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Abstract 

The current circulating pandemic El Tor biotype of Vibrio cholerae has persisted 

for over sixty years and is characterized by its acquisition of two unique genomic islands 

called the Vibrio Seventh Pandemic Islands 1 and 2 (VSP-I and VSP-II). However, the 

functions of most of the genes on VSP-I and VSP-II are unknown and the advantages 

realized by El Tor through these two islands are not clear. Recent studies have broadly 

implicated these two mobile genetic elements with bacteriophage (phage) defense. Still, 

protection against phage infection through these islands has not been observed directly 

in any V. cholerae El Tor biotype.  

In chapter 2 of this thesis I report the isolation of a circulating phage from a 

cholera patient stool sample and demonstrate that propagation of this phage in its native 

host is inhibited by elements in both VSP-I and VSP-II, providing direct evidence for the 

role of these genomic islands in phage defense. Moreover, I show that these defense 

systems are regulated by quorum sensing and active only at certain cell densities. 

Finally, I have isolated a naturally occurring phage variant that is resistant to the defense 

conferred by the VSP islands, illustrating the countermeasures used by phages to evade 

these defense mechanisms. Together, this work demonstrates a functional role for the 

VSPs in V. cholerae and highlights the key regulatory and mechanistic insights that can 

be gained by studying anti-phage systems in their native contexts. 

In chapter 3 of this thesis I investigate the functions of the hybrid second 

messenger molecule cyclic-GMP-AMP (cGAMP). Although cGAMP was first shown to 

be synthesized by the DncV enzyme encoded within VSP-I, the physiological role of 

cGAMP in V. cholerae is unclear. In this study I test the phenotypes and regulation 

proposed in disparate literature to gain a more complete perspective on the exact role of 

cGAMP in V. cholerae biology. My studies show that previous suppositions about the 
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function of cGAMP may have been skewed by the inherent toxicity when cGAMP is 

over-produced. Moreover, I find no evidence of the prominent role of phage defense by 

cGAMP in V. cholerae. Instead, I have uncovered that V. cholerae uses both 

transcriptional and post-translational regulation to control cellular cGAMP levels. 

Although the exact physiological role cGAMP plays in V. cholerae is yet unknown, by 

highlighting the multiple layers of regulation of the cGAMP second messenger system, 

we gain a stronger understanding of its specific role in phage defense and how this 

important and universal signal is regulated inside the cell.  

Taken together, the work in this thesis underscores the importance of 

investigating anti-phage genes in their native genetic context. This has allowed me to not 

only discover new defense systems on the VSPs but also demonstrate the importance of 

their regulation.  
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1.1 Vibrio cholerae 

1.1.1 A brief history of the disease cholera and its epidemiology 

The disease cholera has been with humanity for untold centuries [2]. Yet, first 

usage of the term “cholera” for one of these diseases was only 2400 years ago in the 

writings of Hippocrates [3,4]. At the time this nomenclature would have broadly referred 

to any diarrheal disease with many conflicting speculations on the cause of these 

debilitating symptoms. Hippocrates named the disease but also advanced the thought 

that it was caused by “bad air” or miasma. It was not until the English epidemiologist 

John Snow systematically traced cases of cholera in 1854 London to a water pump that 

it was conclusively determined to be brought about by something in the water [5].The 

same year, while studying an outbreak in southeast Asia, Italian scientist Filipino Pacini 

would cement cholera into the world bacteriology by observing and naming the 

bacterium responsible for the disease Vibrio cholerae [6]. 

Today, cholera is a significant public health threat with millions of cases of 

cholera each year and hundreds of thousands of deaths [7]. While many in wealthier 

nations think of this as a disease of a bygone era, it remains endemic in many countries 

across the globe. Most research has focused on the seasonal outbreaks around the Bay 

of Bengal, but there are also sizeable case numbers from sub-Saharan Africa and 

sporadic outbreaks in South and Central America making this a truly global disease [7]. 

Even in regions previously reporting no or few cases can be under threat if infrastructure 

for clean drinking water is disrupted as the tragic outbreaks in Haiti and Yemen have 

demonstrated in recent years.  

1.1.2 Basic Physiology and lifecycle of V. cholerae 

In the aquatic environment it is thought that V. cholerae often persists in biofilms 

on chitinous surfaces [8,9]. These biofilms allow for the bacteria to have some protection 
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from environmental disruption while staying attached to a carbon source (chitin). 

Clustering on copepods also serves the purpose of increasing the number of V. cholerae 

that might be ingested at a given time. This is supported by data showing that filtration of 

macroscopic particles, such as copepods where V. cholerae biofilms are found, greatly 

reduces incidence of cholera [10].  

Upon ingestion, the low pH environment of the stomach is thought to eradicate 

most the V. cholerae leaving only a small founder population to cause infection [11,12]. It 

is in this specific low cell density state, with high pH from bile salts that V. cholerae is 

thought to begin expression of early virulence genes. Perhaps the most important of 

these virulence factors are the Toxin co-regulated pilus (TCP) and cholera toxin [13,14]. 

These are encoded on the Vibrio pathogenicity island I (VPI-I) and the CTX phage 

respectively (Fig. 1.1). The TCP is a type IV pilus essential for colonization of the host 

gut and serves as the primary receptor for the CTXΦ which encodes cholera toxin 

(CTX). This two component toxin is the primary agent that leads to the symptomatic 

watery diarrhea [15]. As the toxin works, it transforms the environment of the gut and 

thus changes the behavior of the resident V. cholerae. This leads to a nutrient rich 

environment that is primed for V. cholerae replication [16] and eventually to the 

upregulation of dispersal genes [17] . The Human small intestine is thought to be the 

primary replicative niche of V. cholerae, but most infections are self-limiting so dispersal 

to the environment is critical to find new hosts. Release of water and electrolytes into the 

intestine due to the virulence program serves not only to draw nutrients into the space, 

but also to provide a clear mechanism for release back into the environment. By the time 

disease symptoms have fully set in, V. cholerae has modified its expression pattern to 

downregulate virulence and upregulate motility, preparing once again for the aquatic 

environment and the restart of the infectious process.  
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Approximately 200 serogroups are used to serologically define V. cholerae based 

on differences in the O-antigen component of the outer membrane lipopolysaccharide 

(LPS) [18]. Of these, the primary serogroups responsible for cholera are O1 and O139, 

with O1 being present in all pandemics since the early 1800’s [17]. This prevalence is 

likely because the O1 antigen serves as a key colonization factor and provides some 

protection from antimicrobial peptides [19]. At the same time, this prominent outer 

feature serves as a target for immune response and bacteriophage [20].Predation by 

phage is thought to heavily influence epidemics of cholera. Studies have shown an anti-

correlation between the prevalence of V. cholerae and its phage in the aquatic 

environment which suggests an important role for phage in the seasonality of V. 

cholerae [21]. Although some predation may occur in the aquatic environment [22], it is 

thought that phages have evolved to prey V. cholerae in the gut, when it has the most 

replicative potential. This idea is supported in part by the fact that many phage receptors 

are essential components for V. cholerae infection, such as the O1 antigen [19,23], 

which could lead to constant evolution between these two competing interests [24]. 

1.1.3 Emergence of Seventh Pandemic Strains 

Previous pandemics were thought to be more closely related and share a 

common lineage. Seventh pandemic V. cholerae is interesting because it appears to 

have arisen independently through multiple gene acquisition events in an avirulent V. 

cholerae thus it is distinguished as a separate biotype [25]. In fact the name of the 

current pandemic strain derives from an avirulent strain of V. cholerae isolated in 1905 at 

the El Tor quarantine station in Egypt [20]. It is not until the 1960’s that El Tor strains 

came into their virulent potential through gene acquisitions and subsequently became 

the seventh pandemic of cholera [25–27]. The spread is often attributed to more mild 

and asymptomatic cases of El Tor as compared to those caused by classical strains 
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[18,20]. El Tor V. cholerae also appears to be better adapted for more environmental 

niches and has been described as “hardier” due to its ability to remain on surfaces 

longer [20,28]. These features may have also aided the El Tor biotype with fully 

supplanting classical strains, with nearly all clinical isolates today being O1 El Tor 

[17,24] 

1.1.4 Unique features of Seventh Pandemic strains 

Besides the acquisition of the genomic islands, many of the changes between 

the classical and El Tor biotypes are more subtle. Yet these subtle changes appear to 

have large impacts on the overall gene expression profiles of these two pandemic 

lineages [29]. In fact, although they are both O1 serotype, the two biotypes were first 

differentiated on their sensitivity to phage and polymyxin B, implying that the overall 

composition of the cell surfaces differs in the more resistant El Tor [20] 

The greatest differences in between El Tor and classical strains appear to be in 

chemotaxis and motility. This is exemplified by the differences in the roles of the c-di-

GMP phosphodiesterase VieA between these strains. In classical V. cholerae VieA is 

required for biofilm formation, motility and virulence [30], yet it appears fully dispensable 

in modern El Tor [31]. While c-di-GMP is a key second messenger involved with many 

processes, the molecular circuitry appears to have been “re-wired” in the seventh 

pandemic strains for unknown benefits [32]. One possibility could be due to the altered 

quorum sensing behavior whereby c-di-GMP is differentially controlled by quorum 

sensing in the two lineages [33]. 

There are many other differences between these biotypes such as the production 

of the mannose sensitive Hemagglutinin (MSHA) pili that leads to differential antibody 

agglutination and can be used to distinguish these biotypes [34,35]. Yet this pilus 

appears to have a deleterious effect on colonization and is instead thought to promote 
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attachment to abiotic surfaces [36,37]. Another product unique to El Tor V. cholerae is 

the hemolysin HlyA that can be used to identify the strain [38]. The hlyA gene appears to 

be under the control of the quorum regulator HapR but its exact role in virulence is 

unclear [39,40]. Exactly why the Seventh Pandemic El Tor biotype so completely 

replaced the sixth pandemic classical biotype is unclear. Understanding what gives a 

strain global dominance is a multifaceted issue, but one that is critical for our overall 

understanding of this organism and the disease it causes. 

 

1.2 Mobile genetic elements in V. cholerae 

1.2.1 Resident prophages in V. cholerae 

While there are many phages that infect V. cholerae only a few lysogenic phage 

that are known. The most well described of these is the CTXΦ (Fig. 1.1), the lysogenic 

phage that encodes the critical CTX toxin. All epidemic cholera strains have lysogenized 

CTXΦ [17]. This small filamentous 

phage uses the TCP as its 

receptor [14]. As the TCP is 

essential for proper colonization of 

the small intestine, this ensures 

that the receptor is not easily lost. 

The circular ssDNA CTXΦ 

replicates extrachromosomally via 

rolling-circle replication [41]. 

Amplification of CTXΦ allows for 

the production of phage particles, 

but the replicative form is also far 

Figure 1.1 - Genomic layout of key mobile genetic  
elements in V. cholerae. Not to scale. 
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more efficient at integrating into the V. cholerae chromosome [42].The V. cholerae 

genome does not possess clear binding sites for the integration of CTXΦ on its own. 

Instead incorporation of the satellite phage, the prophage toxin-linked cryptic (TLC) 

provides an attachment site (attP/dif) for the incorporation of CTXΦ [43]. TLC is 

therefore located proximal to the CTXΦ prophage on the genome. Integration of both 

phage is due to the activity of the V. cholerae encoded XerCD recombinases [44]. Apart 

from its critical role in the acquisition of CTXΦ the dif site from TLC allowed for the 

integration of the satellite phage RS1Φ [43]. Satellite phage like RS1Φ or TLC in this 

CTX cluster often have different arrangements and duplications in clinical samples but it 

is thought that these altered conformations do not have any significant impact on 

virulence [45]. While the primary route of transmission for modern CTXΦ is thought to be 

vertical, it is still a functional phage and can return to its replicative form upon cellular 

stress such as SOS induction [46]. Replicative pCTX can then be converted to +ssDNA 

where its coat proteins are added [47]. Unlike many phage, filamentous phage do not 

lyse the cell during their replicative cycle and instead are extruded using pore proteins 

[46]. For this reason plaques are not traditionally observed with CTXΦ infections, even 

after SOS induction.  

 A common non-filamentous phage that resides in the chromosome is kappa 

phage K139. Morphologically, this P2-like Myoviridae [48] appears like a generic tailed 

bacteriophage commonly depicted in popular culture. The O1 antigen is thought to serve 

as the primary receptor for this phage [49]. While the prophage was first identified 

between the flagellar genes flaA and flaC [50], it has since been shown that there are 

multiple attachment sites on the V. cholerae chromosomes [51]. K139 is found in the 

chromosome of many, but not all, clinical isolates and it has been shown to modify 

virulence in one study [52]. However, these results have not been repeated and it is 
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postulated that they may have been an artifact of phage exclusion machinery of the 

prophage [50]. Still, the wide distribution of this phage makes it an interesting target for 

further study. Even if virulence is not directly altered, this phage’s lytic lifecycle could 

alter V. cholerae dynamics in vivo and it remains possible that expression of kappa 

phage genes influences other portions of its host’s physiology.  

1.2.2 The V. cholerae pathogenicity islands 

Time and time again MGEs have been shown to play key roles in modulating the 

physiology of their hosts. The Vibrio Pathogenicity Island 1 (VPI-1) is critical for effective 

V. cholerae infection [13]. This island is present in all epidemic V. cholerae as it encodes 

for the toxin co-regulated pilus (TCP), which is essential for proper attachment to the 

intestinal epithelium [53]. VPI-1 is thought to have been acquired well before the current 

pandemic [53,54] but the exact timing of its acquisition is unclear. This is in part because 

the TCP encoded on VPI-1 is required for the attachment of CTXΦ, meaning that 

toxigenic V. cholerae would have been required to first have this island [14]. While the 

island as a whole has undergone many rearrangements over the years, it is interesting 

that the major pilus subunit TcpA appears to have undergone more changes in the same 

span [55]. There is no obvious functional difference in these TcpA variants, but such 

changes would not be unexpected if this pilus was being used as a phage receptor as 

pili are common targets [56]. Notably, the more stable minor pilin subunit TcpB serves as 

the receptor for CTX and no other phage have been demonstrated using TCP for entry 

[57].  

With a critical role in the lifecycle of epidemic V. cholerae, it is logical that VPI-1 

is so highly regulated by the global transcriptional regulator of virulence ToxR [58]. ToxR 

increases the expression of the TCP genes and other sections of the island during 

infection [58,59]. The downstream transcriptional regulator ToxT is also encoded on the 
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island and is critical for virulence [60,61]. ToxT also acts on this island, directly 

regulating TCP production as well as the production of a sRNA TarB which acts on VSP-

I [62,63]. Aside from TCP , the nearby accessory colonization factors (ACF) have also 

been shown to be ToxR/T-regulated and important for virulence in Classical V. cholerae 

[64]. In El Tor strains, these acf genes appear dispensable in the same animal models, 

but recent insights suggest they may play a role in chemotaxis towards mucin [65,66]. 

This is fitting as another gene cluster is predicted to encode a protease (TagA) which 

degrades mucin [67]. 

 VPI-1 is able to circularize and excise from the chromosome, but the factors 

mediating this are poorly understood [68,69]. The confusion is largely because this 

circularization does not appear to depend on either the VPI-1 encoded transposase 

VpiT, or integrase, but both of these genes can increase the amount of pVPI-1 [70]. This 

is because excision of VPI-1 can be carried out by other integrases such as the one 

encoded on VPI-2 suggesting crosstalk between these islands [71]. This circular form 

has been shown to move efficiently via transduction by phage such as CP-T1 [72]. 

Far less is known about the second Vibrio Pathogenicity Island (VPI-2). This 

island encodes for more sugar utilization genes and a neuraminidase NanH that has 

been shown to help unmask the target for Cholera Toxin [73–75]. The nearby sialic acid 

metabolism region on VPI-2 has also been shown to be beneficial in early colonization 

[76]. Little has been done to show a role for most of the genes on the VPI-2 island which 

include restriction modification systems and a mu phage-like region that would be 

predicted to play a role in phage defense or exclusion [75]. Even with little known of its 

function, the island is found in all V. cholerae pandemic strains [77]. Like the other 

islands it encodes an integrase and has been shown to efficiently excise and circularize 
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but once again, the environmental cue for this excision has not been demonstrated 

[68,71]. 

1.2.3 Less studied MGEs in V. cholerae 

There is a wealth of sequencing data available that suggests that the V. cholerae 

mobilome is vast [78–80]. To that end, we are only beginning to understand how the 

mobilome may affect the V. cholerae’s lifecycle. This is particularly true for those 

elements that do not have a direct impact on virulence. One of the largest (~100kb) 

pieces of the mobilome is the integrating conjugative element (ICE) SXT. ICEs like SXT 

encode machinery for site specific integration into the chromosome as well as for 

conjugative transfer between hosts [81]. SXT was discovered and named for its ability to 

confer resistance to the antibiotics sulfamethoxazole, trimethoprim, and streptomycin but 

it can also contain other antibiotic resistance clusters [82,83]. This is partially because 

outside of the core genes for transfer and maintenance, SXTs contain multiple variable 

“hotspot” regions containing a multitude of accessory genes [84]. Apart from antibiotic 

resistance, these accessory hotspot regions commonly carry an arsenal of phage 

defense genes [85]. Aside from anti-phage genes, SXTs can also encode defense 

against other MGEs and horizontal gene transfer at large, thus affecting the evolution of 

V. cholerae as a whole [78]. While not all clinical V. cholerae contain SXT, the element is 

globally distributed [86] and an analysis of prevalence showed that various forms of SXT 

are present in approximately 83% of the 2600 clinical sequences examined from 1987-

2019 [85].  

 Another piece of the V. cholerae mobilome that has been characterized are the 

phage inducible chromosomal island-like Elements (PLEs). These small phage parasites 

are most commonly found as part of V. cholerae’s highly plastic superintegron and are 

highly efficient at defending against the virulent phage ICP1 [87]. These highly specific 
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defense elements rapidly inhibit phage replication while excising from the chromosome 

and rapidly replicating themselves [88]. Eventually, they package themselves in the 

phage capsid which allows this MGE to spread to other cells. While their primary role is 

thought to be defending against the highly prevalent phage ICP1 [89], their specificity 

means PLEs and similar systems are overlooked. PLEs have been shown to increase 

the mobility of CTXΦ, providing evidence that they can influence the spread of virulence 

genes or other unrelated MGEs [90]. Multiple versions of PLE exist and while some have 

been around since before the seventh pandemic [88], they vary in prevalence year to 

year from around 35% of clinical samples to none [91]. The persistence and efficacy of 

this MGE suggests it plays a crucial role in maintaining the host-phage balance.  

 

1.3 The Vibrio Seventh Pandemic Islands 

Of the many features that define the current Seventh pandemic strains of V. 

cholerae, the Vibrio Seventh Pandemic Islands stand out as perhaps most emblematic. 

While they have been present in strains since the 1960’s they were only discovered by 

chance in 2002. A fateful microarray analysis at that time uncovered many undescribed 

sections of the El Tor genome and demonstrated the uniqueness of this biotype. While 

these regions could be identified from their surrounding genome by the stark differences 

in AT content, they were instead identified based on their presence in all El Tor strains 

but not classical strains [77]. While VSP-I was correctly identified here as a 14kb 

element from vc0175-vc0185, the full 26.9kb extent of VSP-II vc0490-vc0516 would not 

be shown until two years later [73]. What has taken much longer to demonstrate is a 

functional role for these two islands in V. cholerae. It is only in recent years that we have 

begun to understand the role of the diverse genes encoded on these islands.  
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1.3.1 The Vibrio Seventh Pandemic Island I (VSP-I) 

1.3.1.1 Functional Regions of VSP-I 

VSP-I has been remarkably static in the genome over the years, with no 

apparent gains or losses of gene clusters since its incorporation into the V. cholerae 

genome. This suggests an importance to its composition that we are only beginning to 

understand. When it was first described the functions of many of the genes were 

predicted based on homology. The most obvious is perhaps the integrase encoded by 

vc0185 due to its homology to the well described tyrosine recombinases such as int in 

phage lambda. While vc0185 was shown to be necessary for excision or circularization 

of VSP-I [68], it remains a mystery as to when excision occurs during normal V. cholerae 

growth, what controls directionality, and what other elements may be involved. PCRs 

performed by other groups and sequence reads collected as part of my studies indicate 

that the island excises from the chromosome in a small subpopulation of bacteria during 

normal growth. 

