR_06088 DSB67_15960 

cqsS 98.83% 100% VIBHAR_06089 DSB67_15965 

luxM N/A N/A VIBHAR_02765 N/A 

luxN 63.23%  99% VIBHAR_02766 DSB67_09895 

luxP 97.26% 100% VIBHAR_05351 DSB67_22210 

luxQ 98.37% 100% VIBHAR_05352 DSB67_22215 

luxS 98.84% 100% VIBHAR_03484 DSB67_12735 

luxU 96.49% 100% VIBHAR_02958 DSB67_10605 

luxO 98.34% 100% VIBHAR_02959 DSB67_10610 

luxR 99.51% 100% VIBHAR_03459 DSB67_12620 

aphA 99.44% 100% VIBHAR_00046 DSB67_14070 

a. Accession numbers: CP000789, CP000790, CP000791. 700 

b. Accession numbers: CP030788, CP030789, CP030790 701 

 702 

Table 2. BB120 and DS40M4 homologs of V. cholerae quorum-sensing receptor proteins. 703 

 704 
 BB120

a
  DS40M4

b
 

Gene 
name 

Amino acid 
identity to V. 
cholerae 

Query 
Cover 

Locus tag  Amino acid 
identity to V. 
cholerae 

Query 
Cover 

Locus tag 

vqmA 64.5% 92% VIBHAR_07094  64.5% 92% DSB67_18870  
 

Tdh 91.84% 100% VIBHAR_05001  91.55% 100% DSB67_20895 

cqsR 54.76% 98% VIBHAR_01620  55.03% 98% DSB67_05165  

vpsS 50.35% 98% VIBHAR_02306  65% 39.37% DSB67_09490 
     69% 36.50% DSB67_07055 
     70% 39.49% DSB67_07080 
     72% 31.11% DSB67_12445 
     69% 37.06% DSB67_12965 
     67% 36.16% LuxQ  
     65% 

 
40.45% DSB67_19025 

a. Accession numbers: CP000789, CP000790, CP000791. 705 

b. Accession numbers: CP030788, CP030789, CP030790. 706 
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Figure legends 708 

 709 

Figure 1: Model for quorum-sensing regulation in V. campbellii. The autoinducers CAI-1, 710 

HAI-1, AI-2, are produced by autoinducer synthases CqsA, LuxM, and LuxS, respectively. At 711 

LCD, autoinducers are at low concentrations, resulting in the receptors acting as kinases. The 712 

three receptors phosphorylate LuxU (phosphorelay protein), which transfers the phosphate 713 

to LuxO. Phosphorylated LuxO activates qrr expression through Sigma-54. The Qrrs together 714 

with Hfq bind to the aphA and luxR mRNAs, and AphA is expressed and LuxR production is 715 

minimal. The combination of AphA and LuxR protein levels leads to LCD behaviors, such as 716 

type III secretion and biofilm formation. As autoinducers accumulate at HCD, the receptors bind 717 

autoinducers and in this state act as phosphatases. De-phosphorylated LuxO does not activate 718 

the qrr genes, thus leading to maximal LuxR and absence of AphA. This ultimately leads to 719 

HCD behaviors such as bioluminescence, proteolysis, and type VI secretion. Image created with 720 

BioRender.com. 721 

 722 

Figure 2: Comparison of growth and virulence-associated phenotypes between BB120 723 

and DS40M4. (A) Growth curve comparing growth rates between BB120 and DS40M4 in LM 724 

media. (B) Survival of E. coli cells in T6SS-dependent killing assays (n = 9). (C) Biofilm 725 

formation measured by crystal violet staining (OD595) normalized to cell density (OD600) (n = 726 

6). (D) Exoprotease activity measured by HPA digestion and normalized to cell density (OD600) 727 

(n = 3). (E) Bioluminescence production normalized to cell density (OD600) (n = 4). (F) Diagram 728 

indicating the presence of the genes encoding LuxCDABE in BB120 and in DS40M4. For all 729 

panels, unpaired, two-tailed t-tests were performed on log-transformed data.  730 

