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Summary

Vibrio cholerae is the causative agent of the diarrheal disease cholera. Although many V. cholerae 
virulence factors have been studied, the role of interbacterial interactions within the host gut and 

their influence on colonization are poorly understood. Here, we utilized the conjugative properties 

of a Vibrio-specific plasmid to serve as a quantifiable genetic marker for direct contact among V. 
cholerae cells in the infant rabbit model for cholera. In conjunction, we also quantified contact-

dependent type 6 secretion system (T6SS)-mediated killing of co-infecting V. cholerae strains. 

Tracking these interbacterial interactions revealed that most contact-dependent cell-cell 

interactions among V. cholerae occur in specific intestinal microenvironments, notably the distal 

small intestine and cecum, and that the T6SS confers a competitive advantage within the middle 

small intestine. These results support a model for V. cholerae gut colonization that includes 

microenvironments where critical microbial-host and bacterial-bacterial interactions occur to 

facilitate colonization by this pathogen.

eTOC blurb

To examine V. cholerae bacterial population structure within the host intestine, Fu et al. use DNA 

conjugation as a genetic reporter for bacterial cell-cell contacts along with measurements of 

antagonistic T6SS-mediated interactions. These observations reveal that contact-dependent cell-

cell interactions and the T6SS play specific roles in distinct intestinal microenvironments.
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Introduction

The bacterium V. cholerae is the causative agent of cholera, a severe diarrheal disease that 

continues to be a significant cause of death in developing countries (Chin et al., 2011; Harris 

et al., 2012). Our current understanding of the V. cholerae infection process comes from 

studies of infection in neonatal rabbits (Ritchie et al., 2010) and mice (Gardel and 

Mekalanos, 1996) as well as human volunteers (Herrington et al., 1988; Lombardo et al., 

2007). Transposon mutagenesis and deep sequencing analysis have identified genes for 

several colonization factors and their regulators (Fu et al., 2013; Kamp et al., 2013; Peterson 

and Mekalanos, 1988).

However, V. cholerae population dynamics within animal and human hosts has remained 

largely unexplored. Early work showed that the distribution of viable cells within the mouse 

intestine is variable and influenced by TCP and lipopolysaccharide O antigen (Angelichio et 

al., 1999). Attempts have also been made to visualize fluorescently-labeled bacteria during 

animal infections (Millet et al., 2014). However, these studies only provide a small snapshot 

of bacterial localization and are blind to changes in or movement of the bacterial population 

within the host over time.

Sequence Tag-based Analysis of Microbial Populations (STAMP) technology (Abel et al., 

2015) opened the door to studying in vivo bacterial populations by allowing investigators to 

infer changes in population localization without direct visualization of the bacteria. 

However, STAMP cannot provide insights on bacterial cell-cell interactions taking place 

within the expanding infection, e.g. indirect interactions through host stimulation (Buffie 

and Pamer, 2013), cell-cell signaling through processes like quorum sensing (Papenfort and 

Bassler, 2016), or contact-dependent antagonism like the Type 6 Secretion System (T6SS) 

(Pukatzki et al., 2006).

T6SS is a dynamic nanomachine (Basler et al., 2012) that can suppress the growth or kill 

sensitive bacterial cells by contact dependent transfer of toxic effector proteins (MacIntyre et 
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al., 2010; Russell et al., 2011). While T6SS plays a role in disease by some non-O1/non-

O139 V. cholerae strains (Ma et al., 2009), it appears to be dispensable for intestinal 

colonization by the 7th pandemic El Tor V. cholerae strain in the neonatal rabbit model of 

cholera (Fu et al., 2013). T6SS is nevertheless actively expressed and fully functional in the 

host intestine (Fu et al., 2013). Additionally, because T6SS is involved in antagonistic 

interactions with the intestinal microbiota of mice (Anderson et al., 2017; Sana et al., 2016), 

we wondered whether the T6SS might play a role in population dynamics by influencing the 

V. cholerae colonization process.

A complication of studying T6SS-mediated bacterial interactions is that they typically result 

in elimination of a subset of the population being investigated (Basler et al., 2013; Ho et al., 

2013). Inherently lethal events can become challenging to address during infection because 

of confounding variables such as host-dependent killing through innate immune processes or 

in vivo growth rate variation.

To address these challenges, we developed a genetic assay to evaluate bacterial contact that 

takes advantage of the conjugative properties of a Vibrio-specific plasmid, P-factor (Datta et 

al., 1973), to serve as an indicator for V. cholerae populations that have come into direct 

contact with each other during the infection process. This analysis revealed that there are 

different microenvironments in the intestine where cell-cell bacterial interactions occur. The 

T6SS confers a competitive advantage for V. cholerae in some of these sites by either 

targeting the host or resident microbiota. We also we show that horizontal gene transfer 

(HGT) mediated by DNA conjugation is substantially more efficient in vivo than bacteria 

occupying an equivalent surface area in vitro, suggesting that the host environment may 

promote HGT among infectious V. cholerae populations.