Due to their proximity and orientation, it is possible that the nearby genes 

vc0184-182 form an operon with the Integrase. This is even more likely as vc0184 and 

vc0183 share significant homology to tyrosine recombinases and thus are likely involved 

in excision, integration, and/or circularization of the island. It is curious that VSP-I 

encodes three genes to mediate its movement where many other mobile genetic 

elements use fewer tyrosine recombinases to perform the same task. This suggests 

there may be more complexity to the mobility of this island than previously considered. 

The final gene of this potential operon is the small vc0182. This is predicted to have 

DNA binding activity through its Helix-turn-helix and has some homology to TetR-like 

regulators in other species. Excision and circularization of mobile genetic elements could 

lead to changes in expression of resident genes in other systems [92,93] but outside of 
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the predicted function based on homology, we know little about how this elaborate 

mobility operon is functioning to control the mobility of VSP-I.  

The next and perhaps best characterized region of VSP-I is that from vc0177-

181. This is because vc0179 encodes the dinucleotide cyclase in Vibrio (DncV), the first 

enzyme shown to produce the hybrid cyclic nucleotide cyclic-GMP-AMP (cGAMP) [63]. 

The discovery of this unique enzyme has had widespread implications on Eukaryotic 

immunology and phage defense; however, the initial work proposed a role in motility and 

pathogenicity. Similarly, the same study suggested that the upstream gene vspR 

(vc0177) encodes a regulator for this operon. Our lab showed that the gene next to dncV 

encodes a patatin phospholipase (CapV) that is activated by the direct binding of 

cGAMP [94]. The downstream genes vc0180 (cap2) and vc0181 (cap3) have recently 

been shown to be critical for the activation and deactivation of DncV [95]. The first two 

genes (vc0175-176) of VSP-I appear to form the third functional unit of the island. From 

its discovery, vc0175 (avcD) was predicted to encode a cytidine deaminase, an enzyme 

that converts dCTP and dCDP to dUTP and dUDP [77], respectively. This prediction has 

now been validated [96]. With a clear helix-turn helix, vc0176 resembles DNA binding 

transcriptional repressors found on other mobile genetic elements. What is intriguing is 

that VC0176 bears resemblance to other repressors that interact with nucleotide 

metabolism. It has been shown that the VC0176-like Stl from the Staphylococcus aureus 

SaPI system interacts with phage dUTPase which inhibits its transcriptional repression 

of targets [97]. No functional role has been shown for vc0176 in V. cholerae, but it is 

remarkable that it has direct cognates on anti-phage mobile genetic elements that 

interact with nucleotide pool altering proteins which are not entirely dissimilar from its 

neighboring vc0175. 
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1.3.1.2 Regulation of VSP-I  

 

The Vibrio Seventh Pandemic Island I is a relatively small element (~14kb)(Fig. 

1.2), yet it is increasingly apparent that the genes encoded therein are heavily regulated 

at multiple levels. At the transcriptional level, the three sections of VSP-I each encode a 

transcriptional regulator which are assumed to exert their influence on the expression of 

the genes in the neighboring operons. Aside from the vspR-cap3 (vc0177-181) region, 

we have less clear evidence of further transcriptional regulation. However, it is clear from 

my own work as well as others that the region between vspR and capV is bound by 

multiple regulatory factors. Due to the toxicity that results from overexpression of capV-

dncV operon, it is not surprising that this region is tightly controlled. When DncV was first 

described, it was also shown that VspR binds in the intergenic region between vspR and 

capV and has been shown to repress capV and dncV transcription, and likely the cap2 

and cap3 as well [98]. Moreover, VspR appears to bind upstream of its own ORF; 

however, this is predicted to impact the expression of vc0176, meaning there could be 

crosstalk between these sections of VSP-I. Aside from VspR, it has also been shown 

that ToxR binds the promoter regions of vc0176, capV, cap2, and cap3 [99]. This binding 

is predicted to repress these genes. It is unclear if this is fully in parallel with H-NS or if 

Figure 1.2 - To scale genomic schematic of VSP-I and its predicted functional 
regions. Genes in grey are outside of the island. 
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H-NS might act separately to regulate this region, but Chip-Seq data suggests H-NS 

binding near vc0180 [100].  

Post-transcriptional regulation has been shown for AvcD, VspR, and DncV. With 

AvcD being functionally inhibited by a nearby regulatory RNA AvcI. VspR is controlled by 

the sRNA TarB encoded on VPI-I whose expression is activated by the pathogenicity 

associated ToxT. Thus, ToxT indirectly relieves repression by VspR on VSP-I. DncV is a 

unique case where the protein’s activity is greatly increased after Cap2 covalently binds 

DncV to a target protein, in a process known as cGASylation [95].  

In total, there is a remarkable amount of regulation on this island from within and 

from without. It is most interesting that this mobile genetic element has such strong 

chromosomal regulation (TarB, ToxR, H-NS, etc.). Such heavy regulation of this island 

suggests that its genes have roles that are highly specific to an environment or stress 

and that improper expression of these genes may be detrimental to the bacterium 

1.3.1.3 Recent Discoveries on VSP-I 

 Work on the VSPs has languished for years. This has drastically changed in 

recent years as a focus on phage defense has driven interest towards mobile genetic 

elements. Thus, we have learned a great deal about these islands in a relatively short 

amount of time thanks to the work of disparate lab groups.  

The discovery of dncV and cGAMP production was a key jumping off point in the 

understanding of immunity. Initially this was shown in Eukarya, with the Eukaryotic cGAS 

(a DncV homolog) being well characterized as a producer of 2’3’cGAMP upon binding of 

cytosolic DNA (e.g., from intracellular pathogens): cGAMP activates the STING pathway 

that can lead to programmed cell death. This response is believed to defend uninfected 

populations. The focus on the eukaryotic cGAS led to a remarkable amount of spill-over 
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data onto DncV particularly when it comes to the structural biology of the enzyme. In 

particular, the structure of DncV differs from cGAS in that it is not predicted to bind DNA, 

so it is less clear how it acts similarly to defend against foreign DNA [101]. 

Bioinformatics was the first hint that these genes may act in phage defense, 

since the capV-dncV operon is frequently found on MGEs associated with other phage 

defense elements [102]. Still, it wasn’t until a cyclic-di and tri-nucleotide systems paired 

with effectors were discovered as anti-phage elements that capV-dncV became 

cemented as a phage defense cluster [103,104]. This led cGAMP mediated defense 

systems to be categorized as  Cyclic-oligonucleotide-Based Anti-phage Signaling 

Systems (CBASS). Although CBASS systems have been shown to defend against 

phage in other bacteria, it is notable that there is still no published work showing that 

CapV-DncV defend against any phage in V. cholerae. Due to transcriptional repression 

from multiple regulatory factors, it has been difficult to find a condition where DncV is 

produced. This has recently changed, as it was shown that DncV is uniquely activated 

through the activity of Cap2 by conjugating DncV to an unknown target protein [95]. This 

“cGASylation” greatly increases the amount of cGAMP that DncV produces. Cap3 can 

then act as a negative regulator through its endopeptidase activity, whereby Cap3 

cleaves DncV from its target and reduces cGAMP production. This remarkable discovery 

adds another layer of complexity to the regulation of this system. Notably, as important 

as the work describing cGASylation is, the activators and targets for this system are 

unclear, although it is still predicted to be a phage defense system.  

1.3.2 The Vibrio cholerae Seventh Pandemic Island II (VSP-II) 

1.3.2.1 Functional Regions of VSP-II 

Although it is significantly larger than VSP-I, far less is understood about VSP-II. 

Due to our lack of knowledge, it becomes harder to clearly determine the functional 
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sections of VSP-II (Fig. 1.3). Much like with VSP-I our knowledge began with the 

identification of the tyrosine recombinase integrase. This was similarly shown to be 

essential for excision and circularization [68]. However, it was later shown that VSP-II 

encodes a recombination directionality factor VefC (VC0497) to control its integrase [71]. 

Even with this knowledge it has not been determined what conditions may lead to VSP-II 

mobilization. 

The other previously described genes were all characterized by the Dörr lab due 

to their relation to zinc sensing in V. cholerae. This includes an endopeptidase ShyB that 

functions in Zinc starvation conditions (Vc0503) [105]. It is curious that there also exists 

a gene cluster (vc0512-515) that is regulated by the zinc mediated regulator Zur. Upon 

binding to zinc, Zur binds upstream of verA (vc0513) activating its transcription [106]. 

VerA further goes on to activate the transcription of vc0512-515, with aerB (vc0512) 

being particularly highly upregulated. AerB senses oxygen and acts with the chemotaxis 

protein CheW to move cells away from the air-liquid interface. While they have not been 

directly characterized, vc0514 and vc0515 show strong homology to a Methyl-accepting 

chemotaxis protein and a c-di-GMP degrading phosphodiesterase which are predicted to 

act with the other Zinc-mediated aerotaxis proteins.  

Figure 1.3 – To scale genomic schematic of VSP-II and its predicted functional 
regions. Genes outside of the island in grey. 
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Outside of these genes with published functions, the majority of the proteins 

encoded within VSP-II show no, or only weak, homology to any known proteins based 

on HHpred and BLAST searches. Moreover, varied versions of this island exist in V. 

cholerae, making it even more difficult to infer the functional role of this island. 

1.3.2.2 Plasticity of VSP-II in V. cholerae 

Unlike VSP-I which seems largely stable in its composition, multiple variants of 

VSP-II have circulated over the years. While the site of integration for these variants 

remains the same, the genes on the island are either gained or lost. This can lead to 

significant changes on VSP-II year-over-year in a given geographic area [107,108]. 

Comparing the varied “Types” of VSP-II, nearly any given gene or section can be lost. 

When considering the limited sequences from a single study in Kolkata from 2009-2016, 

the end section of VSP-II (vc0513-516) including the integrase is the most stable. 

However, as this was a single study over a single geographic area it is unclear what that 

means for the overall plasticity of the island.  

Even comparing basic laboratory strains, we see significant differences. It is 

convenient that the basis for annotations, the “N strain” (N16961), contains what 

appears to be the most complete version of VSP-II, vc0490-516. This is also true for the 

common lab strain E7946, often used by many labs studying V. cholerae. The Quorum 

sensing field commonly uses C6706 as a lab strain and it differs in that it lacks vc0499-

501 and vc0508-516. With the majority of VSP-II being uncharacterized, it is difficult to 

predict the extent of the physiological impacts of these VSP-II variants.  

1.3.2.3 Recent discoveries on VSP-II 

The most recent and most interesting finding on VSP-II is the new discovery of 

the DdmCBA system consisting of the genes vc0490-492 [109]. This is the first anti-

mobile genetic element from either VSP to have efficacy demonstrated in V. cholerae. 
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This system, as well as one on VPI-2 (DdmDE) are thought to be responsible for 

generalized plasmid instability that had long been noted with El Tor V. cholerae. The 

exact mechanisms of this were only predicted based on homology to other systems and 

have yet to be clearly demonstrated. At first look the DdmCBA system appeared like the 

previously proposed anti-phage/anti-MGE Wadjet system [110] due to the SMC-like 

protein, however the three gene ddmCBA system lacks the other equivalent genes or 

relevant homology to the traditionally four gene Wadjet-like systems. Vc0490 (DdmC) 

resembles a structural maintenance of chromosomes (SMC)-like protein. These can 

have disparate function within the cell, from DNA repair to chromosomal organization, 

but universally these genes interact with DNA [111]. DdmB (Vc0491) is a small protein 

(178aa) with only a small domain of unknown function. However, the charge pattern of 

the protein shows homology to the middle component (MC) in a proposed three gene 

“biological conflict” system [112]. In this case, it would be predicted DdmB acts akin to 

Kleisins such as MukF [113,114], possibly helping with DNA recognition and complex 

formation with DdmA and DdmC, although there is no direct homology to MukF. What is 

clear is that the Ddm system acts on DNA, especially as the predicted effector, DdmA 

(Vc0492) possesses a Cap4 nuclease domain [115]. Together these suggest a model by 

which the nuclease DdmA is guided to foreign DNA by DdmB and DdmC whereby it is 

activated. However, it remains unclear what specifically would be sensed to target this 

foreign DNA if these genes form a complex at all. Still, the strong anti-plasmid defense is 

predicted to have contributed to the evolution and continued prominence of Seventh 

Pandemic V. cholerae [109]. This also serves as another example of multiple MGEs 

(VSP-II and VPI-2) having overlapping functions within the cell. While I was able to 

identify genes in this operon to be involved in phage defense, the effect of ddmCBA on 

plasmids was shown far more clearly by the Blokesch lab. Conversely, phage defense 
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was not demonstrated in V. cholerae with the Ddm systems and instead only shown 

through ectopic expression of the locus in E. coli [109].  

 

1.4 Bacteriophage and their defense 

1.4.1 Early phage research 

It is difficult to accurately predict but it is suggested that there are approximately 

1031 phage particles in the biosphere, 5-100x more than bacteria and archaea [116,117].  

Research on phage goes back nearly as far as the field of bacteriology itself. With the 

first phage isolated and discussed by Twort in 1915 and described by D’Herelle two 

years later as “an invisible microbe endowed with antagonistic effects toward the Shiga 

bacillus” [118,119]. Even before this early work showed that river water could decrease 

the number of V. cholerae colonies (“cholera microbes”) [120]. After a brief period of 

dormancy, a great interest arose in phages as the new tools for the burgeoning field of 

molecular microbiology [121]. By the 1940’s phage research was beginning to get a 

following in part due to the relatively simple nature of these viruses. Yet using these 

basic particles as tools, researchers like Luria, Hershey, Delbrück, Jacob, and others 

were able to further our understanding of many aspects of biology at the molecular level 

[122]. This has advanced our knowledge of genetic inheritance, the codon structure, 

mRNA, DNA synthesis, gene regulation, and a host of other tools and topics that moved 

science forward by leaps and bounds. Research on phage therefore simultaneously 

advanced a host of other molecular insights which allowed phage research to remain in 

vogue until at least the 1970’s [121]. While there was a decline in the concentration of 

phage research for some time in the 1990’s-2000’s, it is heartening to see the field rise 

once more as a critical discovery mechanism for molecular tools and therapies against 

bacterial infections.  

https://en.wikipedia.org/wiki/Max_Delbr%C3%BCck
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1.4.2 Coliphage T7 

Escherichia coli may not have been the first host for which where phages were 

studied, but it certainly became the gold standard for typing and studying phage. Nearly 

80 years after the nomenclature was introduced by Delbrück [123], phage “Type” is still 

used as a primary descriptor when characterizing virulent phage, i.e., phage that exist 

only in the lytic cycle. Even though all seven T-phages are virulent, they come in all 

shapes, sizes, and genetic organizations. Morphologically they range from the 

siphoviridae T1 with a long flexible tail, to the squat T7 phages with a very short, non-

contractile, tail that are generally grouped into the podoviridae family [124]. Phage T7 

was one of the first with its genome fully sequenced and the accuracy of this sequence 

is still somewhat remarkable [125]. Aside from its genomic structure, it is this compact 

morphology as well as a single unit RNA Polymerase that tend to define the T7 

supergroup [126].   

Small as it may be, the tail of T7 is a critical element required for recognition and 

delivery of the phage DNA into the cell. Recognition comes from the tail fibers that 

mediate binding to specific forms of LPS [127]. The tail is not long enough to span into 

the inner membrane so the bacteria ejects a set of three proteins that degrade the 

peptidoglycan and form a channel into the inner membrane [128,129]. This allows for a 

leader sequence of 850bp to be translocated into the cell that is then transcribed by host 

RNA-Polymerase [130]. Transcription then provides the force necessary to pull the 

remainder of the viral genome into the cell [131].  

T7 was one of the virulent phages that helped define the basic paradigm of early, 

middle, and late genes being both differentially expressed during infection and 

sequentially arranged on the viral chromosome [132]. This system is employed by many 

phage but it was able to be interrogated successfully in T7 in part due to the strong 

https://en.wikipedia.org/wiki/Max_Delbr%C3%BCck
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action of the T7 RNA-polymerase on promoters [133]. Early study of T7 was also aided 

by the relatively simple replication of the phage, with all DNA replication being carried 

out by a primase, helicase, and a single viral DNA polymerase. This replisome can 

rapidly propagate the phage, concatemerizing the linear chromosomes for them to later 

be distributed into capsids [134]. The concatemerization differs from continuous rolling 

circle replication that is employed by many highly replicative elements in that repeats at 

the end of the chromosome are used to assemble these concatemers [135]. DNA 

packaging into a procapsid is done through the action of a motor complex and 

associated terminase [136]. Completed phage particles are then released by the action 

of the lysis machinery, which consists of at least one holin to pierce the inner membrane 

and lysozyme, which degrades the cell wall [130]. While there are accessory 

modifications to many of the core genes, T7-like phages generally hold true to the 

overall lifecycle established for T7. 

1.4.3 Phage systems as molecular tools 

Since their discovery, phage and their constituent parts have been utilized as 

tools for discovery. This is partly due to the inherent biology of viruses: they must hijack 

cellular functions to carry out their own lifecycle. Over and over again this has led to the 

evolution of unique processes to supersede the host. Accordingly, host bacteria have 

evolved unique molecular systems to counter this unique phage biology. These unique 

features have been used to generate a wide array of molecular tools [137]. Many phage 

derived enzymes have proven useful for these unique properties. T7 RNA polymerase 

being one example that is widely used in expression systems due to its high specificity to 

a known promoter system [131,133]. Alternately, the T4 DNA ligase is frequently utilized 

in cloning due to its high activity and ability to join blunt and cohesive ends in varied 

conditions [138,139]. Yet, it is the phage defense-derived enzymes and many of their 
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specific features that have made them laboratory standards. Of the many tools 

developed, one of the most widespread may be the use of restriction endonucleases. A 

relatively early discovery in phage research [140], these enzymes are used in bacteria to 

cut incoming foreign DNA. In the laboratory they cut DNA in a variety of fashions and 

have been workhorses of molecular biology for years. With such a vast number of 

restriction systems [141,142], it is no surprise that they continued to be used in 

interesting and increasingly complex ways [143]. 

Even outside of prokaryotic biology we see utility for phage with many techniques 

making the jump to the study of eukaryotic cells. Phage display has been a powerful tool 

to uncover interacting protein partners [144,145]. Phage have provided molecular 

biologists an invaluable set of tools to manipulate and edit DNA molecules. With the 

expansive diversity, it seems unlikely this toolkit will be exhausted anytime soon. In 

modern times, CRISPR is the most widely discussed molecular tool originating from 

phage defense. There are a diversity of CRISPR-Cas systems and although they were 

only discovered relatively recently, they have already been repurposed for the 

widespread use as genomic editing tools [146]. Notably, modified Cas9 is most 

commonly used for cutting specific DNA and cloning applications [147,148] as well as 

sequence specific gene expression control through CRISPRi [149]. These are just a few 

examples of the widespread use of phage proteins as molecular tools. Suffice to say 

there are far too many uses for phage related biology to discuss in one small place with 

more being found constantly [137].  

1.4.4 The modern phage defense revolution 

It is unclear why exactly phage research fell out of prominence, but its return to 

the spotlight might be most easily attributed to one acronym: CRISPR. The discovery of 

CRISPR-Cas systems by many labs showed that bacterial populations could utilize 
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adaptive immunity to outside threats [148,150]. Phage biologists might have admired this 

step forward in understanding phage immunity, but the general scientific community 

welcomed with open arms a powerful new tool for altering genomes, modifying 

expression, and more [146,149]. Importantly, the adaptive nature of this system started 

the conversation comparing prokaryotic phage defense to eukaryotic immune systems 

[151]. 

That conversation evolved as it was shown that the hybrid cyclic di-nucleotide 

cGAMP, first discovered to be synthesized in V. cholerae [63], functioned as a critical 

messenger in Eukaryotic immune systems through what is now known as the cGAS-

STING pathway [152]. These systems detect cytoplasmic DNA through binding to the 

cGAS protein which then synthesizes the messenger 2’,3’,cGAMP. The role of cGAMP 

in human immunology has evolved greatly but its primary function is to signal through 

the STING pathways to broadly drive immune response [153]. Cytoplasmic DNA is only 

present in damaged or infected cells so this system aids in removing them from a 

population before through causing further problems. While bacterial cGAS-like enzymes 

such as DncV vary both in structure and product, producing 3’3’ cGAMP, there was a 

strong thought that the systems may play a similar role in defending cells by abortive 

infection. This had been hinted at bioinformatically [102], but the floodgates broke open 

with the discovery of just how widespread these cGas/DncV-like nucleotidyltransferases 

(CD-NTases) are [154], the diversity of cyclic nucleotides they produce [103], and that 

CD-NTases do protect against phage [104]. Defense systems that produce cyclic 

nucleotide to activate effectors were thus dubbed cyclic-oligonucleotide-based anti-

phage signaling systems (CBASS) [155]. Together with structural work analyzing the 

components proteins, this cemented the conclusion that Eukaryotic cGAS-STING 

originated in bacteria [156,157]. As we understand more about phage defense systems, 
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that knowledge can then be extrapolated to further discovery through bioinformatics. By 

this method many putative systems have been identified [112,154,158]. While new 

systems are being identified frequently, there are fewer works that mechanistically 

characterize these proteins. Those that do, frequently turn to ectopic expression in E. 

coli which may not accurately reflect their function in nature.  