 731 

Figure 3. MuGENT enables deletion of Qrr sRNAs in combinations of up to four 732 

unselected mutations. (A) Co-transformation of linear tDNAs targeting luxO (luxO::specR) 733 

and luxR (luxR::TMR). Transformation frequencies are shown for colonies selected on media 734 

containing spectinomycin (SpecR), trimethoprim (TMR), or both (SpecR, TMR). (B) Frequency 735 

of recovery of the selectable luxB deletion alone or in combination with one, two, three, or 736 

four qrr deletions using MuGENT in DS40M4. (C) Representative agarose gel of 24 MASC-PCR 737 

products from transformations targeting all five qrr genes (qrr1-5) and luxB in DS40M4. The 738 

presence of a band indicates that the gene has been deleted in that colony. 739 
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Figure 4. V. campbellii DS40M4 produces and responds to CAI-1 and AI-2 autoinducers, 741 

but not AI-1. (A) Diagram of the predicted structure of the DS40M4 LuxN monomer. The 742 

conserved C-terminal domain is colored purple, and the N-terminal region that is not conserved 743 

is colored orange. Image created with BioRender.com. (B) Bioluminescence production 744 

normalized to cell density (OD600) for strains in which supernatants from the indicated strains 745 

were added to BB120 strains. (C) Bioluminescence production normalized to cell density 746 

(OD600). (D) Biofilm formation measured by crystal violet staining (OD595) normalized to cell 747 

density (OD600). For panels B, C, and D, different letters indicate significant differences in 2-748 

way ANOVA of log-transformed data followed by Tukey’s multiple comparison’s test (n = 3 or n 749 

= 4, p < 0.05). For panel B, statistical comparisons were performed comparing the effects of the 750 

three supernatant conditions for each reporter strain; data were not compared between reporter 751 

strains. 752 

 753 

Figure 5. Quorum sensing regulation of bioluminescence in DS40M4 is distinct from 754 

BB120. For all panels A, B, and C, bioluminescence production is shown normalized to cell 755 

density (OD600) during a growth curve. A strain expressing only a single qrr is labeled with a ‘+’ 756 

sign. For example, qrr4+ expresses only qrr4, and the qrr1, qrr2, qrr3, and qrr5 genes are 757 

deleted. For each panel, the data shown are from a single experiment that is representative of 758 

at least three independent experiments.  759 

 760 

Figure 6. Virulence phenotypes in DS40M4 and BB120 differ in quorum-761 

sensing regulation. For all panels, assays were performed with V. campbellii DS40M4 wild-762 

type, ∆luxO (cas197), luxO D47E (BDP060), and ∆luxR (cas196). (A) Survival of E. 763 

coli in T6SS-dependent killing assays (n = 9). (B) Exoprotease activity measured by 764 

HPA digestion and normalized to cell density (OD600). (n = 3). (C) Biofilm formation measured 765 

by crystal violet staining (OD595) normalized to cell density (OD600) (n = 6). For all panels, 766 

different letters indicate significant differences in 2-way ANOVA of log-transformed data 767 

followed by Tukey’s multiple comparison’s test (p < 0.05).  768 

 769 

Figure 7. Identification of the LuxR regulon and transcriptional start sites in DS40M4 770 

by differential RNA-Seq. (A-D) Data shown are qRT-PCR of transcripts of representative 771 

quorum sensing-controlled genes in the wild-type, ΔluxR, or Δqrr1-5 strains. Reactions were 772 

normalized to the internal standard (hfq). (E) Data shown are cDNA reads from dRNA-seq data 773 
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mapped to three genetic loci in V. campbellii DS40M4 for TEX (-) and TEX (+) samples. Scales 774 

are indicated for each panel.  775 
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Figure 1: Model for quorum-sensing regulation in V. campbellii. The autoinducers CAI-1, HAI-

1, AI-2, are produced by autoinducer synthases CqsA, LuxM, and LuxS, respectively. At LCD, 
autoinducers are at low concentrations, resulting in the receptors acting as kinases. The three 

receptors phosphorylate LuxU (phosphorelay protein), which transfers the phosphate to LuxO. 

Phosphorylated LuxO activates qrr expression through Sigma-54. The Qrrs together with Hfq bind 

to the aphA and luxR mRNAs, and AphA is expressed and LuxR production is minimal. The 

combination of AphA and LuxR protein levels leads to LCD behaviors, such as type III secretion and 
biofilm formation. As autoinducers accumulate at HCD, the receptors bind autoinducers and in this 

state act as phosphatases. De-phosphorylated LuxO does not activate the qrr genes, thus leading 

to maximal LuxR and absence of AphA. This ultimately leads to HCD behaviors such as 

bioluminescence, proteolysis, and type VI secretion.