Results

Temporal and anatomical stratification of T6SS-dependent colonization defects

The T6SS of V. cholerae C6706 is active in vivo in an 18–20 hour neonatal rabbit infection 

model (Fu et al., 2013). We previously reported a competitive advantage for V. cholerae 
carrying a fully functional T6SS over isogenic strains lacking immunity to V. cholerae T6SS 

effectors (Fu et al., 2013). To understand how the T6SS confers this competitive advantage, 

we investigated different anatomical locations within the small intestine at different stages of 

the infection. Consistent with previous studies (Abel et al., 2015), we observed that V. 
cholerae undergoes three basic stages of infection (Figure 1A). At the early stage (3 hr post-

infection), V. cholerae was evenly distributed throughout the small intestine and cecum with 

approximately 106 CFU per cm of tissue. During the middle stage (6–12 hr post-infection), a 

‘bottlenecking’ event occurred in the PSI and MSI as bacterial loads dropped to 105 CFU 

per cm of tissue. By the late stage (18 hr post-infection), the population in the PSI and MSI 

expanded to reach 109 CFU per cm of tissue throughout the small intestine.

We determined the competitive advantage for having a T6SS, focusing on the 3-, 6-, and 18-

hr time points (Figure 1B). At 3 hr post-infection, we observed a 5-fold competitive 

advantage in the DSI for the T6SS+ strain (C6706 lacZ) compared to an isogenic T6SS− 

mutant (C6706 vipA tsiV3). This competitive advantage increased to 100-fold by 18 hr post-
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infection. In contrast, no competitive advantage was observed in the MSI at 3 hours and only 

2-fold advantage emerged after 6 hours, followed by a 20-fold advantage at 18 hours. 

Together, these data suggest that at the early stage of infection, although bacteria are present 

throughout the intestine, T6SS-mediated interbacterial killing is limited to the DSI, implying 

that bacterial cells undergo direct contact with each other primarily in the DSI.

DNA conjugation as a measure of bacterial cell-to-cell contact during infection

It is difficult to infer from the above data whether the competitive advantage for T6SS+ V. 
cholerae is due to inter-Vibrio T6SS killing or some secondary interaction with the host or 

other commensal bacteria. To distinguish between these possibilities, we needed to assay for 

bacterial contact without affecting the viability of the population being measured. Type 4 

secretion system (T4SS)-mediated bacterial conjugation is another contact-dependent 

process that involves direct DNA transfer of genetic material between contacting bacterial 

cells (Christie and Cascales, 2005). As such, acquisition of a conjugative element by a 

recipient cell implies direct contact with a conjugative donor cell. We used J13, a variant of 

the Vibrio-specific conjugative plasmid P-factor carrying a Tn1 transposon insertion 

conferring resistance to carbenicillin, to measure the relative rates of cell-cell contact during 

V. cholerae infection. This plasmid is fully de-repressed for conjugation between V. cholerae 
cells (Johnson and Romig, 1979).

We used differentially marked (lacZ+/−) but otherwise isogenic strains of V. cholerae C6706 

and transferred J13 into the LacZ− strain. We then infected infant rabbits with a 1:1 mixture 

of these strains and recovered CFU from the rabbits after 3 to 18 hours, plating on separate 

differential media with streptomycin to select for V. cholerae, X-gal to differentiate between 

the LacZ+ and LacZ− strains, and carbenicilin to select for transconjugates carrying J13 

(Figure S1A). Conjugation efficiency was determined by dividing the CFU of recovered 

transconjugants (Figure S1B) by the total CFU of recipient cells. Carriage of J13 did not 

cause a significant colonization defect (Figure S1C). We confirmed that transconjugants 

were not the result of lysis and subsequent transformation events (Veening and Blokesch, 

2017) by observing no transfer events when J13 was replaced with a high-copy number 

plasmid lacking conjugative properties (Figure S1D). Since overall levels of colonization 

were low at early times (Figure 1A), we also measured the minimal threshold of 

colonization at which conjugation could be detected. We determined that at least 105 

CFU/cm of tissue needed to be isolated in the final population to consistently detect 

transconjugants in intestinal extracts (Figure S1E). Animals with fewer than 105 CFU/cm of 

tissue were considered to be not colonized and were excluded from evaluation.