 

1.5 Quorum Sensing 

1.5.1 The Quorum sensing circuit in V. cholerae 

 The primary QS system of V. cholerae contains four receptors (LuxPQ, CqsS, 

CqsR, and VpsS), each of which is thought to detect their own autoinducer (AI) signal 

made by a specific AI synthase [159]. At present, only the cognate synthases for LuxPQ 

(LuxS) and CqsS (CqsA) have been described [159]. When cell density and autoinducer 

concentration is low, these receptors act as kinases to phosphorylate the downstream 

phosphotransfer protein, LuxU, which in turn phosphorylates the regulator LuxO [160]. 

These Lux proteins represent the core of the QS circuit where the four input signals 

converge to regulate downstream expression. To do this, phosphorylated LuxO 

promotes the transcription of the quorum regulatory RNAs (Qrr1-4) through interaction 

with σ54 [161] . The Qrr sRNAs then alter translation of the primary high and low cell 

density regulators AphA and HapR. When present at low cell density, these sRNAs bind 

to the mRNA transcript of the LCD regulator AphA to promote its translation [162]. 

Conversely, these Qrrs destabilize the transcript of the high cell density regulator HapR 

[163].  

Thus, at low cell density (LCD), AphA is produced and acts as a regulator of 

many genes. AphA regulates many genes but notably activates the transcription of 
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genes encoding key virulence factors like the VPI-I encoded TCP (tcpPH) [164], and 

biofilm regulators such as VpsT [165]. While primarily thought of a transcriptional 

activator, it has been shown that AphA can directly repress certain gene targets [166]. 

At high cell density (HCD), the master quorum regulator in V. cholerae is HapR 

[167]. This transcriptional regulator is present at high cell density and similar to AphA it 

primarily activates the expression of its targets. At high cell density, HapR leads to an 

increase in the expression of dispersal genes such as the Hap protease [168], motility, 

and competence [169]. The combined activity of these regulators leads to dynamic gene 

expression throughout the lifecycle of V. cholerae and is critical for V. cholerae to adapt 

to its environment.  

A separate QS system has also been described in V. cholerae. This system is 

centered on VqmA that senses DPO as AI. The Vqm system appears to have a 

regulatory impact on biofilm and toxin production[170]. 

1.5.2 Phage predation and quorum sensing 

By their nature, phage rely on their host for their replicative potential. To this end it is 

believed that most phage achieve maximal replication in rapidly dividing bacteria. 

Growth phase has long been connected to lysogeny due to metabolic cues, but there is 

growing evidence that quorum sensing can also factor into the lysogen decision tree 

[171,172]. Some Vibrio phage encode their own QS receptor to detect host-made signal 

to control the lytic/lysogeny decisions [173]. The more common mechanism of defense 

appears is downregulation of phage receptors at high cell density [174,175]. To that end, 

it has been observed that the common O-antigen phage receptor in V. cholerae is 

downregulated in the presence of autoinducers [176]. Even with access blocked, phage 

will inevitably find a way in, and there is a remarkable dearth of information on growth 

phase dependent expression of anti-phage genes.   
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2.1 Introduction 

There have been seven recorded cholera pandemics caused by two V. cholerae 

biotypes: classical and El Tor. The current, longest lasting, (7th) cholera pandemic is 

caused by the El Tor biotype, which has globally displaced the classical biotype in both 

endemic and clinical populations [27]. One of the defining genetic features of this 7th 

pandemic strain is the presence of the two aptly named Vibrio Seventh Pandemic 

Islands (VSP-I and VSP-II [77]). In spite of their persistence in V. cholerae, the functions 

of most of the genes on VSP-I and VSP-II are unknown and the evolutionary advantages 

realized by the El Tor biotype through the acquisition of these two islands are not clear.  

It is generally believed that concentrations of phage and V. cholerae inversely 

correlate in aquatic reservoirs, and this predator-prey relationship has been postulated to 

be one driving force in determining the severity and timing of cholera outbreaks [21,177]. 

In the last decade, three predominant lineages of virulent V. cholerae phages, called 

ICP1, ICP2, and ICP3, were isolated from Bangladeshi clinical samples [89]. While there 

is robust evidence for phage predation in cholera patients, only ICP1 was able to prey on 

V. cholerae in estuarine water. ICP2 and ICP3 are better adapted for predation in a 

nutrient rich environment [22]. A phage cocktail comprised of these three phages is 

efficient at killing V. cholerae both in vitro and in vivo [178]. While using phages to treat 

and prevent cholera is promising, the interaction between these V. cholerae phages and 

the bacterial host is often complex and a constant arms race exists between phages and 

their bacterial hosts [179]. Bacteria can acquire various phage resistance mechanisms 

through mutations and horizontal gene transfer. Conversely, due to a strong selective 

pressure, phages readily develop resistance to many bacterial phage defense systems 

[180]. Therefore, it is important to study phage-pathogen interactions to have a better 
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understanding of transmission of disease, acquisition of new traits important for 

pathogenesis, and ultimately the evolutionary history of the cholera pandemics. 

Recent studies have increasingly shown a connection between predicted phage 

defense genes and mobile genetic elements (MGEs) [180,181]. While there has been 

strong evidence that dedicated anti-phage islands such as the PLE [88] are present in V. 

cholerae, it is apparent that even previously well described MGEs frequently contain 

phage defense genes. For example, the V. cholerae integrative and conjugative element 

(ICE) SXT has been shown to carry an arsenal of anti-phage gene clusters [85] in 

addition to the antibiotic resistance genes that were initially characterized. Similarly, 

variants of the Vibrio Pathogenicity Island I (VPI-I) have been sequenced and found to 

contain anti-phage CRISPR systems [71]. 

Until recently, the only VSP-I genes with a described function are dncV and 

capV. Respectively these genes encode the cyclic-GMP-AMP(cGAMP) synthase [98] 

and the cGAMP sensing phospholipase [94]. When the native capV-dncV operon from 

V. cholerae is transplanted into a phage-sensitive E. coli strain, the recipient strain 

becomes resistant to certain phages [104]. Related cyclic-oligonucleotide synthase and 

effector pairs have been subsequently discovered and some were shown to have phage 

defense functions [103]. Collectively, these anti-phage systems are known as cyclic 

oligonucleotide-based antiphage signaling systems (CBASS) [182]. Moreover, it is now 

apparent that the first gene of the VSP-I island, vc0175, encodes a functional 

deoxycytidine deaminase named AvcD [96,183]. AvcD converts dCMP/dCTP to 

dUMP/dUTP and alters the cellular nucleotide pools, which is predicted to negatively 

impact highly replicative elements including phages. Similar to CBASS, AvcD has been 

demonstrated to inhibit phage when expressed in E. coli [96]. So far, neither DncV/CapV 
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nor AvcD has been shown to defend against any phage that infects V. cholerae where 

the system is natively found. 

VSP-II is the larger of the two islands and like VSP-I it is only in recent years that 

its function is being examined. Study of this island is complicated by the fact that multiple 

circulating variants exist [108]. However, most standard V. cholerae laboratory strains 

appear to contain the complete repertoire of VSP-II genes. For years only the island’s 

integrase and cognate recombination directionality factor were known [71]. It was 

recently discovered that a gene cluster in VSP-II (vc0513-0515) is a part of the zinc-

dependent Zur regulon [106]. Specifically, vc0513 encodes a transcriptional activator 

VerA to activate expression of vc0512 (aerB) to alter chemotaxis and aggregation in an 

oxygen dependent manner.  

During the course of the current study, a gene cluster on VSP-II was identified for 

defense against different MGEs [109]. It is suggested that the vc0492-490 operon 

(ddmABC) in VSP-II encodes a defense system to reduce plasmid stability and defend 

against phage. This novel finding greatly increases our understanding of why seventh 

pandemic El tor biotypes have maintained VSP islands in their genome and why 

plasmids have been remarkably unstable in these strains. However, while plasmid 

destabilization by VC0492-490 (DdmABC) was comprehensively shown in V. cholerae, 

phage defense was demonstrated via ectopic expression in E. coli and no Vibriophage 

has yet been identified that is susceptible to such a system [109].  

Here we report the isolation of a circulating variant of the phage ICP3 from a 

cholera patient stool sample and demonstrate that propagation of this phage is inhibited 

by elements independently identified in both VSP-I and VSP-II, providing the first direct 

evidence on the roles of these genomic islands in phage defense in their native host. We 

further demonstrate that the defense element on VSP-II is transcriptionally controlled via 
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quorum sensing, providing protection at specific cell densities. Moreover, by comparing 

the phages that are either resistant or sensitive to the VSP islands, we gain insight on 

the potential mechanism for evading these systems.  

 

2.2 Results 

2.2.1 Isolation of VSP-I/VSP-II susceptible phage 

Recent studies suggest phage defense systems are often found in mobile 

genetic elements present in bacterial genomes [184]. We therefore suspected that the 

Vibrio Seventh Pandemic Islands (i.e., VSP-I and VSP-II) (Fig. 2.1A) may also harbor 

anti-phage genes. However, so far, no V. cholerae phage has been reported to be 

sensitive to these two islands. Due to the prevalence of these two genomic islands in the 

Figure 2.1 - (A) Genomic organization of VSP-I &VSP-II, drawn to scale. Genes 

characterized before this study are marked in orange. Genes on either island with 

unknown function are blue. Non-VSP genes are grey. (B) Workflow for isolation of VSP 

sensitive phage. Filter sterilized supernatant from stool samples was plated on a lawn of 

the ΔVSP-I ΔVSP-II mutant of V. cholerae. Plaques were picked, diluted and spot plated 

on multiple hosts to identify changes in plaquing. Plaques were picked and plaque purified 

before sequencing and further downstream assays. This figure is created with 

Biorender.com. 
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circulating clinical isolates of V. cholerae [25,77,185], we hypothesize that novel phages 

that are sensitive to these islands exist and can be isolated. Therefore, we screened for 

novel phages from rice water stool (RWS) samples that had been collected from cholera 

patients in Bangladesh on permissive host, which is an O1 El Tor V. cholerae E7946 

derivative lacking both VSP-I and VSP-II islands (ΔVSP) and deleted for prophages 

CTXΦ and K139 [14,52] . Frozen RWS samples that have been stored at -80°C were 

thawed, bacteria and other debris were gently pelleted, and the supernatant was filter 

sterilized. The filtrate was 

then plated on soft agar 

plates containing the 

ΔVSP host (a general 

phage isolation and 

identification scheme is 

shown in (Fig. 2.1B). 

Four RWS samples 

were examined, two of 

these samples contained no detectable plaques while the other two yielded myriad 

plaques on this V. cholerae host. These phage plaques were then picked for further 

examination. It has previously been shown that there are three dominant phages (ICP1, 

ICP2, and ICP3) circulating with V. cholerae in Bangladesh [89]. Using PCR primers 

specific to the gene encoding the unique DNA polymerase of each phage, we were able 

to categorize most of the newly isolated phage as closely related to ICP1, ICP2, or ICP3 

(Table 2.1).  

The newly isolated phages were serially diluted and spotted on lawns of either 

the parental strain WT) or ΔVSP (Fig. 2.1B). Comparing the plaquing of these phages, 

Table 2.1 - Summary of phages found in stool samples. 
Picked plaques were boiled, diluted, and used as template for 
diagnostic PCRs using primers targeting the conserved 
polymerases of ICP1, ICP2, and ICP3. Percent of plaques 
with indicated band shown. No Bands indicates none detected 
after two separate attempts to amplify the sample. ND = none 
detected. N/A = not applicable as no plaques were recovered 
from these samples after successive attempts. 
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Figure 2.2 - AvcD (VSP-I) and DdmC (VSP-II) inhibit phage plaque formation. (A) 
Representative images of M1Φ plaqued on 0.7% LB agar with various hosts. (B) Efficiency 
of plating (EOP) of M1Φ on the indicated hosts vs WT. EOP was calculated by dividing 
the number of plaques obtained from the indicated mutant strain by the plaques obtained 
from the parental VSP+ strain (WT). (C) EOP of different V. cholerae strains expressing 
vc0175 (avcD) or vc0490 (ddmC) from a plasmid. Strains containing plasmid expressing 
avcD (white bars/diamonds) or plasmid expressing ddmC (grey bars/circles), or plasmid  
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we observed the majority showed no host preference. However, a number of phages 

from one stool sample appeared to form fewer and smaller plaques on WT than on 

ΔVSP (Fig. 2.1B and 2.2A). In addition to displaying distinct plaque morphology on each 

host (Fig. 2.2A), quantitatively, these differentially plaquing phages formed ~2.5 times 

fewer plaques on WT than on ΔVSP (Fig. 2.2B). While plaque morphology or efficiency 

of plating (EOP) can be influenced by many factors, our results suggest that the VSPs 

play a key role in altering the phage lifecycle. Based on whole genome sequencing, 

these novel phages all appeared to be variants of ICP3 (Accession number 

ON464735.2). We renamed one of these newly isolated VSP susceptible phage 

ICP3_2016_M1 (M1Φ) since it was isolated from a 2016 stool sample from Bangladesh. 

ICP3 is a roughly 38kb T7-like lytic phage with a characteristic podoviridae appearance 

[89]. Compared to previously sequenced ICP3 (HQ641340 [89]), M1Φ has homology 

with 99% coverage and 95.5% identity. It should be noted that this previously sequenced 

ICP3 was isolated using VSP-carrying El Tor strain [89]. Despite the similarities to 

previously sequenced ICP3, the substantial number of polymorphisms in the M1Φ 

genome make it difficult to determine any one specific factor responsible for sensitivity to 

the VSPs that is not observed in ICP3 (Fig. 2.3A).   

 To determine specific VSP gene responsible for altering M1Φ infection, we took a 

systematic approach to determine the potential anti-phage element(s) on each island. A 

series of strains were constructed where a defined section of VSP was deleted in a host 

where the other island had been completely deleted. The regions selected for deletion  

with no insert (EV), on the low copy number plasmid pMMB67eh were infected with M1Φ 
under inducing conditions in either the WT or ΔavcD ΔddmC background as indicated in 
the figure. EOP was calculated by dividing the number of plaques from the strains 
ectopically expressing either avcD or ddmC by the number of plaques from the strains 
carrying the empty vector. Significance was determined by one-way ANOVA with Dunnett’s 
multiple comparison test comparing the EOP of each strain to the control of the WT strain. 
Signifiers for significance were displayed based on p-values as follows: 0.1234(ns), 
0.0332(*), 0.0021(**), 0.0002(***),<0.0001 (****). 
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Figure 2.3 - Determining the anti-phage elements on VSP-I & VSP-II. (A) EOP of 
ICP3_2009_A infection determined on the V. cholerae ΔVSP-I ΔVSP-II mutant and the 
parental VSP+ strain (WT). (B) EOP of ICP3_2016_M1 (M1Φ) infection determined on the 
capV-dncV mutant and WT. (C) EOP of M1Φ infection determined on different VSP-I 
related mutants and WT. Values from ΔVSP-I, ΔVSP-II, and ΔVSP-I VSP-II are also 
shown in Figure 2 and repeated here for clarity. (D) EOP of M1Φ infection determined on 
different VSP-II related mutants and WT. (E) Quantification of plaque sizes. Plaques were 
imaged and processed with Fiji to determine the area of each plaque on a plate. Sizes are 
from plates from two separate days. Significance was determined by Kolmogorov–
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Smirnov test where ****=p<0.0001. For EOP assays significance was determined by one-
way ANOVA with Dunnett’s multiple comparison test comparing the EOP of each strain to 
the control of the WT strain. Signifiers for significance were displayed based on p-values 
as follows: 0.1234(ns), 0.0332(*), 0.0021(**), 0.0002(***),<0.0001(****). 

are loosely based around the predicted operon structure and therefore vary in size. By 

plaquing M1Φ on these newly constructed “scanning deletion” strains and comparing the 

number of plaques to that on WT, we identified the regions on each island that appeared 

to target M1Φ. Specifically, we determined that the plaque number and morphology of 

M1Φ on the Δvc0175-176 ΔVSP-II and ΔVSP-I Δvc0490-493 strains were similar to 

those on the ΔVSP strain (Fig. 2.3C-D). To further narrow down the gene on each 

island, we assayed M1Φ plaque formation on strains with deletions within these newly 

identified regions. Through this process, we determined that vc0175 (avcD) and vc0490 

(ddmC) were the two genes on VSP-I and VSP-II, respectively, which cause differential 

M1Φ plaquing (Fig. 2.2B and Fig. 2.3C-E). Importantly, deletion of just these two genes 

together phenocopied the deletion of the entirety of both VSP-I (14kb) and VSP-II 

(27kb). Constitutive expression of either gene from a plasmid in the ΔavcD ΔddmC 

background reduces plaquing to approximately half of that of an empty vector in the 

same strain (Fig. 2.2C), which is the exact difference we observed comparing the two 

single deletion mutants to the double deletion mutants (Fig. 2.2B). Moreover, constitutive 

expression of either avcD or ddmC in WT reduced plaquing as well, suggesting that 

these two phage defense proteins are not self-limiting and are not subjected to a 

feedback inhibition mechanism (Fig. 2.2C). From these data we conclude that avcD and 

ddmC are the elements on VSP-I and VSP-II that inhibit the ability of M1Φ to plaque on 

V. cholerae. A recent report indicates ddmC (vc0490) forms an operon with 

vc0491(ddmB) and vc0492 (ddmC) [109] , and the DdmABC function together as a 

complex, therefore, we assume disruption of any one of the genes in this operon is 

sufficient to abolish phage defense. 
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2.2.2 VC0175 (AvcD) and VC0490 (DdmC) inhibit phage replication 

Having established the minimal VSP inhibitory elements, we began to 

characterize how these genes affect the phage lifecycle in its V. cholerae host. Deletions 

of these genes in V. cholerae did not inhibit growth (Fig 2.4A) which allowed us to 

examine the kinetics of M1Φ phage infection across different hosts. To do this we grew 

cells to mid-log phase and infected a multiplicity of infection (MOI) of 2, indicating there 

are an average of two phage for every bacterial cell. In contrast to the modest EOP 

differences observed when plaquing on a plate, the changes in lysis between strains 

was striking (Fig. 2.4A). The parental VSP+ strain (WT) was nearly fully protected from 

lysis by M1Φ while the ΔavcD ΔddmC mutant was rapidly lysed by the phage. The 

protection mediated by these two systems were not dependent on the MOIs used (Fig. 

2.5). We noticed the bacterial host recovered from phage-induced lysis and resumed 

growth several hours after infection (Fig. 2.4A and Fig. 2.5). When these recovered cells 

were re-infected with M1Φ, they remained sensitive to phage infection, suggesting these 

are not spontaneous resistant mutants. Together, these results directly demonstrate 

these genes provide a high level of protection to a rapidly growing bacterial population 

against phage predation in liquid culture. 

We were able to restore the protection by expressing these genes individually 

from a plasmid in the ΔavcD ΔddmC mutant. While expression of either gene from a 

plasmid reduced the overall lysis of a culture, avcD had a stronger effect in the 

conditions tested, nearly entirely ablating lysis (Fig. 2.4B). Ectopic expression of ddmC 

did not completely prevent lysis but reduced the amount a culture lysed significantly 

versus an empty vector (Fig. 2.4B). Although to a smaller extent, protection to phage-

induced cell lysis was still observed at a higher MOI in the ΔavcD ΔddmC mutant when 

either gene was over-expressed (Fig. 2.6A). At either MOI, incomplete complementation 
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Figure 2.4 - avcD and ddmC 

protect growing cultures of V. 

cholerae from M1Φ infection. (A) 

Growth and lysis curves of V. 

cholerae. Indicated strains were 

infected with M1Φ at an MOI of 2.0 

at the time displayed by the dotted 

line. All strains were grown in LB 

shaking at 37°C and optical density 

was read at regular intervals with a 

plate reader. (B) V. cholerae 

ΔavcD ΔddmC strain containing 

the plasmid pMMB67eh or the 

same plasmid expressing avcD or 

ddmC was grown and infected with 

M1Φ at an MOI of 0.2. (C) Phage 

burst assays. Strains were grown 

to mid-log phase before being 

infected with phage at an MOI of 

0.1. After a period of absorption 

cultures were further diluted 

1/2500,1/25000, and 1/250000. 