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 1, 2020. ; https://doi.org/10.1101/2020.03.31.019307doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.31.019307


Figure 2: Comparison of growth and virulence-associated phenotypes between BB120 and 

DS40M4. (A) Growth curve comparing growth rates between BB120 and DS40M4 in LM media. (B) 
Survival of E. coli cells in T6SS-dependent killing assays (n = 9). (C) Biofilm formation measured by 

crystal violet staining (OD595) normalized to cell density (OD600) (n = 6). (D) Exoprotease activity 
measured by HPA digestion and normalized to cell density (OD600) (n = 3). (E) Bioluminescence 

production normalized to cell density (OD600) (n = 4). (F) Diagram indicating the presence of the 

genes encoding LuxCDABE in BB120 and in DS40M4. For all panels, unpaired, two-tailed t-tests 
were performed on log-transformed data.
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A

B

Figure 3. MuGENT enables deletion of Qrr sRNAs in combinations of up to four unselected 
mutations. (A) Co-transformation of linear tDNAs targeting luxO (luxO::specR) and luxR
(luxR::TMR). Transformation frequencies are shown for colonies selected on media containing 

spectinomycin (SpecR), trimethoprim (TMR), or both (SpecR, TMR). (B) Frequency of recovery of the 
selectable luxB deletion alone or in combination with one, two, three, or four qrr deletions using 

MuGENT in DS40M4. (C) Representative agarose gel of 24 MASC-PCR products from 
transformations targeting all five qrr genes (qrr1-5) and luxB in DS40M4. The presence of a band 
indicates that the gene has been deleted in that colony. 
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Figure 4. V. campbellii DS40M4 produces and responds to CAI-1 and AI-2 autoinducers, but 

not AI-1. (A) Diagram of the predicted structure of the DS40M4 LuxN monomer. The conserved C-
terminal domain is colored purple, and the N-terminal region that is not conserved is colored 

orange. (B) Bioluminescence production normalized to cell density (OD600) for strains in which 

supernatants from the indicated strains were added to BB120 strains. (C) Bioluminescence 

production normalized to cell density (OD600). (D) Biofilm formation measured by crystal violet 

staining (OD595) normalized to cell density (OD600). For panels B, C, and D, different letters indicate 
significant differences in 2-way ANOVA of log-transformed data followed by Tukey’s multiple 

comparison’s test (n = 3 or n = 4, p < 0.05). For panel B, statistical comparisons were performed 

comparing the effects of the three supernatant conditions for each reporter strain; data were not 

compared between reporter strains.
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Figure 5. Quorum sensing regulation of bioluminescence in DS40M4 is distinct from BB120. 

For all panels A, B, and C, bioluminescence production is shown normalized to cell density (OD600) 
during a growth curve. A strain expressing only a single qrr is labeled with a ‘+’ sign. For example,

qrr4+ expresses only qrr4, and the qrr1, qrr2, qrr3, and qrr5 genes are deleted. For each panel, the 

data shown are from a single experiment that is representative of at least three independent 

experiments. 
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Figure 6. Virulence phenotypes in DS40M4 
and BB120 differ in quorum-sensing 
regulation. For all panels, assays were 

performed with V. campbellii DS40M4 wild-
type, DluxO (cas197), luxO D47E (BDP060), 

and DluxR (cas196). (A) Survival of E. coli in 
T6SS-dependent killing assays (n = 9). (B) 
Exoprotease activity measured by HPA 

digestion and normalized to cell density 
(OD600). (n = 3). (C) Biofilm formation 

measured by crystal violet staining (OD595) 
normalized to cell density (OD600) (n = 6). For 
all panels, different letters indicate significant 

differences in 2-way ANOVA of log-
transformed data followed by Tukey’s multiple 

comparison’s test (p < 0.05). 
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Figure 7. Identification of the LuxR regulon and transcriptional start sites in DS40M4 by 
differential RNA-Seq. (A-D) Data shown are qRT-PCR of transcripts of representative quorum 
sensing-controlled genes in the wild-type, ΔluxR, or Δqrr1-5 strains. Reactions were normalized to 

the internal standard (hfq). (E) Data shown are cDNA reads from dRNA-seq data mapped to three 
genetic loci in V. campbellii DS40M4 for TEX (-) and TEX (+) samples. Scales are indicated for 

each panel.
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