Burst is calculated by dividing the 

total output phage by absorbed 

phage (T0-T10). Strains are 

indicated on the x-axis. P-values 

were determined by Unpaired T-

tests with Welch’s correction and 

significance shown as *p<0.0332 

and **p<0.0021. (D) Fold change 

in M1Φ genome copy through 

infection. The indicated strain was 

grown to mid-log phase before 

being infected with M1Φ at an MOI 

of 0.02 and grown in LB at 37°C on 

a roller. Immediately upon infection 

and at 20 minutes post infection a 

portion of the culture was removed 

and boiled. The boiled culture was 

then diluted 1:50 and used as 

template for qPCR with primers 

targeting the ICP3 DNA 

polymerase. Fold change was 

calculated by dividing the CT value 

at 20minutes by the value at 0 

minutes for each culture. 
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could be due to unbalanced gene expression between ddmC expressed ectopically from 

a low copy number plasmid and the chromosomally encoded ddmB and ddmA. Still, 

these results further indicate that either gene is sufficient for protection against M1Φ. 

The lack of toxicity to the host (both WT and ∆VSP) when these genes are 

overexpressed also suggests that they are not inhibiting phage replication by simply 

hindering the V. cholerae’s ability to grow (Fig 2.6B and C). We did however see a mild 

growth defect when the genes were expressed in E. coli, indicating that these genes 

cause minor growth inhibition in other bacteria (Fig. 2.6D). While other groups had 

shown growth inhibition utilizing the same avcD expression construct [96], we suspect 

differences in the genetic background of the V. cholerae strains used in these studies 

(i.e., C6706 vs E7946) and the additional mutations we have introduced into our strains 

might account for the differing phenotypes.  

The sufficiency of either gene to protect against productive M1Φ infection is also 

shown via a burst assay. While M1Φ produced approximately 50 phage per cell in VSP+ 

(WT), ΔavcD, and ΔddmC strains (Fig. 2.4C) the burst size was doubled in strains with 

either both VSPs or both ddmC and avcD deleted, resulting in ~100 phages released per 

cell (Fig. 2.4C). This increase in burst could help partially explain the larger plaque size 

observed in these strains (Fig. 2.2A) although it may not be the only contributing factor 

[186][187]. The burst sizes of M1Φ on these mutants that is nearly 2.5 times of WT 

which also matches the EOP data closely (Fig. 2.2A, Fig. 2.4C).  

Next, we tested if viral DNA replication of of M1Φ was inhibited by avcD and 

ddmC in V. cholerae To do this, we measured by qPCR the increase in viral DNA over 

the course of a replication cycle. As predicted, we observed more viral DNA in the 

ΔavcD ΔddmC mutant than the WT. This difference of ~2x more DNA produced closely 

matched the overall burst differences (Fig. 2.4D). Together, these results suggest that  
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 AvcD and DdmC are most likely targeting phage DNA replication, reducing the overall 

number of phage genomes produced in each cell, and thereby reducing the total number 

of phage released from each cell.  

Figure 2.5 - M1Φ lyses unprotected cultures at low MOI. Growth and lysis curves of 
V. cholerae when infected at with varied MOI of phage. Indicated strains were infected 
with phage at the time shown with a dotted line (OD~0.5). Both graphs come from the 
same dataset and are shown separately for clarity. WT data is therefore identical for 
these two graphs. 
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AvcD has been shown to be a functional deoxycytidine deaminase capable of 

converting dCMP to dUMP, presumably changing the nucleotide pool in the cell to inhibit 

phage replication [96]. Another study showed that DdmC, working together with DdmB 

and DdmA, decreased plasmid stability in El Tor biotype by an unknown mechanism 

[109]. Similar to the previous study, we observed that DdmC appeared to be a SMC-Like 

protein based on Alphafold predictions [188]. These proteins are often required for 

proper chromosome segregation during replication and can play a role in plasmid 

maintenance.  

Figure 2.6 -  Effect of avcD and ddmC expression on bacterial growth. Growth curves 
of V. cholerae (A) and E. coli (B) carrying the plasmid pMMB67eh with the indicated insert 
+/- 100µM IPTG. Average of at least three biological replicates are shown. (C) V. cholerae 
ΔavcD ΔddmC strain containing the plasmid pMMB67eh or the same plasmid expressing 
avcD or ddmC was grown and infected with M1Φ at an MOI of 2. All strains induced with 
100µM IPTG (D) ΔVSP-I ΔVSP-II V. cholerae containing the plasmid pMMB67eh with the 
indicated insert were grown in inducing conditions with 100µM IPTG. 
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Although AvcD and DdmC both target phage replication, because of the 

dissimilar predicted functions of these two systems, we reasoned that each system could 

have a unique target specificity. To evaluate if both systems similarly reduced plasmid 

uptake and stability, we measured the efficiency of strains to take up commonly used 

plasmids via conjugation from E. coli. Significantly more transconjugants were obtained 

in the ∆ddmC recipient than those from WT or the ΔavcD mutant (Fig. 2.7). This 

phenotypic divergence suggests that these two systems target MGEs with different 

specificity and it is probable that these systems use two distinct mechanisms to inhibit 

M1Φ DNA replication.  

2.2.3 A SNP in ICP3_2016_M1 results 

in VSP sensitivity 

Previously identified ICP3 did 

not show this susceptibility to the VSPs 

[89] (Fig 2.3A and B). Therefore, we 

sought to determine what causes M1Φ 

to be susceptible to the defense 

afforded by these two genes. As 

previously stated, M1Φ has 99.5% 

identity and 99% coverage when 

compared to a previously sequenced 

ICP3. While this was sufficient for us to 

categorize the isolated phage as ICP3, 

hundreds of differences remained 

between these two related phages. To 

isolate VSP resistant ICP3 with a more 

Figure 2.7 - DdmC reduces plasmid 
conjugation. E. coli donors carrying either 
pEVS143(white bars) or pMMB67eh (grey 
bars) were mixed with different V. cholerae 
recipients as indicated and incubated together 
for 2.5 hours. Cells were then resuspended, 
and an aliquot was plated on LB containing 
polymyxin B which is lethal to E. coli and either 
kanamycin (for pEVS143) or ampicillin (for 
pMMB67eh) and incubated overnight before 
the resultant colonies were counted. 
Significance was determined by Unpaired T 
tests with Welch’s correction with significance 
shown as *p<0.0332 and **p<0.0021 
****p<0.0001. 
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similar genetic background to M1Φ, we used the same RWS sample where M1Φ was 

isolated, and we re-isolated another ICP3 phage using the same scheme but for phages 

 

Figure 2.8 - Polymorphism in the ICP3 DNA Polymerase (GP22). Scale diagram of the 
ICP3 polymerase GP22 with the black boxes indicating the well conserved exonuclease 
and DNA Polymerase A domains. Breakout alignment of M1 and M2 gp22 was performed 
with T-Coffee and display was generated using GENEDOC. Single amino acid change 
can be seen as black text on a grey background. 

that did not show a preference for hosts with or without the VSPs. We successfully 

isolated a naturally occurring VSP resistant phage that we called ICP3_2016_ M2 

(M2Φ). Sequencing of this phage revealed that its genome was almost identical to M1Φ, 

with only 2 single nucleotide polymorphisms (SNPs) (Accession number ON464736.2). 

Both of these SNPs map to the gene that encodes the well conserved phage 

polymerase gp22 (Fig. 2.8). These VSP sensitivity determining mutations are both found 

in the exonuclease domain of the phage DNA polymerase but only one would result in 

an amino acid change (L94I). While this change is subtle, it occurs in a well conserved 

region proximal to the invariant non-catalytic aspartate that is essential for the ssDNA 

exonuclease function of the polymerase [189].  
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The minor genetic differences in M2Φ appeared to have a substantial impact on 

its ability to tolerate avcD and ddmC as there was no change in EOP when comparing 

plaques formed on the mutant strain to WT (Fig. 2.9A). This is in direct contrast to the 

increase in EOP we observed on the same strains with M1Φ (Fig. 2.2B). When lysis 

assays were performed with each phage infecting at the same MOI (Fig. 2.9B), WT 

resisted lysis by M1Φ but not with M2Φ (Fig. 2.4A and 2.9B). It is also notable that while 

both M1Φ and M2Φ phages lysed the ΔVSP host strains to a similar degree, M2Φ 

appeared to initiate host cell lysis earlier than M1Φ (~20 mins for M1Φ vs ~40 mins for 

M2Φ after phage addition), potentially suggesting differences in replication between the 

two phage. Our results suggest that M2Φ is not sensitive to inhibition conferred by avcD 

and ddmC; and we predict the resistance is likely due to a change in the structure and/or 

function of the phage DNA polymerase.  

2.2.4 Protection by ddmABC is quorum sensing dependent 

 

Phage infection relies on the active metabolism of the cell and therefore it is 

expected that many phages replicate more efficiently while strains are actively growing 

Figure 2.9 - M2Φ is not susceptible to AvcD and DdmC. (A) EOP of M2Φ on ΔavcD 
ΔddmC compared to the parental VSP+ strain (WT). (B) Growth and lysis curves of the 
indicated strains with or without M2Φ added at an MOI of 2.0 at the time shown with a 
dotted line. Uninfected data is the same as shown in Figure 3A. 
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in mid-log phase. However, when optimizing infection conditions, we noticed a striking 

difference in lysis when phages were introduced at different cell densities of the V. 

cholerae host. During our standard infections with M1Φ at mid-log growth phase (OD 

~0.5), we observed the expected avcD ddmC dependent protection (Fig. 2.10A). 

Expectedly, at higher cell density (OD ~0.8), no lysis was detected at all in both WT and 

the ∆avcD ∆ddmC mutant, which we assumed was due to the reduced metabolic state of 

the host at late log phase that was not conducive to phage infection (Fig. 2.10A). 

Intriguingly, at low cell density (OD ~0.2), we observed lysis in all strains infected with 

M1Φ (Fig. 2.10A) including the VSP+ WT. This is in stark contrast to what we would have 

expected from strains containing the phage defense elements on VSP-I or VSP-II. These 

results suggest that the VSP phage defense systems are not active at low cell density 

and the phage protection phenotype at a higher cell density (OD ~0.5) is a sign of more 

complex regulation. Furthermore, these results may help explain the discrepancy 

between complete protection in liquid cultures infected at a specific OD and infection on 

soft agar plates where developing plaques infect cells at varied growth states.  

While avcD was previously shown to be important for quorum-sensing (QS) 

dependent multicellular aggregate formation in V. cholerae at high cell density [190], the 

link between ddmC (and the ddmABC operon) and QS is less clear. To test if the ddm 

operon is also regulated by QS, we used a reporter plasmid containing the 

Photorhabdus luxCDABE luciferase operon under the control of the region immediately 

upstream of ddmA to measure gene expression in different QS mutants. Overall, relative 

light production increased with cell densities for all strains tested (Fig. 2.10B). However, 

in the ΔluxO mutant that is genetically locked at QS high cell density state [159,191], 

there was an increase in bioluminescence across different cell densities when compared 

to the WT (Fig. 2.10B). In contrast, in the ∆cqsA ∆luxS strain missing the two known QS 
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Figure 2.10 - Defense by DdmC is controlled by quorum sensing. (A) Growth and lysis 
curves of V. cholerae infected by M1Φ at different cell densities. M1Φ was added at an 
MOI 0.2 at the time indicated with a dotted line that corresponds closely with the OD600 
shown at the top of each graph. Strains used for all three graphs are indicated on the far 
right of the figure. (B) Quorum sensing mutant strains of V. cholerae carrying the reporter 
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plasmid pBBRlux with the lux operon under the control of the region upstream of ddmA 
were grown at 37°C with shaking. Optical density (OD600) and bioluminescence were 
measured at regular intervals. Relative luminescence (RLU) was calculated by dividing 
the luminescence by optical density and was then plotted relative to the OD600 to show the 
normalized bioluminescence throughout growth. (C) Grow and lysis curves of C6706 (WT) 
and various quorum sensing mutants upon M1Φ infection.  M1Φ was added to the 
indicated strains at the dotted line at an MOI of 2.0. 

autoinducer synthases, and thus locked at low cell density QS state [159,191], there was 

a decrease in bioluminescence across different cell densities when compared to the WT. 

Unlike the ∆cqsA ∆luxS strain, a hapR mutant which is also locked at low cell density QS 

state [159,191], did not show any change in luminescence when compared to the WT 

(Fig. 2.10B). Together, these data strongly suggest that the ddmABC operon is 

controlled by QS [159,163,191] and is active only at higher cell densities. Specifically, 

the inactivity of this particular system at low cell density is due to the repression of gene 

expression by the Qrr sRNAs, AphA, and/or other unknown low cell density QS 

regulators [159,163,191] rather than the lack of a transcriptional activation by HapR, a 

mechanism that has been previously observed [192,193].  

 To test the QS-dependent phage protection, we infected different QS mutants 

with M1Φ at OD ~0.5 where we would expect both avcD and ddmABC to be active and 

protective. Indeed, we observed complete protection in the WT strain as well as the 

ΔluxO mutant even at a high MOI, but not in the ΔcqsA ΔluxS strain (Fig. 2.10C). These 

results strongly suggest a functional connection between QS and protection from M1Φ 

infection. 

 

2.3 Discussion 

In this work, we have isolated a circulating novel variant of the Vibrio cholerae 

phage ICP3 (M1Φ) in a cholera patient stool sample that is susceptible to defense genes 
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carried on the Vibrio Seventh Pandemic (VSP) Islands. We determined that both avcD 

on VSP-I and ddmC (or the ddmABC operon) on VSP-II are anti-phage elements that 

target M1Φ. We show that these systems inhibit DNA replication of the phage, reducing 

the overall number of phage released per cell. Moreover, these systems significantly 

protect V. cholerae cultures from lysis by M1Φ at both high and low MOIs. We have also 

isolated in the same stool sample a naturally occurring phage that is closely related to 

M1Φ that is VSP-resistant (called M2Φ), carrying changes in the proofreading domain of 

the phage DNA polymerase.  

As previously stated, there are many SNPs throughout the phage genomes 

which differentiate the previously isolated ICP3 and the newly isolated ICP3_2016_M1 Φ 

or M2 Φ including the gene that encode GP22 (DNA polymerase). In contrast, there is 

exactly one predicted amino acid divergence in GP22 for the two new phage isolates 

(Fig. 2.8). Among the related T7 polymerase family, this residue is mostly a leucine and 

is next to the well conserved non-catalytic aspartate [189]. While M1 has a leucine in this 

position, M2Φ has an isoleucine. Looking through deposited sequences via the Basic 

Local Alignment Search Tool (BLAST), we were unable to identify any ICP3 or T7 

sequences that had a similar leucine to isoleucine change at the equivalent position in 

the DNA polymerase. Therefore, M1Φ appears to be the ancestral isolate and it is very 

likely M2Φ is derived from M1Φ to allow better replication in circulating VSP-containing 

V. cholerae. However, the change in the M2Φ DNA polymerase may come with a fitness 

cost due to the high conservation of this region which suggests functional importance.  

During the course of this study, three independent studies [96,109,183] identified 

the same gene clusters on VSP-I and VSP-II as potential anti-phage systems. Our work 

complements these findings but, importantly, shows function of these two islands in 

phage defense in their native host species. By identifying both sensitive and resistant V. 
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cholerae phage isolates from the same patient stool sample, we have directly observed 

the arms race between the phage and its native bacterial host, illustrating how phage 

counteracts these defense systems within the native environment (i.e., within the human 

small intestine) and providing additional insights on the molecular mechanisms used by 

these systems for defending against phage attack. 

AvcD was identified to be a deoxycytidine deaminase that functions to modify 

nucleotide pools. Interestingly, a small RNA called AvcI upstream of avcD controls the 

activity of AvcD post-translationally, resembling a toxin-antitoxin system [194]. Over-

production of AvcD in the absence of AvcI leads to cell filamentation, a phenomenon 

similar to thymine-less death (TLD), even though AvcD only carries out deamination of 

both dCMP and dCTP. Expression of AvcD and its homologs from other species in E. 

coli leads to toxicity but also protection against some coli phages, suggesting 

modification of the nucleotide pools inside the bacterial host could lead to phage defense 

via direct inhibition of phage replication [96,183]. Our study uniquely shows that M1Φ is 

sensitive to alteration of the nucleotide pools mediated by AvcD in a system with no 

observed toxicity. This idea was further supported by our isolation of the VSP-insensitive 

M2Φ phage variant in which a polymorphism was identified in the exonuclease domain 

of the phage DNA polymerase. We predict that the M1Φ phage DNA polymerase is more 

sensitive to an imbalanced nucleotide pool, and this sensitivity could lead to blockage of 

replication or an “error catastrophe” that reduces phage fitness. 

Deletion of ddmC or the whole ddmABC operon mimics the effect of removing 

VSP-II for phage defense. Recent study suggests that the three gene products function 

together to reduce plasmid stability in the pandemic V. cholerae El Tor biotype [109]. 

This system appears to be especially active towards small or medium sized plasmids 

[109]. Our data further support that ddmABC reduces conjugation of certain mid-sized 
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plasmids (4.3kb and 8.8kb) from E. coli to V. cholerae. Expression of this operon in E. 

coli also confers resistance to some coliphages [109]. Our study further illustrates the 

importance of this operon in defending against a native circulating phage. The exact 

mechanism for phage protection conferred by this system remains unclear. Using 

bioinformatic analysis and structural prediction using Alphafold, we and others [109] 

predicted that DdmC (VC0490) contains a SMC domain common in certain chromosome 

partition proteins and therefore it is likely needed for recognizing and binding to specific 

features in the target DNA. DdmA (VC0492) is predicted to be an endonuclease, likely 

for processing and degrading target DNA. The small DdmB (VC0491) protein is 

predicted to be an ATPase which could function with nearby effectors to respond to 

foreign genetic materials [112]. It is therefore most likely that the nuclease activity of 

DdmA is being directed and regulated by DdmC and DdmB. Yet, the specific target and 

activator of this system remain elusive. VSP-resistant phage M2Φ, producing a slightly 

different DNA polymerase than that from the VSP-sensitive M1Φ, provides a clue that 

this defense system could either sense the polymerase directly, or more likely the phage 

DNA replication intermediates associated with the polymerase. Indeed, a phage defense 

system called Nhi, carrying both a nuclease and helicase domain, is recently identified to 

sense phage replication intermediates to direct DNA processing [195]. Regardless of the 

mechanism, although many versions of VSP-II circulate in the natural isolates of V. 

cholerae, nearly all VSP-II islands contain the ddmABC operon [107,108], suggesting 

there is significant pressure to maintain these core genes.    

Moreover, recent study on ddmABC predicted the mechanism of defense to be 

abortive infection (ABI) [109], where a small number of infected bacterial cells sacrifice 

themselves to halt the propagation of the phage and protect the rest of the uninfected 

cells in the same population [196]. Data from our study suggests that ABI, at least in V. 
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cholerae, may not be the sole acting mechanism for these systems. V. cholerae carrying 

functional VSPs appears to be fully protected from M1Φ at both low MOI of 0.02 (Fig. 

2.5) and high MOI 2.0 (Fig. 2.4A), suggesting that infected cells are still viable when 

phage are relatively abundant. Contrary to what we observed, a defense system using 

ABI would not be protective at high MOI and would result in characteristic cell lysis due 

to phage infection. Thus, our results imply that a specific molecule is being 

targeted/sensed by the defense system and this molecule is usually absent or present 

infrequently in the bacterial host. Since DdmABC act on a variety of plasmids as well as 

phages, the target likely is not a specific protein encoded by these foreign genetic 

elements. Again, based on the polymorphism existing between M1Φ and M2Φ, we 

speculate some replication intermediates are targeted or sensed by this system. Further 

analyses are required to identify the exact molecular mechanisms, but our work provides 

a phage-host combination that readily allows for such analysis.  

While protection from phage through heterologous expression in foreign host 

such as E. coli is a powerful approach, especially in large scale studies where 

demonstration of the phage defense activity is the key; these approaches may not inform 

the intricate functions of some anti-phage systems. Our study uniquely illustrates that 

complex gene regulation exists for these phage defense genes in their native host 

environment and suggests conditions where phage defense systems are coordinated 

with other cellular processes. For instance, we show that these defense systems are 

under both growth phase and quorum sensing control: these systems are only 

expressed and become active at certain cell density, and therefore M1Φ phage cannot 

infect and lyse V. cholerae host carrying these defense systems at high cell density 

(e.g., late exponential phase/early stationary phase) unless quorum sensing (QS) is 

disrupted. Dependence of QS for phage protection in V. cholerae has been reported 
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previously, however, such protection is mediated through a HapR-dependent production 

of hemagglutinin protease, and partly through downregulation of phage receptors [176]. 

In contrast, the QS-dependent protection we identified in this study is HapR 

independent. What is the possible driving force for connecting QS and phage protection? 

Since V. cholerae only develops natural competence and picks up foreign DNA at high 

cell density mediated by QS [197], QS mediated defense against foreign DNA could act 

as a checkpoint and prevent acquisition of unwanted MGEs by activating these defense 

systems. Alternately, upregulation of anti-phage systems during rapid (logarithmic) 

growth could be a mechanism to protect bacterial populations when they are the most 

susceptible to phage infection. Moreover, our isolation of both VSP-sensitive and -

resistant phage directly from a cholera patient stool sample suggests that the human 

small intestine provides a unique environment to allow an active arms race between the 

bacterial host and the phage to occur. Specifically, during the early stage of intestinal 

colonization, V. cholerae has to be in a low cell density QS state to promote virulence 

gene expression [159,191]; however, such QS state prevents an optimal expression of  

the VSP phage defense genes which would favor phage infection. 

While our ability to While our ability to identify anti-phage systems has expanded 

rapidly, our data suggests that there are regulatory and mechanistic insights that can 

only be gained by studying these systems in their native hosts defending against 

endogenous phage. Outside of V. cholerae, there has also been increasing awareness 

of the arsenal of anti-phage genes contained on MGEs [110,198] and many components 

from these systems have been used as basic molecular biology tools for years 

[148,199]. As phages are so plentiful and diverse, undoubtedly there are more anti-

phage mechanisms that are yet to be uncovered. Indeed, many (non-temperate phage) 

MGEs themselves are thought to be derived directly from phages, or derelict phage 



53 
 

themselves [200,201]. By identifying new systems on these abundant but often ill-

defined islands, we can help expand the “molecular toolbox” and pave the way for future 

innovation.  
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2.5 Materials and Methods 

2.5.1 Bacterial strains and Growth Conditions  

All V. cholerae strains used in this study were O1 El Tor. Bacterial strains utilized 

in this study are listed in Table 2.2. WN6145 was the primary V. cholerae strain used in 

the study (provided by Dr. Andrew Camilli). This strain is derived from E7946, an El Tor 

Ogawa strain [202] to promote phage infection. Genetic alterations include elimination of 

phase variable site in the gene that encodes the common phage receptor the O1-antigen 

[19], deletion of the CTX prophage, and deletion of the kappa prophage. Bacteria were 

propagated in LB at 37°C shaking with aeration. Strains containing pMMB67eh [203] 

were grown with 100µg/mL Ampicillin, strains with pBBRlux::ddmA were grown with the 

addition of 2.5µg/mL Chloramphenicol. For growth curves, strains were grown in 200µL 
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cultures in 96-well plates (ThermoScientific Nunc 167008) at 37°C with lid shaking. 

Bacterial growth and lysis curves of V. cholerae with M1Φ (Figs. 2.2 & 2.10 Figs. 2.5 & 

2.6) or M2Φ (Fig. 2.9) were performed with phage added at the indicated time and MOI 

at 37°C shaking. For complementation experiments using pMMB67eh, LB broth and top 

agar was supplemented with 100µg/mL Ampicillin and 100µM IPTG (isopropyl-β-D- 

thiogalactopyranoside). 

2.5.2 Generating V. cholerae Mutant Strains 

 

Natural transformation was used to introduce antibiotic resistance markers into V. 

cholerae [204]. Unmarked deletions for the desired gene or gene cluster were made by 

splicing by overlap extension (SOE)-PCR and the resulting PCR products was 

transformed at the same time with PCR products where a cassette conferring kanamycin 

or spectinomycin resistance replacing lacZ. After selecting on the appropriate antibiotic 

colonies were screened for deletion of the unmarked locus [205]. Strains were made 

competent by growth on sterile chitin in instant ocean [204]. For marked constructs, 

approximately 500ng of PCR product was added to competent cells on chitin. When co-

transforming, 200ng DNA containing the antibiotic resistance marker was used with 2µg 

unmarked PCR product. The oligonucleotide sequences used for PCR and sequencing 

reactions will be provided upon request. Plasmids were constructed via digestion with 

restriction endonucleases and subsequent ligation into vectors with T4 ligase. Insertions 

were initially identified by PCR and confirmed via sanger sequencing. In the ∆avcD 

deletion, the coding sequence of the gene between the start and stop codon were 

removed. Due to the AT rich start and proximity to ddmB, the ∆ddmC deletion leaves the 

regions encoding the first 12 and the last 4 amino acid residues with an added stop 

codon added in place of the remaining coding region.  
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2.5.3 Isolation of Vibriophage from patient stool samples 

 

Stool samples from cholera patients were previously collected as described 

[206]. Phage were isolated by scraping a small amount of -80°C stool sample into a 

1.5mL Eppendorf tube. These were thawed and gently spun to remove bacteria and 

other debris before the supernatant was passed through a 0.45µM filter (VWR 28145-

485). Soft agar overlays were prepared by growing ΔVSP-I ΔVSP-II (WN7006) to OD 

~0.5 at 37°C shaking, adding this culture to 0.5% Top Agar, and overlaying this mixture 

on LB plates. Serial dilutions of filtered stool samples were then applied on top of the 

overlay and incubated at 37°C overnight. Single plaques were picked into 25µL TM 

buffer. Five µL of the plaque suspension was boiled, diluted 1:20 and used as template 

for ICP phage identification PCR using previously described primers [89]. Serial dilutions 

on these picked plaques were performed and plated on soft agar overlays with either 

ΔVSP-I ΔVSP-II (WN7006) or the isogenic VSP+ strain (WN6145) V. cholerae to assess 

differences in plaquing between the two hosts. For those phages that were further 

studied, single plaques were picked from the ΔVSP-I ΔVSP-II (WN7006) plates of this 

second plating to subsequently have phage stocks prepared via PEG precipitation. 

2.5.4 Phage infection  

Phage stocks were generated on the permissive ΔVSP-I ΔVSP-II strain 

(WN7006) using polyethylene glycol (PEG) precipitation from liquid cultures using a 

protocol modified from [186,207]. V. cholerae was grown to OD600 ~0.3 in LB at 37°C 

shaking, phage was added at an MOI of 0.2. Cultures were monitored until fully lysed 

(cleared). At this point DNase, RNase, and 0.002% (v/v) chloroform was added to 

eliminate bacteria and bacterial DNA/RNA. Bacterial debris were removed by adding 

NaCl to a concentration of 0.5M and centrifuging at 4°C. The supernatant was then 

taken and 10% PEG 8000 was added. After overnight precipitation cultures were spun 
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and the resultant pellet of phage was resuspended in TM buffer (10mM Tris-HCL pH 7.5, 

100mM NaCl, 10mM MgCl2). Phage stocks were further cleared by the addition of 

chloroform once more and centrifugation. The aqueous phase from this final 

centrifugation was then used as a working phage stock. 

Titering of phage for was carried out by growing V. cholerae to mid-log, infecting 

cultures with diluted phage stocks, and allowing absorption to occur for 5-10 minutes 

before plating on 0.7% top agar. After a brief amount of time to solidify, plates were 

incubated at 37°C overnight. Plaques were enumerated with the aid of magnification to 

ensure count of small plaques. EOP was calculated after titering equal number of phage 

on different V. cholerae strains at the same time ensuring that phage titer and incubation 

times remain the same. MOI was determined by calculating the colony forming units (CFU) 

per milliliter at a given OD600 value and then adjusting the number of plaque forming units 

(PFU) to be added based on the desired MOI and expected CFU. Average burst size was 

determine by using one-step growth curves[208] performed with at least three biological 

replicates. Phage burst is reported as individual values with a bar representing the median 

±SD (Standard Deviation) in Fig. 2B.   

2.5.5 Quantification of plaque size 

 

After plaque plates had been incubated and counted plaque size was evaluated. 

To increase contrast of the plaques an overlay of 0.1% (2,3,5-Triphenyl-2H-tetrazolium 

chloride(TTC) (Thermofisher AAA1087009) was applied [209]. Plates were imaged on an 

Epson Perfection V800 Dual Lens scanner. Analysis of the images was performed in the 

program Fiji. Images were smoothed, the “Find Edges” function was used before 

automatic Thresholding (Li). The “analyze particles” function was then used to identify 

plaques selecting those larger than 4 pixels and with a circularity between 0.8 and 1.0. 
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2.5.6 Isolation of Phage DNA and sequencing 

 

Phage gDNA was isolated from lysate modified from [210]. Lysate was treated 

with DNase and RNase to remove bacterial DNA at 37°C for 30 minutes before heat 

inactivation at 65°C for 10 minutes. Phage capsids were disrupted by the subsequent 

addition of proteinase K and SDS. Phage DNA was then cleaned up using Zymo DNA 

Clean & Concentrator kit (D4029) and eluted in water. Illumina libraries were prepared 

for each phage using the standard Nextera XT DNA Library prep protocol. Sequencing 

was conducted at the Tufts University Core facility using an Illumina NextSeq 550 and 

Single-end 75nt reads. Genome sequence analysis was performed with CLC Genomic 

Workbench v20.0.4. 

2.5.7 Real-time quantitative PCR 

 

Reactions for qPCR experiments were carried out with PowerUp SYBR Green 

Master Mix (Thermofisher) on a CFX Connect Real-Time PCR Detection System (Bio-

Rad) as previously described in [88]. Three independent samples were tested for each 

strain and each template was assayed in technical duplicate. Bacteria were grown to 

OD=0.5 at 37°C with aeration, at which point phage were added at an MOI = 0.1. 

Immediately upon infection and 20minutes post infection 20µL samples were taken, 

boiled, and diluted 1:50. This boiled lysate was used as template for qPCR using phage 

specific primers as previously described [89] with primers WNTP1342 (5’-

ATTGTCGAGTGGGACAAAGG-3’) and WNTP1343 (5’-ACCAACTCGACGCATAGCTT-

3’).  

2.5.8 Conjugation  

Strains were grown overnight in LB at 37°C shaking. V. cholerae strains used for 

these experiments contained ΔlacZ::spec (WT WLN7019, ΔavcD WLN7008, ΔddmC 
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WLN7011, and ΔavcD ΔddmC WLN7020) for enhanced selection of transconjugants. 

Equal quantities of E. coli donor and V. cholerae recipient were mixed and spun gently 

before being resuspended in 80µL LB. This concentrated mixed was plated in 3x 20µL 

spots on LB with no drug supplements and incubated at 37°C for 2.5 hours. Bacteria 

was scraped from the plates and resuspended in LB before being serially diluted and 

plated on LB polymyxin B (50U/mL) Spectinomycin (100µg/mL) and either Ampicillin 

(100µg/mL) for pMMB67eh or Kanamycin (100µg/mL). Colonies that arose after 

overnight incubation at 37°C were enumerated.  

Table 2.2 - Bacterial strains used in this study 

Strain # Background Description Source 

WN6145 

V. cholerae 

E7946 

SmR V. cholerae O1, El Tor Biotype;  

ΔRSI-CTX-TLC, ΔK139-attB, 

wbeL::A111G+A114G 

manA::A216G,A219G,A609G,A612G. 

O1-locked strain with Kappa and CTX 

phage deleted. Used as the VSP+ parental 

strain for most phage experiments 

Camilli 

lab 

WN001 

V. cholerae 

C6706 

SmR V. cholerae O1, El Tor Biotype; 

used as WT in quorum sensing 

experiments.  [13] 

WN7006 

V. cholerae 

WN6145 

SmR, SpecR, ΔVSP-II (∆vc0490-vc0516) 

ΔVSP-I::spec (∆vc0175-0185::spec)   

This 

study 
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WN7007 

V. cholerae 

WN6145 SmR, SpecR, ΔVSP-I::spec   

This 

study 

WN7008 

V. cholerae 

WN6145 SmR, SpecR, Δvc0175 ΔlacZ::specR   

This 

study 

WN7009 

V. cholerae 

WN6145 

SmR, SpecR, Δvc0175 ΔlacZ::specR 

ΔVSP-II    

This 

study 

WN7010 

V. cholerae 

WN6145 SmR, ΔVSP-II 

This 

study 

WN7011 

V. cholerae 

WN6145 SmR, SpecR, Δvc0490 ΔlacZ::specR   

This 

study 

WN7012 

V. cholerae 

WN6145 

SmR, KanR, Δvc0175 Δvc0490 

ΔlacZ::kanR   

This 

study 

WN7013 

V. cholerae 

WN6145 SmR, AmpR, KanR, pMMB67EH::vc0175 

This 

study 

WN7014 

V. cholerae 

WN6145 SmR, AmpR, KanR, pMMB67EH::EV   

This 

study 

WN7015 

V. cholerae 

WN6145 

SmR, AmpR, KanR, pMMB67EH::vc0175 

Δvc0175 Δvc0490 ΔlacZ::kanR   

This 

study 

WN7016 

V. cholerae 

WN6145 

SmR, AmpR, KanR, pMMB67EH::EV 

Δvc0175 Δvc0490 ΔlacZ::kanR   

This 

study 
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WN7017 

V. cholerae 

WN6145 SmR, AmpR, pMMB67eh::vc0490    

This 

study 

WN7018 

V. cholerae 

WN6145 

SmR, AmpR, SpecR, pMMB67eh::vc0490 

Δvc0175 Δvc0490 ΔlacZ::specR   

This 

study 

WN7019 

V. cholerae 

WN6145 SmR, SpecR, ΔlacZ::specR   

This 

study 

WN7020 

V. cholerae 

WN6145 

SmR, SpecR, Δvc0175 Δvc0490 

ΔlacZ::specR   

This 

study 

WN7021 

V. cholerae 

WN001 SmR, CmR, pBBRlux::vc0492 

This 

study 

WN7022 

V. cholerae 

WN001 SmR, CmR, pBBRlux::vc0492 ΔluxO 

This 

study 

WN7023 

V. cholerae 

WN001 SmR, CmR, pBBRlux::vc0492 ΔhapR 

This 

study 

WN7024 

V. cholerae 

WN001 

SmR, CmR, pBBRlux::vc0492 ΔluxS 

ΔcqsA 

This 

study 

WN072 

V. cholerae 

WN001 SmR, ΔluxO [33] 

WN744 

V. cholerae 

WN001 SmR, ΔcqsA ΔluxS  [192] 
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WN7025 

V. cholerae 

WN6145 SmR, ΔcapV ΔdncV   

This 

study 

WN7026 

V. cholerae 

WN6145 SmR, ΔVSP-II ΔcapV-dncV   

This 

study 

WN7027 

V. cholerae 

WN6145 SmR, SpecR, Δvc0175-176::spec ΔVSP-II    

This 

study 

WN7028 

V. cholerae 

WN6145 SmR, SpecR, Δvc0177-181::spec ΔVSP-II    

This 

study 

WN7029 

V. cholerae 

WN6145 SmR, SpecR, Δvc0182-185::spec ΔVSP-II    

This 

study 

WN7030 

V. cholerae 

WN6145 

SmR, KanR, SpecR, Δvc0490-493::kan  

ΔVSP-I::spec   

This 

study 

WN7031 

V. cholerae 

WN6145 

SmR, KanR, SpecR, Δvc0494-502::kan 

ΔVSP-I::spec   

This 

study 

WN7032 

V. cholerae 

WN6145 

SmR, KanR, SpecR, Δvc0503-510::kan 

ΔVSP-I::spec   

This 

study 

WN7033 

V. cholerae 

WN6145 

SmR, KanR, SpecR, Δvc0511-516::kan 

ΔVSP-I::spec   

This 

study 

WN7034 

V. cholerae 

WN6145 

SmR, SpecR, KanR, ΔVSP-I::spec 

Δvc0490 ΔlacZ::kanR   

This 

study 
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WN7035 

V. cholerae 

WN6145 SmR, KanR, Δvc0490-493::kan   

This 

study 

WN7036 

V. cholerae 

WN6145 SmR, KanR, Δvc0494-502::kan   

This 

study 

WN7037 

V. cholerae 

WN6145 SmR, KanR, Δvc0503-510::kan   

This 

study 

WN7038 

V. cholerae 

WN6145 SmR, KanR, Δvc0511-516::kan   

This 

study 

WN7039 

V. cholerae 

WN6145 

SmR, KanR, SpecR, Δvc0175 Δvc0490-

493::kan ΔlacZ::specR   

This 

study 

WN7040 

V. cholerae 

WN6145 

SmR, KanR, SpecR, Δvc0175 Δvc0494-

502::kan ΔlacZ::specR   

This 

study 

WN7041 

V. cholerae 

WN6145 

SmR, KanR, SpecR, Δvc0175 Δvc0511-

516::kan ΔlacZ::specR   

This 

study 

WN6493 E. coli S17 pMMB67EH::vc0175 [96] 

WN7042 E. coli S17 pMMB67eh::vc0490 

This 

study 

WN5682 E. coli S17 pMMB67EH::EV [203] 

WN0479 E. coli S17 pEVS143::EV [211] 

 



63 
 

2.6 Chapter Contributions 

I performed and analyzed all experiments in this chapter.  
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Chapter 3: Cyclic GMP-AMP is controlled at multiple levels in Vibrio cholerae2 
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3.1 Introduction 

The current Seventh pandemic of V. cholerae is in part genetically defined by the 

presence of the Vibrio Seventh pandemic Islands (VSP-I and VSP-II) [27]. Almost 20 

years of its discovery, research has just begun to focus on understanding the functions 

of these islands in V. cholerae life cycle. One of the key discoveries for the VSP-1 island 

is the identification of the gene dncV which encodes a nucleotide-cyclase in Vibrio. DncV 

was identified as the first producer of the hybrid cyclic di-nucleotide cyclic-GMP-AMP 

(cGAMP) [63]. In the initial study identifying cGAMP production in V. cholerae it was 

shown a mutant lacking dncV is attenuated in host colonization using an infant mouse 

model [63]. The exact mechanism of the role of cGAMP in pathogenesis was not 

established but it was thought that cGAMP regulated chemotaxis pathways. Indeed, key 

virulence regulators such as ToxT and ToxR were shown to regulate the expression of 

the cGAMP gene cluster [98,99], albeit indirectly, and it was shown that over-expression 

of dncV  reduces cellular chemotaxis shown by a soft agar motility assay [98]. It should 

be noted that unlike some other micro-organisms, aberrant activation of chemotactic 

pathways in V. cholerae decreases its ability to colonize the host [212,213]. However, 

the cGAMP-related changes in chemotaxis have been drawn into question years later. 

Specifically, the particular strain used in that study was later found to carry a luxO 

mutation that dramatically changes the quorum sensing behaviors which include host 

colonization and motility [159,214]. In addition, it became clear that aberrant over-

expression of the dncV gene exhibits significant toxicity in V. cholerae [94]. cGAMP 

directly binds and activates the product of the neighboring gene, the cGAMP activated 

phospholipase in Vibrio (CapV). When dncV is over-expressed to a high level, DncV 

produces excessive cGAMP to cause cell lysis by CapV-mediated phospholipid 

degradation of the cell membrane [94]. It is unclear whether the phospholipase activity of 
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CapV is used in cell envelope maintenance, lipid scavenging, or other cell surface 

remodeling processes.  

In recent years, the field has overwhelmingly shifted its focus on the role of 

cGAMP to exclusively that of phage defense. The current model suggests that phage 

infection activates the cGAMP signaling system and leads to programmed cell death 

before the infecting phage can complete its replicative cycle. This protective strategy is 

known as abortive infection [196,215]. The capV-dncV operon was bioinformatically 

predicted to possess phage defense function due to its homology to other anti-phage 

gene clusters [102]. However, its phage defense function was only conclusively 

demonstrated when the dncV-capV and other related operons were cloned in E. coli and 

was shown to defend against coliphage infections in these recombinant hosts [103,104]. 

Intriguingly, none of these studies were able to demonstrate any defensive role for the 

original capV-dncV genes in their native hosts, leaving the door open for possible 

physiological roles.  

Concurrently, it was shown that dncV-capV homologues may instead play a role 

in biofilm formation. In certain strains of E. coli, cGAMP is produced by a close relative of 

DncV, which activates a homologous patatin-like phospholipase CapE to modify biofilm 

behaviors [216]. In these E. coli systems, CapV and other cGAMP activated effectors alter 

both motility and biofilm formation [217]. This role for cGAMP in a bacterium differs greatly 

from the widely accepted function of phage defense. 

In this study, I attempt to reconcile these differences by evaluating both the 

motility and colonization phenotypes in strains with defined genetic background. We 

show that the previously established roles for cGAMP in V. cholerae cannot be 

replicated in the conditions tested. We also aimed to identify other roles of cGAMP in V. 

cholerae by investigating its complex network of regulation. Here, I show that expression 
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of capV-dncV is under the direct regulation of quorum sensing. Adding to the complexity, 

we screened for direct regulators of cGAMP and found that a previously described 

cyclic-di-GMP degrading enzyme also functions to bind and degrade cGAMP. Taken 

together, these data draw into question previously published results and through 

interrogation of regulation suggest that the role of cGAMP in V. cholerae may be far 

more complex than in other cognate systems. 

 

3.2 Results 

3.2.1 Characterization of proposed cGAMP phenotypes in V. cholerae C6706 

 

Upon its discovery, one of the most prominently proposed phenotypes controlled 

by cGAMP was host colonization [63] because ΔdncV mutants were outcompeted ~6 

fold by WT V. cholerae in the infant mouse small 

intestine. Later work showed that the ΔdncV 

mutants only outcompeted by ~2 fold by a wild type 

strain [218]. To understand exactly how cGAMP 

affects colonization, and why this discrepancy 

appeared, I repeated these experiments to 

accurately report the necessity of cGAMP during 

host colonization. We set out to determine if 

cGAMP production did indeed alter V. cholerae’s 

ability to colonize utilizing an infant mouse model. 

In keeping with previous experiments, we 

competed equal quantities of WT V. cholerae and 

ΔdncV in an infant mouse infection model.   

Figure 3.1 - Impact of dncV on 
colonization. Equal quantities of 
ΔdncV and ΔlacZ (WT) were used 
to infect infant mice. After a 
standard course of infection 
intestines were homogenized and 
plated on V. cholerae selective 
media containing X-gal for 
blue/white screening. Competitive 
Index (CI) is blue/white ratio of the 
final plating compared to the input. 
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Contrary to what had been previously reported we discovered that the ΔdncV 

strain showed no significant difference in colonization compared to the WT (Fig. 3.1). 

Considering all three laboratories utilize the same background strain of C6706 and 

reported clean deletions of dncV this result stood as perplexing.  

Our lab and others reported that some circulating C6706 strains carry a luxO 

G333S mutation [159,214]. We reasoned that this subtle genetic variation could 

contribute to these phenotypic differences. This mutation locks LuxO into its active form 

and mimics a low cell density quorum sensing state [159] which could change the 

behaviors of host colonization in V. cholerae. To account for this, we introduced the luxO 

G333S mutation into the strains previously tested for colonization and repeated the 

experiment. Once again, we saw no significant difference between these strains (Fig. 

3.1). This suggests that the ability to produce cGAMP does not alter V. cholerae’s ability 

to colonize the infant mouse.  

3.2.2 The Effect of cGAMP on Chemotaxis and Biofilm Formation   

Without a clear virulence phenotype to interrogate, we next investigated other 

proposed functions for cGAMP. It had been shown that upon over-expression of dncV, 

chemotaxis was reduced as shown by a decreased colony spreading on soft agar plates 

[63]. Due to previous colonization results, we found it prudent to repeat these 

experiments. We were able to observe a visible and quantifiable difference in spreading 

through a similar soft agar plate assay (Fig. 3.2A and B). However, our lab has 

previously shown that overexpression of dncV from a plasmid resulted in significant 

toxicity [94]. Thus we hypothesized that the decreased spreading may be due to fewer 

viable cells left after dncV induction. Soft agar plates were therefore liquified and plated 

for surviving bacteria after a chemotaxis assay. Evaluating the number of bacteria from 
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each plate there was a significant decrease in 

the number of viable bacteria when dncV was 

induced (Fig. 3.2C). Therefore, while there is 

certainly a decrease in the area of spreading 

when more cGAMP is in the cell, it is unclear if 

this decrease is due to altered expression or 

simply due to the toxicity of dncV 

overexpression. 

In certain E. coli strains, dncV 

homologues produce cGAMP, which has been 

shown to downregulate biofilm production both 

directly and indirectly [216]. While we expected 

the targets directly regulated by cGAMP are 

different between organisms, we reasoned that 

cGAMP could play a role in biofilm formation 

due to cross-talk between cGAMP signaling 

and the existing, structurally similar, c-di-GMP 

which is an important regulator of biofilms in V. 

cholerae [219,220]. This hypothesis is further 

Figure 3.2  

Figure 3.2 – Effect of DncV on 

chemotaxis. (A) Strains containing 

pEVS143::dncV were spotted 0.3% soft LB 

agar plates with or without supplementation 

of 50µM IPTG and imaged after 18 hours of 

incubation at 37°C. (B) Quantification of 

bacteria from imaged plates. Soft agar 

plates were homogenized, diluted, and 

plated for CFUs. (C) Images were 

processed with ImageJ to determine the 

radius of spreading. 
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supported by work showing that proteins associated with the production and degradation 

of c-di-GMP can also function to produce and degrade cGAMP [218,221]. CapV-DncV 

homologues in E. coli can control biofilm formation [216,217], and it was also reported 

that DncV influenced expression of key biofilm genes in V. cholerae [63]. While 

expression changes have been shown, no group has clearly shown actual changes in 

biofilm formation mediated by cGAMP in V. cholerae. Therefore, we set out to evaluate 

the role of cGAMP in V. cholerae biofilm formation using a crystal violet assay to quantify 

the biofilm formed by various strains. Surprisingly, we saw no difference in the amount of 

biofilm produced with or without dncV or capV (Fig 3.3A). We also tested if increased 

level of cGAMP production would alter biofilm formation. To avoid any changes due to 

cGAMP toxicity, we overexpressed dncV from a plasmid in a classical biotype of V. 

cholerae that does not contain capV, or any other part of the VSPs. Similar crystal violet 

Figure 3.3- cGAMP signaling and biofilm production. (A) Crystal violet assay showing 
stained biofilm accumulation. Indicated mutants in the El Tor background were grown for 
48hrs at 30°C before washing and quantification of biofilm. (B) Similar crystal violet assays 
were performed but with strains in the Classical background. Fold change represents the 
ratio of OD550 from a strain expressing dncV from a plasmid and the empty vector. (C) 
Chitin Growth competitions. The indicated strains were mixed with an equal cfus of ΔlacZ 
(WT) before growth on chitin in instant ocean. Competitive index was generated by 
counting the ratio blue/white colonies after 24 hours of growth over input. 
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biofilm assays once again showed no significant difference between these strains (Fig. 

3.3B). Together, our data led us to conclude that cGAMP does not play a role in biofilm 

formation in the conditions tested. 

To evaluate the role of dncV in biofilm formation under different conditions, we 

evaluated the growth of ∆dncV mutants on chitin. Biofilm growth on chitin flakes is often 

dependent on multiple attachment factors and requires successful transition of the 

metabolism [222]. We therefore competed WT cells lacking lacZ and various ∆dncV 

lacZ+ mutants under conditions that favor biofilm formation on chitin, we determined that 

dncV is not required for V. cholerae to grow and form biofilm on chitin (Fig. 3.3C).  

3.2.3 DncV does not alter propagation of the ICP phages in laboratory conditions 

 

There is overwhelming evidence that cGAMP is involved with phage defense 

across many bacterial species through its role in the CBASS defense system [182]. 

Indeed, systems similar to dncV-capV have been shown to protect from phage infection 

when heterologously expressed in E. coli. Production of cGAMP is increased during 

phage infection, and cGAMP-dependent activation of CapV and membrane 

destabilization leads to abortive infection [104]. Accordingly, when our lab began 

investigating the role of cGAMP in V. cholerae, we immediately turned towards its 

potential role in phage defense. While many phages infect V. cholerae, it has previously 

been shown that there are three dominant virulent phages that prey on V. cholerae in 

Bangladesh [89]. Among these, ICP1 is the best studied and is thought to be the most 

prevalent. We were therefore most interested in assessing if DncV, and cGAMP played 

a role in this phage’s infection cycle. 

Upon infecting strains with a low MOI of 0.02 while dncV was overexpressed 
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 from a plasmid at sub-inhibitory levels, we failed to see noticeable differences in lysis 

compared to an empty vector strain (Fig 3.4A). This most likely meant that cGAMP does 

not play a role in defending against this phage. This assay also suggests that a partially 

compromised membrane from CapV activation does not alter the kinetics of ICP1. In 

addition, we studied more broadly the ability of ICP1, ICP2, and ICP3 to form plaques on 

WT, ΔdncV, or ΔcapV strains. We observed no significant differences in the ability of 

these phages to plaque on any of the tested mutants (Fig. 3.4B). 

     

We also did not observe any difference in phage plaque morphology on these 

strains (Data not shown). Our data are in stark contrast to other CapV-DncV homologs 

that protect bacteria by orders of magnitude. We therefore conclude that the cGAMP 

system in V. cholerae does not effectively protect against these prominent phages. It 

should be noted that all these ICP phages were previously isolated from strains carrying 

dncV/capV and it is possible that these phages have already evolved mechanisms to 

evade the protection mediated by cGAMP.  

Figure 3.4 – Effect of dncV on common vibriophage. (A) ICP1 lysis assay. Strains 
containing pEVS143 and the indicated insert were grown with 50µM IPTG and infected 
with ICP1 at an MOI of 0.02. (B) Efficiency of plating (EOP) of the ICP phages. Plaques 
were generated on lawns of the indicated bacteria and enumerated. EOP is calculated 
from the number of plaques on the indicated mutant compared to the wild type average. 
Wild type EOPs (individual plate vs average) shown to better display basal error rates. 
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3.2.4 Transcriptional regulation of capV-dncV by quorum sensing  

Although the VSP-I island is highly conserved in V. cholerae and thus likely 

provides fitness advantages to the El Tor biotype, DncV and CapV appear dispensable 

in nearly all conditions we have tested so far. Yet, it has been clearly shown that there 

are multiple layers of transcriptional and post-transcriptional regulation on the genetic 

loci on VSP-I [98,99]. To identify possible roles of cGAMP, we evaluated if there was 

further regulation of this operon that could elucidate its function(s). First, we attempted to 

understand if the abutting genes capV and dncV share a transcript and therefore are co-

regulated as part of the same operon.  

We extracted RNA from overnight cultures and used RT-PCR with primers that 

span the two genes (Fig. 3.5). Doing this, we can clearly detect a product spanning both 

genes (Fig. 3.6), indicating that a co-transcript exists for both genes. This means any 

transcriptional regulation we observe for capV applies similarly to dncV. Looking closely 

at the intergenic region between the upstream gene vspR and capV, we began 

searching for areas that matched consensus sequences for known transcriptional 

regulators and discovered that there was at least one region upstream of capV that 

Figure 3.5 – Schematic of the capV-dncV region of VSP-I. Genes and fragments to 
scale. Binding sites for regulators enlarged for clarity. Lux reporter fragments represent 
those used to drive expression in the pBBRlux reporter assays. cDNA PCR fragments 
show the regions amplified when looking at transcribed regions. Gel shift fragments are 
those used to generate fluorescent targets for HapR binding. 
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loosely matches the consensus binding site for HapR [223], the master high cell density 

quorum regulator in V. cholerae [168,224].  

To test this, we built 

a reporter plasmid 

where the 

luxCDABE luciferase 

operon from 

Photorhabdus 

luminescens was 

under the control of 

either 200bp 

upstream of capV 

(partial) or the entire 

intergenic region of vspR-capV (Fig. 3.5). Comparing the bioluminescence output of this 

reporter during growth between WT, a high cell density “locked” ΔluxO mutant that 

constitutively makes HapR, and a low cell density “locked” ΔhapR mutant, we observed 

a slight increase in reporter expression in the luxO mutant (Fig. 3.7A). In contrast, there 

was a clear decrease in bioluminescence production in the ΔhapR mutant, implying 

capV-dncV operon is positively regulated by HapR and is upregulated at high cell 

density. It is important to note that the difference in bioluminescence production among 

these strains were not apparent when the smaller “partial” upstream fragment was used 

to drive expression (Fig. 3.7B), indicating that this area contains the potential HapR 

binding site.  

Figure 3.6 - Establishing capV co-transcripts. cDNA was 
generated from overnight cultures of WT V. cholerae. PCRs were 
performed on this cDNA alongside no-reverse transcriptase (nRT) 
controls, genomic DNA, and no template controls (NT). The targets 
of the PCRs are clarified in (Fig. 5) with UTR-capV representing 
the fragment that extends into the intergenic vspR-capV region.  
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Our reporter showed trends suggesting HapR activation of capV-dncV 

expression, but we wanted to examine more direct effects of HapR on the genes. 

Comparing expression of capV-dncV between strains via qPCR, we were able to see a 

significant decrease in expression in both genes when hapR was absent (Fig. 3.7C). 

This supports our reporter data and suggests HapR is activating expression of the capV-

dncV operon. Using autoinducer synthase mutants, we were able to exogenously add 

autoinducers to replicate a move to high cell density. This allowed us to detect more 

acute changes in gene expression. Doing this we can see a clear increase in expression 

Figure 3.7 - capV expression is controlled by the quorum sensing regulator HapR.  
(A) Strains carrying the reporter plasmid pBBRlux with the lux reporter under the control 
of the full intergenic region vspR-capV (B) pBBRlux but with only the 250bp upstream of 
capV driving expression.(C) qPCR   comparing relative expression of capV or dncV  in the 
WT and a hapR mutant. (D) qPCR comparing expression of capV and dncV in autoinducer 
synthase mutants before and 15min after addition of autoinducers. 
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when autoinducers are added (Fig. 3.7D). This increase was not observed in the 

absence of HapR (Fig 3.7D), further supporting that HapR is directly activating these 

genes in high cell density conditions.  

  Considering that 

HapR is the primary 

quorum regulator at high 

cell density of the capV-

dncV operon, we tested if 

HapR may bind to the 

upstream regulatory region 

of capV-dncV operon. 

Using a 5’fluorescein 

labeled primer, we created 

fluorescently labeled 

fragments of DNA that 

corresponded with 

increasing lengths of the 

intergenic region extending 

from capV. These were 

incubated with purified 

HapR and visualized after 

running on a native PAGE 

gel with a fluorescent gel 

scanner. The resultant gel 

showed a shift in the 

Figure 3.8 - HapR binds the vspR-capV intergenic 
region. (A) Native PAGE gel using purified HapR run with 
DNA the DNA fragments indicated in the diagram and in 
(Fig. 5). Fluorescent DNA fragments were generated via 
PCR with a 5’Fluoroscein labeled primer. Gels were 
visualized on a FLA-9000IR (Fuji). (B) Gel shift of fragment 
B at a consistent concentration and increasing 
concentrations of HapR. 
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mobility of the fragments extending 400bp, 685bp, and 913bp from capV in the presence 

of HapR but no detectable shift with the smaller fragment containing only the 76bp 

upstream of capV (Fig. 3.5 and 3.8A). The titratable gel shift of “fragment B” suggests 

that HapR is binding somewhere between 76 and 400 bases upstream of the start codon 

of capV (Fig. 3.8B). HapR frequently acts as a transcriptional activator and this binding 

could explain the increased reporter signal in the HCD locked ΔluxO strain where we 

expect constitutive HapR production. We noticed in our reporter assays significantly 

lower bioluminescence signal was detected when a “partial” intergenic region was used 

(Fig. 3.7B) This “partial region only included the first 250bp upstream of capV suggesting 

the HapR does not bind to this region. Taking these results with the gel shift we can 

conclude that HapR is likely binding in the region 250-400bp upstream of capV leading 

to the transcriptional activation of this gene (Fig. 3.5). 

 Together, we speculate the large region between vspR and capV is the 

regulatory region where H-NS, ToxR, VspR, and HapR are predicted to bind and 

regulate expression of the capV-dncV operon [98,99]. Based on the approximate 

locations of the transcription factor binding sites, we hypothesized capV has a long 5’ 

Untranslated region (UTR) or a there is a small upstream ORF. Using the same cDNA, 

we tested whether this region could be amplified using separate primer sets. Using this 

method, we found that a region of at least 400bp upstream of the translational start of 

capV was not only transcribed, but co-transcribed with capV (Fig. 3.6) Such a large 

5’UTR adds even more potential for post-transcriptional and translational regulation. 

3.2.5 VieA binds and degrades cGAMP 

Unlike the eukaryotic homolog cGAS that requires allosteric activation by binding 

to DNA, DncV appears to be active without binding of other substrates [94,225] 

suggesting a low level cGAMP is present inside the cell. To cope with the deleterious 
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effect of over-activation of CapV when large amounts of cGAMP are produced, it is 

possible that cGAMP level is tightly controlled. This is not without precedent as V. 

cholerae has over 50 genes dedicated to regulating the closely related cyclic di-

nucleotide (CDN) c-di-GMP (cdG) [226]. Having established the mechanism for 

transcriptional regulation of the capV-dncV operon, we sought to elucidate how cGAMP 

levels may be controlled post transcriptionally and thereby determine which regulatory 

networks this second messenger system integrates with.  

As the over-activation of CapV by high level of cGAMP is toxic, we utilized this 

lethal phenotype to develop a genetic selection screen to find potential regulators of 

cGAMP signaling [94]. We created a transposon insertion library in V. cholerae using a 

mini Tn10 transposon which contains an outward facing Ptac promoter, allowing both 

gene disruption and overexpression of genes downstream of the promoter. We then 

overexpressed both dncV-capV from a plasmid in this transposon library to a level that 

had previously been shown to be toxic [94] and looked for suppression of that toxicity. 

This was done by selecting the few large colonies obtained after plating on IPTG that 

relived CapV-DncV overexpression toxicity. Selective pressure was significant with 

approximately 104 fewer colonies on plates containing 50µM IPTG vs no inducer (Fig. 

3.9A). 

Picked colonies were then screened to ensure there was no suppressing 

mutation on the dncV-capV plasmid by backcross into the WT background. Tn10 

insertions were determined via arbitrarily primed PCR and sequencing. We observed a 

significant (~105 cfu/mL) reduction in viable colonies after plating suggesting that most 

cells succumbed to CapV-DncV toxicity. Plating 107 cfus from the transposon insertion 

library we recovered hundreds of apparent suppressors. A total of 120 colonies were 

picked. . Of these, 93 appeared to retain plasmid toxicity indicating chromosomal 
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Figure 3.9 - VieA binds and degrades cGAMP. (A) Serial dilutions of strains containing 
pEVS143 and pMMB67EH with the indicated inserts were plated with or without induction 
of 50µM ITPG. (B) Transposon suppressors of CapV-DncV toxicity identified using 
arbitrarily primed PCR. Targets were assigned a functional category based on descriptions 
in literature and motif searches. Total represents unique insertions. (C) VieA thermal shift 
assay. Purified VieA was incubated with concentrations of c-di-GMP or cGAMP orange 
dye. Melt curves and subsequent melting temperatures (Tm) were generated using a Bio-
Rad CFX . (D) Labeling of the CapV active-site serine by a fluorophosphate coupled 
rhodamine probe (FP-Rh) as a proxy for available cGAMP. 1.6µM CapV was mixed where 
indicated with VieA at 0.1µM (+) or the indicated concentration before running on an SDS-
page gel. FP-RH signal was measured on a FLA-9000IR (Fuji), and protein visualized by 
Coomassie staining. 
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suppression by a transposon insertion. After this process a total of 54 genes were hit 

with a total of 63 unique insertions identified. These hits appear to be involved with 

diverse cellular processes (Fig. 3.9B).  

Due to the low throughput nature of this study, our sample size and selection 

may not have been sufficient to display a complete view of potential suppressors. Not 

only did experimentally proven suppressor genes such as the VcGAPs not appear in this 

screen, we are only capturing a small number of colonies and thus a small snapshot of 

the overall pool of suppressors that exists in the transposon insertion library. Moreover, 

without knowing the initial complexity of the library it is impossible to determine any 

jackpotting or bottlenecks that may have occurred. Considering this limitation, we only 

examined categories that were most likely to interact with the cGAMP system. Aside 

from genes involved with lipid metabolism that might hinder CapV’s function, the most 

interesting candidates for further investigation are EAL domain containing 

phosphodiesterases (PDEs). V. cholerae contains 22 EAL containing proteins which are 

predicted to break down cdG [227,228]. Control of cGAMP by enzymes related to cdG 

regulation has precedent as it was established that cGAMP can both be cyclized and 

degraded by different classes of these enzymes [218,221]. However, none of our hits in 

any PDE genes had previously been described to interact with cGAMP, so we set out to 

determine if there was a larger set of EAL containing PDEs that can degrade cGAMP in 

V. cholerae. Most interesting among the few PDE hits was the gene vieA. This is a 

previously described gene that has a large role in virulence in classical strains of V. 

cholerae [30] but its role in pathogenesis has become dispensable in the modern, 7th 

pandemic strains [212,229]. As capV-dncV are only present in modern El Tor strains, we 

found this connection striking. When dncV was expressed from a plasmid, there was a 

slight increase in the transcript level of vieA, suggesting a modest negative regulation by 
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cGAMP (Fig. 3.10) [63]. To 

test if VieA can relieve 

cGAMP toxicity, we 

expressed vieA from a 

plasmid and we discovered 

that VieA over-production 

slightly alleviated the toxicity 

of increased level of CapV-

DncV (Fig. 3.9A). Such 

inhibition of toxicity supports 

the hypothesis that VieA acts 

as a phosphodiesterase to 

break down cGAMP and 

thereby reduce toxicity.  

To test if VieA was directly interacting with cGAMP we used a Sypro Orange 

thermal shift assay [230]. In short, the dye has increased fluorescence when it binds to 

the hydrophilic residues of a protein. These residues are most often found on the inside 

of proteins and can be exposed by heating. Therefore, when a protein is destabilized by 

heat in the presence of the dye, increases in fluorescence can be detected. The stability 

of the protein is often increased by binding of its cognate substrates and accordingly the 

temperature at which the protein starts to destabilize is higher. Therefore, we expect the 

melting temperature (Tm) of cGAMP-bound VieA is higher than that of apo-VieA. Adding 

purified VieA and titrations of cdG or cGAMP, we see a dose-dependent increase in Tm 

for both CDNs (Fig. 3.9C). While the binding of cdG to VieA is expected as it has been 

conclusively shown that VieA can break down that molecule, the titratable increase in 

Figure 3.10 - Overexpression of dncV alters gene 
expression. WT or ΔdncV V. cholerae containing 
pEVS143::dncV were induced for 15minutes with 150µM 
IPTG. Trizol extraction was used to isolate RNA that was 
used as a template for cDNA. ΔΔCt values were 
generated by comparing Ct values of genes of interest 
and RpoB. 

 

 

Figure 3.11 - Overexpression of dncV alters gene 
expression. WT or ΔdncV V. cholerae containing 
pEVS143::dncV were induced for 15minutes with 150µM 
IPTG. Trizol extraction was used to isolate RNA that was 
used as a template for cDNA. ΔΔCt values were 
generated by comparing Ct values of genes of interest 
and RpoB. 

 

 

Figure 3.12 - Overexpression of dncV alters gene 
expression. WT or ΔdncV V. cholerae containing 
pEVS143::dncV were induced for 15minutes with 150µM 
IPTG. Trizol extraction was used to isolate RNA that was 
used as a template for cDNA. ΔΔCt values were 
generated by comparing Ct values of genes of interest 
and RpoB. 

 

 

Figure 3.13 - Overexpression of dncV alters gene 
expression. WT or ΔdncV V. cholerae containing 
pEVS143::dncV were induced for 15minutes with 150µM 
IPTG. Trizol extraction was used to isolate RNA that was 
used as a template for cDNA. ΔΔCt values were 
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Tm for cGAMP indicates that VieA also binds to this CDN. To test whether VieA also 

degrades cGAMP we turned to an established assay whereby the level of cGAMP could 

be quantified indirectly. A fluorophosphonate-coupled rhodamine probe (FP-RH) was 

used to detect the serine hydrolase activity of purified CapV activated by cGAMP in vitro 

[94]. Using CapV activity as a readout for cGAMP, we incubated known quantities of 

cGAMP with VieA and assayed if CapV hydrolase activity was altered. Using this assay, 

we found that cGAMP-mediated FP-RH labeling of CapV was decreased in the presence 

of VieA, similar to the level of labeling in the absence of cGAMP (Fig. 3.9D). The 

inhibition of FP-RH labeling was dose-dependent in which labeling signal was restored 

when there was either no VieA, or with an amount of VieA well below the molar amount 

of cGAMP, suggesting VieA’s action on cGAMP is enzymatic and not simply due to 

sequestration of cGAMP. Together, these data indicate that apart from being a known 

regulator of cdG in the cell, VieA also binds and degrades cGAMP.  

 

3.3 Discussion 

Here, we have identified additional levels of regulation of cGAMP Production 

through transcriptional regulation via HapR and post-transcriptional regulation by VieA. 

Together these add to our regulatory knowledge of this signaling system and suggest 

that the role of cGAMP in V. cholerae may differ from that in other organisms. The layers 

of regulation inform us that cGAMP levels are elevated only under highly specific 

conditions. Such regulation suggests that natural activation of cGAMP production cannot 

be readily observed in standard laboratory conditions. RNA-seq of infant mouse and 

infant rabbit infections showed little change in expression of the capV-dncV these 

conditions, but expression profiles is expected to differ greatly from that in the human 

host [231]. Transcriptionally, VspR, H-NS, ToxR, and now HapR function together to 
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control the expression of the capV-dncV operon [63,99]. VspR is thought to negatively 

regulate the capV-dncV operon, but it is itself indirectly repressed by ToxT through the 

activity of tarB. This would presumably lift regulation on the system when virulence 

genes were being expressed. Paired with further activation during infection from ToxR, it 

would stand to reason that capV-dncV are more highly expressed during human 

infection. By implicating HapR we have narrowed this down further to later stages of 

infection when cellular density would begin to rise. This corresponds with previous RNA-

seq data that shows an increase in expression of capV-dncV upon the addition of 

autoinducers which would be present at high cell density [232]. It could be imagined that 

there is a narrow window when both the virulence and HCD genes would be expressed 

but this transition is where we predict that cGAMP production is most critical. These data 

make it most likely that cGAMP plays a role in the transition out of the virulence lifecycle 

and into dispersal. This also explains why no phenotypes were observed for ΔdncV 

strains in our experiments. While we observed no differences in our chemotaxis 

experiments it remains to be determined if cGAMP plays a role in previously observed 

hyperinfectivity after dispersal from the host [233]. The infant mouse model is excellent 

for its ease in representing colonization but cannot accurately show further disease 

progression as symptoms are not established, thus cGAMP may not be critical in this 

system. Similarly, in testing in lab conditions, growth in LB does not facilitate the 

expression of virulence genes which we predict would be essential for depression and 

activation of the capV-dncV operon. 

Yet, it also remains possible that this system is indeed the flagship for the 

CBASS systems but that it is primed only during certain stages of V. cholerae life cycle. 

One could imagine that if cGAMP and the related CBASS system indeed functions as an 

abortive infection system, the costs of premature triggering are highly costly, especially 
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when there are few bacteria present. Therefore, it may be that the layers of regulation 

are to lower the efficacy of the system when the population is low or outside of the host. 

Instead, the barrier to abortive infection may be lowered when the cost to the population 

is the greatest during the late stages of replication within a host. This system appears to 

have no role in defending against previous isolates of ICP1, ICP2, or ICP3 but that does 

not conclusively mean it does not defend against any phage. Even if there is another 

function for cGAMP in the cell, it remains highly likely that some phage causes 

dysregulation of the system, triggering cGAMP production and cell lysis. The combined 

difficulty of finding this peculiar phage and uncovering the conditions may preclude such 

a discovery. New phage defense systems are constantly being discovered, yet this study 

stands as a reminder that the regulation of these systems in their native context may be 

complex. This highlights the importance of looking for specific phage/host combinations 

to understand the intricate biology therein. cGAMP is clearly a critical molecular signal 

and we are likely only scratching the tip of the iceberg in understanding its function in V. 

cholerae and beyond.  

 

3.4 Materials and Methods 

3.4.1 Bacterial Strains and Growth Conditions 

Strains and plasmids are listed in Table 3.2. Antibiotics and supplements were 

used at the following concentrations during growth unless otherwise specified: 

Streptomycin (Sm) 100µg/mL, Kanamycin (Kan) 100µg/mL, Spectinomycin (Spec) 

100µg/mL, Chloramphenicol (Cm) 2.5µg/mL, Ampicillin (Amp) 100µg/mL, 5- bromo-4-

chloro-3-indolyl-β-D-galactopyranoside (X-gal) 40µg/mL LB plates and broth were 

supplied by the Tufts Media Kitchen, with the exception of low agar plates which were 

made using granulated Miller’s Luria Broth (RPI) mixed with the specified amount of 
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granulated Agar (BD Bacto). Overnight liquid cultures are grown at 37°C with rolling 

aeration and incubations occur at 37°C unless otherwise specified.  

3.4.2 Generating V. cholerae mutant strains 

Splicing by overlap extension (SOE) was used to generate PCR constructs. A full 

list of primers is available upon request. Mutations in V. cholerae were generated using 

allelic exchange with pKas32 [234] or through Congression [205].  

For congression strains were grown at 30°C shaking to OD600 0.3 at which point 

bacteria was gently spun down and resuspended in 0.7% instant ocean. These cells 

were then added to 80mg sterile chitin from shrimp shells (Sigma-Aldrich) and incubated 

overnight at 30°C static. The instant ocean was removed from the top of tubes and DNA 

was added. 200ng unmarked PCR fragments containing the desired deletion were 

added with 2µg ΔlacZ::specR. 500µL instant ocean was gently added to the top of the 

tubes before incubation for an additional 24hrs at 30°C static. Tubes were vortexed for 

30seconds, allowed to settle for 2 minutes and the bacteria were then plated on LB/Spec 

to select for the mutation. Resultant colonies were then screened for the desired 

mutation.  

 For pKas32 allelic exchange, the plasmid was mated into the desired strains and 

selected on LB/Amp/Polymyxin B plasmid containing strains were selected against by 

two rounds of passaging on Sm5000 plates. Patching on Amp plates was used to 

confirm plasmid was lost and strains were AmpS. Mutant strains were screened using 

SapphireAmp fast PCR Mix (Takara Bio) and confirmed via sanger sequencing with 

Genewiz.  
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3.4.3 Animal Studies 

Wild type strains where lacZ was deleted were mixed with lacZ+ mutant strains 

and 106 total CFUs of this mixture were orally fed to 3-5 day old CD-1 mice (Charles 

River Laboratories). Prior to infection, infant mice were housed with ample food and 

water for at least 24hr and monitored in accordance with the regulations of the 

Department of Laboratory Animal Medicine at Tufts School of Medicine. Infected mice 

were sacrificed 24 hrs post infection and their small intestines were harvested and 

homogenized. Bacteria from homogenate were plated on LB supplemented with Sm and 

X-gal. Competitive Index (CI) was calculated as the ratio of Blue/White colonies in the 

output to input of the mutant strain (lacZ+) over the wild-type (ΔlacZ). Each data point on 

presented graphs represents a single mouse with the median and 95% interval of all 

mice shown. 

3.4.4 Assaying V. cholerae Chemotaxis 

Bacterial strains containing the plasmid pEVS143::dncV were assayed with a 

semi-solid spreading method as described in [63,235]. Semi-solid LB/Kan 0.3% agar 

plates with or without 50µM IPTG were made and allowed to dry for 2hours at room 

temperature. After drying 5µL of overnight cultures of bacteria were spotted. Plates were 

incubated at 30°C for 16 hours with a water bath at the bottom of the incubator to 

improve humidity. Plates were imaged on Syngene G:Box Chemi XT4. 

3.4.5 Biofilm Assays 

 Crystal violet biofilm assays were used to characterize generalized ability to form 

biofilms as previously described [236,237]. Overnight cultures were back-diluted 1:200 in 

LB and 200µL was added to wells of a flat clear 96-well plate. Biofilms were incubated 

static at 30°C for 48 hours. Plates were washed with distilled water and attached biofilms 

were stained with 0.1% Crystal Violet at room temperature for 15min. Crystal violet was 
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removed, and plates were washed twice with distilled water before stain was allowed to 

dry. 30% acetic acid was used to re-dissolve the crystal violet for OD550 measurement 

with a BioTek Synergy HT Plate Reader. For classical strains containing pEVS143 

growth steps were carried out with supplementation of Kan and 50µM IPTG. 

 Chitin growth competitions were carried out based on modified protocols for V. 

cholerae natural competence [205]. ΔlacZ (WT) and mutant lacZ+ V. cholerae were 

grown at 30°C shaking to an OD 0.3 and mixed in equal volume. Cells were pelleted at 

5,000xG for three minutes and resuspended in 0.7% instant ocean before being added 

to sterile chitin and incubated at 30°C for 48 hours. Input and output were plated on 

LB/X-gal and blue/white ratios were used to generate Competitive index.  

3.4.6 Phage Infection 

The ICP phages used were ICP1_2011_A, ICP2_2007, and ICP3_2007. Plaques 

were generated using the soft agar (0.5%) plates. Phage were mixed with V. cholerae 

and allowed to attach for 10min. This mixture was added to molten soft agar plates and 

swirled to distribute evenly. After 15min solidifying on the benchtop under flame, plates 

were incubated at 37°C overnight. Plaques were enumerated on various plates. Each 

Efficiency of Plating (EOP) data point was calculated from plaques on the same day by 

dividing the number of plaques on a plate with a mutant strain by the average number of 

plaques on wild-type plates on that day. WT EOP numbers were calculated by taking 

individual WT plate counts and dividing them by the average on a given day.  

 For lysis curves overnight cultures of bacteria containing pEVS were back-diluted 

1:200 into LB/Kan +/- 50µM ITPG. 200µL of cultures was added to 96-well plates that 

were incubated continuously shaking at 37°C with the lid on in a BioTek Synergy HT 

Plate Reader. OD600 reads were taken every 5min. When the cultures approximately OD 

0.3 ICP1_2011_A was added at an MOI of 0.02. 
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3.4.7 Intergenic capV-dncV Bioluminescent Reporter Assays 

V. cholerae strains containing the reporter plasmid pBBRlux::vspR-capV or 

pBBRlux::partial were struck on to LB/Cm. At least three colonies for each strain were 

picked and grown overnight in LB/CM. Cultures were diluted 1:1000 in LB/Cm and 

200µL quantities were added to a 96-well plate. Plates were grown at 37°C shaking 

continuously with a lid on in a BioTek Synergy HT Plate Reader. OD600 and 

luminescence (Bottom read gain:135) were read every 30min for 24 hours. Relative 

Light Units (RLU) were calculated by dividing the Luminescent output of a given well by 

OD600. 

3.4.8 RT-qPCR of capV and dncV expression 

Three colonies each of WT and ΔhapR were grown overnight in LB/Sm. Cultures 

were then back diluted to OD 1.8-2.2 and RNA was extracted using Zymo Directzol RNA 

kit. 40µL aliquots of the RNA were treated with 2µL TurboDNase for 1.5hrs and 

incubated at 37°C before another 2µL DNase was added for another 1.5 incubation. 

RNA was cleaned using a Qiagen RNeasy kit and concentration measured. cDNA was 

generated using Superscript III reverse transcriptase kit (Invitrogen) with a no RT added 

for each sample. qPCR was carried out using SYBR Select Master Mix according to 

instructions using primers in Table 3.1.  

For assays with added autoinducers, three colonies each of Vc cqsA- luxS- and 

Vc cqsA- luxS- hapR- were grown overnight in LB/Sm. Each culture was diluted 1:500 

into both LB/Sm and LB/Sm with 5µM each of CAI-1 and AI-2. Cultures were incubated 

for 2hrs at 30°C until an OD600 of approximately 0.4-0.5. Cells were spun down (volume 

normalized based on OD600 to have equal numbers of cells), then lysed in Trizol reagent. 

RNA was isolated using the Direct-zol RNA miniprep kit (Zymo), then DNase-treated, 

and cDNA was made using the SuperScript III reverse transcriptase kit (Invitrogen) (a no 
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RT control was included for each sample). qPCR was performed using the SYBR Select 

Master Mix (Applied Biosystems), with 100ng of cDNA per reaction, using 250nM of 

each primer for capV, dncV, and rpoB (Table 3.1). The qPCR also included no RT 

samples with rpoB primers and no template controls for all primer sets. Fold change 

between cultures without AIs and cultures with AIs was calculated using rpoB for 

normalization. 

Table 3.1 – Primer List for assays 

Method Primer Name Sequence 

qPCR/cDNA PCR capV F WNTP0787 ggaatgggtgagaggttagttc 

qPCR/cDNA PCR capV R WNTP0788 gcatcatgtgtcgcaaactc 

qPCR dncV F WNTP0789 ggtgatcggaagtggatcaata 

qPCR dncV R WNTP0790 gcatctctccacgctttcata 

qPCR rpoB F WNTP0277 gctcaatcggtcgtgaagat 

qPCR rpoB R WNTP0278 atcgtccacttcgcctttac 

Gel Shift capV R WNTP1179 /56-FAM/cggacttggtttttaaggtg 

Gel Shift fragA F WNTP0448 gtcgtaagtcgtggtaaatctatt 

Gel Shift/cDNA PCR fragB F WNTP1181 ctggttcggctttatcaca 

Gel Shift fragC F WNTP1180 gtagtgtctttctgtggagg 

Gel Shift frag D WNTP1182 ccagaagttcaaaactaaggc 

cDNA PCR capV-utr R WNTP0989 caccaccgccattcaaac 

cDNA PCR capV-dncV F WNTP1178 ctcgttgttcgctgtcaga 

cDNA PCR capV F WNTP1129 tttgcagatgggggattggttg 

 

3.4.9 RT-PCR for co-transcription 

Overnight cultures were back diluted to an equivalent OD600 of 2.0. RNA was 

extracted using a Zymo DirctZol RNA kit in the same method as described for qPCR 

above. cDNA was generated using Superscript III with nRT controls. gDNA was 

generated from each strain using a Wizard Genomic DNA purification kit (Promega). 

PCR was carried out using Phusion DNA polymerase (Thermofisher) and visualized on a 

1.0% agarose gel using SYBR safe (Thermofisher). PCR was carried out with the 

primers listed in Table 3.1. 
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3.4.10 HapR gel shift assay 

PCR fragments for gel shift were generated using Taq Polymerase (Syd Labs) 

and the primers listed in Table 3.1. Purified HapR was a generous gift from Julia van 

Kessel at the University of Indiana. HapR was incubated for 30min with DNA fragments 

and poly (dI-dT) at 37°C for 20min. Samples were loaded on 5% native SDS page gels 

were run in a cold room to prevent sample degradation. Gels were visualized Fujifilm 

Starion FLA-9000 image scanner with on the cy3 channel, then Coomassie stained and 

imaged on an EPSON Perfection V800 Dual Lens scanner.  

3.4.11 Purification of CapV and VieA 

Purification of CapV similar to the methods described in [94]. E. coli BL21 

carrying pET28b-capV-His6 was grown in LB/Kan shaking at 37°C to an OD600 of 0.5. 

Expression was then induced with 1mM IPTG for 4hrs at 37°C shaking. Cultures were 

pelleted and resuspended in binding buffer [50 mM Sodium Phosphate, 399mM NaCl, 

20mM imidazole, 5%(v/v) glycerol] with added DNase I and protease inhibitor then lysed 

with a fluidizer. Lysate spun down and supernatant was filtered with a 0.45µM syringe 

filter (Millipore) then applied to a His-Trap HP column (GE Healthcare) equilibrated with 

binding buffer. Columns were washed with binding buffer before CapV-His6 was eluted 

using washes with binding buffer containing increasing amounts of imidazole. Fractions 

were collected and run on SDS-page gels to determine those where CapV was most 

cleanly eluted. CapV fractions were stored at -80°C. VieA-His6 was purified as described 

in [238] and generously given by the Andrew Camilli at Tufts University.  

3.4.12 Transposon Library generation and Sequencing 

A mTn10 transposon library was created in C6706 V. cholerae using the 

pDL1098 vector as previously described [239]. The plasmid pEVS143::capV-dncV was 

then mated into this library and colonies were selected on LB/SM/Kan/Spec to select for 
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both the plasmid and transposon in the recipients. This library of recipients was then 

used to select for suppressors of CapV-DncV toxicity. The library was diluted and plated 

on LB/Kan/Spec supplemented with 100µM IPTG at 37°C overnight. Large colonies 

were then picked and grown overnight in LB/Kan/Spec. To confirm suppression was not 

due to loss of toxicity on the plasmid, cultures were miniprepped and the plasmid was 

electroporated into E. coli S17 where toxicity was assessed. Genomic DNA was 

prepared from cultures whose plasmids were still shown to be toxic in E. coli. Arbitrarily 

primed PCR was carried out on the isolated DNA as previously described [240]. PCR 

fragments were sent for Sanger sequencing and resultant sequences were mapped by 

Blasted against V. cholerae N16961 to find their location in the genome.  

3.4.13 CapV-DncV Toxicity assays 

In both E. coli and V. cholerae strains containing pEVS143::capV-dncV or 

pEVS143::EV were grown overnight at 37°C rolling in LB/Kan. Cultures were serially 

diluted and 5µL spots of 10-fold dilutions were plated on LB/Kan with and without 100µM 

IPTG. Plates were incubated overnight at 37°C and then imaged on a Syngene G:Box 

Chemi XT4. For assays where suppression by another gene was being examined, 

contained pMMB67eh with the indicated insert was mated in. In assays with pMMB67eh, 

media was supplemented with Ampicillin at all steps. Relative toxicity was assessed by 

comparing WT cells containing pEVS143::capV-dncV to suppressor strains. 

3.4.14 VieA Thermal Shift Assay (Differential Scanning Fluorimetry) 

Assays were carried out based on protocols established [230,241]. Cyclic-di-

GMP (Invitrogen) or cyclic-GMP-AMP (Sigma-Aldrich) were dissolved in water and 

diluted to the indicated concentration and incubated with Sypro Orange in a buffer 

containing 75mM Tris HCl (pH 7.5), 250mM NaCl, 25mM KCl, 50mM CaCl2, and 10% 

glycerol (v/v) and purified VieA-His6. Samples were heated from 20°C to 90°C at a ramp 
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rate of 1°C min-1. Changes in SYPRO orange fluoresce were monitored and graphed 

into curves using a BioRad CFX Connect Real-Time PCR instrument. Melting 

Temperature (Tm) was determined by the first derivative values (-dF/dt) calculated from 

the raw fluorescence data.  

3.4.15 Serine Hydrolase Assays 

Serine Hydrolase assays performed as previously described [94]. Assay Buffer 

(50mM Sodium Phosphate, 300mM NaCl, 10% (v/v) glycerol) containing 1.6µM CapV-

His6 were mixed with cGAMP (Sigma-Aldrich) or cGAMP that had been incubated for 

20minutes at room temperature with purified VieA-His6. 1µM Fluorophosphonate-

rhodamine probe (FP-Rh) was added before incubating for 1hr. SDS loading dye was 

used to quench the reaction before applying to a 12% SDS/PAGE gel. Fluorescence on 

the gels was visualized Fujifilm Starion FLA-9000 image scanner with 532 nm excitation 

and BPG1 (570DF20) emission filter, then Coomassie stained and imaged on an 

EPSON Perfection V800 Dual Lens scanner.  

3.4.16 Ethics Statement 

All animal experiments were performed at and in accordance with the rules of the 

Tufts Comparative Medicine Services. All animal experiments were performed following 

the guidelines of the American Veterinary Medical Association (AVMA) as well as the 

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All 

procedures were performed with approval of the Tufts University Institutional Animal 

Care and Use Committee (IACUC, Protocol# B2018-99). Euthanasia was performed in 

accordance with guidelines provided by the AVMA and was approved by the Tufts 

University IACUC. 2.2.13. 
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Table 3.2 – Bacterial Strains Used in this Study 

Strain # Background Description Source 

WLN0001 V. cholerae WT [13] 

WLN1554 V. cholerae ΔlacZ [191] 

WLN5879 V. cholerae luxO::G333S This Study 

WLN4952 V. cholerae pEVS143::dncV kanR [94] 

WLN5060 V. cholerae ΔdncV pEVS143::dncV kanR [94] 

WLN5042 V. cholerae ΔdncV [94] 

WLN5105 V. cholerae ΔcapV [94] 

WLN7102 V. cholerae ΔvieA This Study 

WLN7103 V. cholerae ΔdncV ΔvieA This Study 

WLN6125 E. coli S17 pBBRlux::vspR-capV cmR This Study 

WLN6124 E. coli S17 pBBRlux::partial cmR This Study 

WLN6127 V. cholerae pBBRlux::vspR-capV cmR This Study 

WLN6126 V. cholerae pBBRlux::partial cmR This Study 

WLN6129 V. cholerae ΔluxO pBBRlux::vspR-capV cmR This Study 

WLN6130 V. cholerae ΔhapR pBBRlux::vspR-capV cmR This Study 

WLN7104 V. cholerae ΔluxO pBBRlux::partial cmR This Study 

WLN7105 V. cholerae ΔhapR pBBRlux::partial cmR This Study 

WLN0222 V. cholerae ΔhapR [242] 

WLN0870 V. cholerae ΔcqsA ΔluxS ΔvpsL [193] 

WLN0871 V. cholerae ΔcqsA ΔluxS ΔvpsL ΔhapR [241] 

WLN5133 E. coli S17 pEVS143::capV-dncV kanR [94] 

WLN5135 V. cholerae pEVS143::capV-dncV kanR [94] 

WLN7107 E. coli S17 pMMB67eh::vieA ampR This Study 

WLN7108 V. cholerae 
pEVS143::EV pMMB67eh::vieA kanR 
ampR This Study 

WLN7109 V. cholerae 
pEVS143::capV-dncV pMMB67eh::vieA 
kanR ampR This Study 

WLN7110 V. cholerae 
pEVS143::capV-dncV pMMB67eh::EV 
kanR ampR This Study 

WLN7111 V. cholerae pEVS143::EV pMMB67eh::EV kanR ampR This Study 

WLN0479 E. coli S17 pEVS143::EV ampR This Study 

WLN3395 E. coli MFD pDL1098-mTn10::spec cmR specR [239] 
 

3.5 Chapter Contributions 

Miriam Ramliden performed the experiments in Fig 3.7A,C, and D. I then analyzed the 

data. I performed all other experiments and analysis.  
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4.1 Discovery of VSP-I and VSP-II anti-phage clusters and their cognate phage 

In Chapter 2 of this work, I isolated circulating vibriophages from a cholera 

patient stool sample and utilized these phages to discover anti-phage systems encoded 

on the highly conserved VSP-I and VSP-II in V. cholerae. Specifically I showed that 

AvcD and DdmC inhibit the replication of phage ICP3, thereby reducing their ability to 

produce viral particles. Although these genes were simultaneously identified by others, 

my unique approach has yielded novel insight into their mechanisms of action as well as 

their regulation.  

Utilizing patient stool samples and basic plaque assays I was able to isolate the 

VSP sensitive ICP3_2016_M1 (M1Φ) and VSP insensitive ICP3_2016_M2 (M2Φ). 

Sequence analysis shows these differ by a mere 2 SNPs. These two minor changes 

appear to determine VSP susceptibility, and both occur in the phage’s DNA polymerase 

exonuclease domain. Only one of these two SNPs results in an amino acid change 

resulting in M1Φ possessing a leucine at this position and M2Φ an isoleucine. Among 

T7-like phage this position is commonly a leucine next to the highly conserved non-

catalytic aspartate [189]. While it is assumed that the amino acid change is what results 

in the altered targeting, these mutations could very well alter the translation efficiency of 

the enzyme or serve as a sequence specific target for modification. I do not observe 

other ICP3, or T7 like polymerase variants encoding an isoleucine equivalent to M2Φ, 

which suggests a fitness cost to alteration in this highly conserved region.  

Future experiments should be performed to assess the impact of this polymerase 

mutation on phage DNA replication and burst. However, the timing of lysis in both M1Φ 

and M2Φ appeared identical in all tested conditions suggesting no obvious difference in 

infection kinetics. To further characterize the differences between these phage 

polymerases, future studies should evaluate whether M1Φ  can be rescued from the 
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VSP defenses by the M2Φ DNA polymerase. This could be done by ectopically 

expressing one phage’s polymerase and infecting with the reciprocal phage. The results 

from this experiment would say whether these mutations are dominant negative or not 

and if the simple presence of M1Φ polymerase allows for VSP targeting. 

Remarkably, the M1Φ demonstrating differential plaquing with VSPs was found 

after screening only four stool samples. Only two of these samples contained any 

detectable phage, so half of the phage containing samples contained a susceptible 

phage. However, such a small sample size makes it impossible to extrapolate the 

prevalence of such phage. While it is easy to assume discovery of a susceptible phage 

in so few samples indicates widespread distribution of such phage, it remains possible I 

may have simply gotten a lucky poke from a needle in a haystack. Broadening the 

screen to more stool samples would not only allow for more accurate characterization of 

the prevalence of VSP susceptible phages, but it may lead to the discovery other novel 

phage variants or alternate VSP defense systems. 

Concurrent with the work in Chapter 2, three independent studies identified 

[96,109,183] the same gene clusters on VSP-I and VSP-II as potential anti-phage 

systems. Two of these studies demonstrated anti-phage activity against coliphage after 

ectopic expression but neither have been able to demonstrate phage defense in V. 

cholerae. Through our isolation of VSP sensitive phage we have been able to provide 

further insight into the function of these systems in their native context.  

Expression of AvcD appeared to result in severe toxicity to the cell, a phenotype 

which we did not observe in our system. I predict this is due to difference in background 

strains used in these studies, but this may suggest regulation of AvcID varies greatly 

depending on strain. What is clear is that this toxin-antitoxin system functions as a 

functional cytidine deaminase to modify nucleotide pols in the cell. While it has been 
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proposed that nucleotide pool depletion would lead to an increase in misincorporations 

in an “error catastrophe”, I observed no differences in nucleotide incorporation or 

mutations after sequencing M1Φ that had been passaged on V. cholerae with or without 

avcD (data not shown). This result combined with the discovery of M2Φ exonuclease 

resistance mutation leads me to suspect that the nucleotide pool imbalance may instead 

be leading to deleterious stalling of the M1Φ polymerase. 

The independent discovery of the DdmCBA system displays the true power of my 

approach. Work from the Blokesch lab showed that this system was a major factor in 

overall plasmid stability in V. cholerae. Their study also implicated this system with a 

decrease in the conjugation efficiency when this system was present. Combined this has 

major implications on genetic mobility and horizontal gene transfer in V. cholerae. Using 

E. coli the Blokesch lab showed that this system leads to an abortive infection that 

protects populations against phage. By studying this system in V. cholerae against a 

relevant phage, we were able to show that abortive infection does not appear to be the 

primary mechanism of defense. This is because populations are protected even when 

infected at a high MOI, whereas abortive infection systems at a high MOI led to death of 

the full population. This discrepancy in defense aligns better with the predicted functions 

of the DdmCBA system. If this were a true abortive infection system targeting plasmids, I 

would expect to observe significant losses in the bacterial population along with the loss 

of plasmids. Based on homology we would expect the SMC-like DdmC to be guiding the 

nuclease DdmA to foreign DNA with the assistance of DdmB. Based on the discovery of 

DdmCBA resistant M2Φ’s polymerase mutation, I suspect that it is replication 

intermediates such as ssDNA that are being targeted by this proposed complex. 

DdmCBA does not seem to defend against all plasmids or all phage, and more work 

therefore needs to be done to understand the commonalities between the replicons of its 
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targets. Now that it has been identified, a purified DdmCBA system could be studied with 

various replication machinery and DNA fragments in vitro to attempt to narrow down the 

specific targets.   

 It is interesting to consider that there may be additional synergy between the 

systems on VSP-I and VSP-II. While they do not share a common mechanism of 

defense, they both inhibit at the step of replication and the same mutation on M2Φ is 

sufficient for the phage to avoid both systems. I expect AvcD alters polymerase 

processivity, possibly leading to brief stalls or slowdowns in replication. These slowdown 

events could increase the amount of time when the targets for the DdmCBA are exposed 

and thereby allowing efficient degradation of the phage genome. On the other hand, it is 

possible that it is possible that the nuclease activity of the DdmCBA system can be 

repaired by the phage. This repair process may be further inhibited by the altered 

nucleotide state of the cell from AvcD. Therefore, even though there is no direct 

evidence of synergistic activation of these systems, their mechanisms of action may be 

complimentary. 

Through the work in this chapter I have shown that the use of basic phage 

techniques can be utilized to gain deeper understanding of functional phage defense 

systems and their cognate phage. While bioinformatic approaches are useful for 

identifying potential new systems, this study demonstrates that there is an abundance of 

phages in the environment that can be harnessed to more accurately characterize these 

defense systems. Using these isolates we can now go on to test direct interactions of a 

phage and its host. By expanding this search for anti-phage genes to other MGEs we 

can both expand our understanding of their utility and perhaps discover mechanisms of 

defense that can be utilized to fuel future innovation.  
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4.2 The c-di-GMP phosphodiesterase VieA binds and degrades cGAMP in V. 

cholerae 

The second messenger c-di-GMP is critical for the regulation of many pathways 

in V. cholerae. It is of such importance that over 50 enzymes are produced that regulate 

its levels. These consist of EAL and HD-GYP phosphodiesterases which break down 

cdG, and GGDEF diguanylate cyclases which make cdG. It has previously been shown 

that a subclass of GGDEF enzymes, the HYPR-GGDEF can also make the cyclic di-

nucleotide cGAMP in addition to cdG [221]. Similarly some HD-GYP containing enzymes 

have been shown to degrade cGAMP [218]. In this thesis I show that the previously 

described cdG phosphodiesterase VieA is the first EAL domain protein that binds and 

degrades cGAMP. This suggests a greater level of crosstalk between the cdG and 

cGAMP second messenger systems than previously predicted. While our studies focus 

on the actions of cdG associated enzymes on cGAMP, it remains a distinct possibility 

that the cellular level of cGAMP may influence cdG regulation. Such crosstalk could 

explain the proposed role of cGAMP in biofilms [216], a phenotype that is well 

established to be regulated by cdG.  

 Through this study I showed that previously described cGAMP phenotypes may 

not be replicable, apart from CapV-DncV mediated toxicity. I utilized this toxicity within a 

transposon insertion library to identify potential regulators of cGAMP in V. cholerae. 

Isolating only a snapshot of potential suppressors, I was able to identify disparate 

insertions that abrogated toxicity but focused attention on the EAL containing VieA gene. 

This is both because of its proposed function in degrading the cGAMP related cdG, as 

well as the multiple unique insertions near VieA. The mTn10 utilized encoded an 

outward facing promoter so it is assumed suppressor was due to elevated expression of 

VieA, which was confirmed via ectopic expression on a plasmid which reduced CapV-
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DncV mediated toxicity. Interesting as the results may be, the small scale and biased 

approach to picking suppressors likely limited the scope of this study. While we have 

identified a new candidate for the regulation of cGAMP in VieA, we did not hit the 

previously identified cGAMP degrading phosphodiesterases (VcGAPs) in our limited 

screen [218]. To determine the contribution of other genes to cGAMP regulation, a 

proper Tn-Seq should be performed comparing induced and uninduced CapV-DncV 

populations. Without sequencing the initial transposon insertion library, we cannot know 

its complexity and can make no inferences into jackpot or bottleneck events that may 

have occurred. Sequencing our output would allow us to see if our few selected colonies 

are representative of the presumably larger pool of suppressors that could arise. In the 

end, a Tn-seq experiment would not only be less costly and time consuming than the 

approach used here but would serve to expand the scope of the study.  

Nonetheless, using biochemical approaches I was able to show that VieA is in 

fact able to bind and, albeit using an indirect assay degrade cGAMP. This novel finding 

suggests that there may be interplay between the regulation of cGAMP and cdG in the 

cell. Even if the affinity to cGAMP is lower than cdG, the abundance of EAL and HD-

GYP proteins would dictate that they play a role in the regulation of this predicted phage 

defense signal. These phosphodiesterases are found throughout bacteria and are 

activated by diverse environmental signals. This suggests systems by which cGAMP 

phage defense signaling can be integrated into existing host regulatory networks adding 

a level intricacy not previously predicted. 

 

4.3 Quorum sensing controls expression of the Vibrio Seventh Pandemic Islands  

 Connecting all chapters of this thesis is the regulation of phage defense by  
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quorum sensing. This was an unexpected finding in all cases but has allowed my anti-

phage branch of the lab to be better contextualized. It demonstrates the critical 

importance of layered regulation on phage defense. The nature of current phage 

research has led to many systems being studied outside of their native genetic context 

and consequently led to the erroneous belief that these clusters operate independently 

from host regulatory factors. My work in this provides examples of anti-phage clusters on 

MGEs that are highly controlled by bacterium in which they reside in. This demonstrates 

the importance of studying these interactions in their native hosts and adds to our 

understanding of when these defenses are active.  

 It is postulated that the lowered GC content of genomic islands such as the VSPs 

make them targets for cellular regulators [99]. As we have consistently found multiple 

layers of transcriptional regulation on VSP genes, this appears true for genes on the 

VSPs. Specifically, quorum sensing appears to strongly regulate all VSP defense genes. 

Utilizing reporter assays we were able to show that both CapV-DncV on VSP-I and 

DdmCBA on VSP-II were regulated by quorum sensing. In both cases, their expression 

is activated at high cell density. I was able to show this clearly for CapV-DncV where we 

demonstrated HapR dependent differences in transcript and direct binding of HapR 

upstream of capV. Interestingly, for DdmCBA, we see HapR independent quorum 

regulation where it appears that transcription is repressed at low cell density. In data not 

included, I have shown that expression of AphA in E. coli represses signal from a 

pBBRlux::ddmA reporter. This strongly implies that AphA is binding to the upstream 

regulatory region of ddmA to repress expression. While it has been previously shown 

that AphA can act as a repressor, this would be outside of its more traditional role as a 

transcriptional activator. In either case, the direct binding of AphA between ddmA and 

vc0493 has yet to be shown. I did not directly investigate the regulation of avcD. 
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However, our lysis data suggests that it is also under the regulation of quorum sensing. 

In assays when both DdmCBA and AvcD present, a lack of protection against the M1 

phage suggests these systems are not “armed” in a quorum sensing mutant (Fig. 2.10). 

These systems appear to be redundant and in other experiments where I have 

demonstrated that either system can efficiently defend against M1Φ. Therefore, if either 

system was active, we would expect to see protection. Thus, I conclude that avcD is also 

controlled by quorum sensing. Specifically, these systems all appear active at high cell 

density. Many phage systems, including AvcID exhibit negative effects on the host when 

expressed. While we have observed no clear growth defects in laboratory conditions, it 

remains possible that continuous expression of these systems is detrimental to the 

bacterium. By limiting expression and “arming” these systems only when they are 

needed, it is possible that the overall fitness of the population is improved. Other groups 

have noted that continued expression of AvcD leads to filamentation of the cell [96].  

While we do not observe growth inhibition when either system is expressed it would be 

interesting to see if cells with dysregulated or ectopically expressed DdmCBA or AvcD 

are outcompeted by those under native controls. Quorum regulation ensures that 

DdmCBA, AvcID, and CapV-DncV are armed at high cell density when a lytic phage 

could most rapidly sweep through a population. Outside of the host and when cell 

density is low, V. cholerae can have some protection from ICP1 and ICP3 phages by 

phase variation of their O1-antigen receptor. However, the O1-antigen is required for 

efficient colonization. Therefore, by activating phage defenses during a time when the 

hosts are more vulnerable to phage infection, the bacteria can more efficiently protect 

the population.  

Separate from regulation by quorum sensing, it is notable that all three VSP anti-

phage systems discussed here encode a predicted transcriptional regulator nearby that 
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appears to be part of the same functional unit. In the case of avcD this is VC0176, for 

capV-dncV this is VspR , and it is VC0493 for ddmCBA. I have shown that quorum 

sensing plays a role in regulation of these systems, but it is unclear how or if these 

regulators are functioning to control phage defense. Previous studies suggest that VspR 

may have a regulatory role with capV-dncV but data from our lab has not been able to 

corroborate those results. Still, if VspR is acting as a repressor of capV-dncV, it would 

connect expression of these genes to virulence through ToxT/TarB. This would fit a 

model whereby H-NS and VspR inhibit expression of this operon throughout most of the 

V. cholerae lifecycle. However, during infection as virulence genes are expressed, we 

would expect to see a TarB mediated decrease in VspR at the same time as H-NS 

displacement by ToxR. Assuming HapR is acting as an activator, this would mean that 

this system would be highly expressed as cell density rose. This could be clarified in the 

future by either transcriptional analysis during mouse infections, or through growth in 

virulence inducing media such as AKI.  

Overall, the work in this thesis demonstrates the importance of studying phage 

biology in the native host environment. This led me to discover novel anti-phage systems 

within V. cholerae, isolate novel phage variants from clinical samples, identify key 

regulators, and gain mechanistic insight into how systems function. This work has 

provided evidence that MGEs are highly integrated into host regulatory networks. 

Moreover, we show a novel growth phase dependent regulation of multiple anti-phage 

genes. Taken as a whole the work of this thesis reiterates that the field of phage biology 

must look back to fundamentals while moving forward with innovative new techniques.  
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