We next sought to correlate bacterial conjugation with the cell-to-cell contacts required for 

T6SS killing by observing these events at the same time. We used a T6SS+ strain (C6706 

lacZ) as the conjugative donor and a strain that was sensitive to T6SS killing (C6706 vipA 
tsiV3) as the recipient. We then co-infected with these two strains and measured the final 

CFU of each, as well as the number of transconjugants in extracts derived from infected 

animals. When the recipient was sensitive to T6SS (Figure 2A), we almost never observed 

transconjugants in the animal extracts (Figure 2B). In each case we confirmed that there 

were at least 105 CFU/cm of tissue (Figure 2C), indicating that the lack of observed 

Fu et al. Page 4

Cell Host Microbe. Author manuscript; available in PMC 2019 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



conjugation was not due to insufficient bacterial load. These data suggest that recipient cells 

were killed either before they could acquire the conjugative plasmid or shortly after they 

acquired the plasmid. The timeframe analyzed is concordant with the amount of time 

required for a bacterium to be killed by T6SS which occurs within minutes of cell-cell 

contact (Basler et al., 2013).

We next determined the conjugation efficiency at the same time points and anatomical 

locations previously analyzed for T6SS-dependent killing (Figure 1B). We detected 

successful conjugation events in 5% of potential recipients in the DSI and cecum after just 3 

hours post-challenge. This degree of conjugation was maintained through 12 hours but by 18 

hours, the total conjugation efficiency increased to 10% (Figure 3A). No conjugation was 

detected in the MSI at 3 hours, consistent with the lack of an observed competitive 

advantage for T6SS+ donors in the MSI at this time point. Colonization of the PSI at the 

early time points was too low to detect conjugation, but at 12 and 18 hours, the conjugation 

rate occurring in the PSI matched that observed in the MSI. Interestingly, in the PSI and 

MSI, only a small amount of conjugation was detected during the middle and late stages of 

infection (less than 1%). This result suggests that the bacteria initially colonizing these 

regions do not come into direct contact with each other, despite the fact that these 

anatomical sites are colonized with similar levels of bacteria as the DSI and cecum (Figure 

1A).

It was previously reported that at late stages of infection (12–18 hr post challenge), the low 

population diversity in the PSI from the colonization bottleneck is replaced by a population 

of cells that reflects the high diversity present in the DSI, suggesting that V. cholerae initially 

colonizing the DSI travel retrograde through the intestine to eventually colonize the PSI 

(Abel et al., 2015). We observed that only ~1% or less of the potential recipient cells 

recovered from the PSI and MSI carry the J13 conjugative element whereas 5–10% of the 

bacteria present in the DSI acquired this element during the same timeframe (Figure 3A). If 

the population in the DSI ultimately colonizes the PSI at later time points, then at least 5% 

of the recipient cells derived from the PSI should carry the conjugative plasmid. Our data 

suggest a further stratification of the V. cholerae intestinal population such that the cells that 

are undergoing cell-to-cell contacts remain in the DSI, while cells not undergoing these 

contacts (e.g., luminal planktonic cells) are ultimately the ones responsible for the retrograde 

colonization of the PSI previously described (Abel et al., 2015).

V. cholerae T6SS plays a role in the colonization of the MSI

Our inability to detect direct cell-cell contact between V. cholerae cells in the MSI presents 

an apparent contradiction with our earlier observation that T6SS+ strain (C6706 lacZ) had a 

competitive advantage over its T6SS-sensitive isogenic tsiV3 mutant in this intestinal 

location (Figure 1B) as it is presumably impossible for T6SS-sensitive cells to be killed by a 

T6SS+ strain if they do not come into direct contact. This discrepancy can be explained by 

considering the properties of the strains we used in these assays. Because the T6SS is known 

to be expressed and active in vivo (Fu et al., 2013; Mandlik et al.), we used a T6SS-sensitive 

strain (C6706 vipA tsiV3) that was also defective in its own T6SS apparatus. Using this 

strain avoided confounding self-killing effects but also eliminated potential interactions with 
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resident commensal organisms. In other words, the competitive advantage of having a 

functional T6SS might not be due to interactions among Vibrio cells but rather due to Vibrio 
cells interacting with the host or its resident microbiota through its T6SS. To test this 

hypothesis, we repeated the competition experiment using differentially marked T6SS+ 

(C6706) and T6SS− (C6706 vipA lacZ) strains that retained full T6SS immunity to each 

other. We specifically measured the competitive index of these two strains at the late stage of 

infection to probe for any detectable selective advantage that the T6SS+ strain had 

independent of its ability to kill sensitive sister cells (Figure 3B). We found that the T6SS+ 

strain retained a 5-fold advantage for colonization of the MSI, but no advantage in the DSI 

or cecum.

We also addressed whether the primary anti-eukaryotic T6SS effector is the actin-

crosslinking domain of VgrG-1, which is responsible for T6SS-dependent cytotoxicity 

toward macrophages (Ma et al., 2009; Pukatzki et al., 2007) was involved in the enhanced 

colonization of the T6SS+ strain but found no evidence for this hypothesis (Figure S2). 

Thus, the colonization advantage displayed by T6SS+ strains may be due to antibacterial 

activity toward yet-undefined members of the resident microbiota competing with V. 
cholerae for a specific intestinal location. A recent study suggests that commensal bacteria 

antagonistic to V. cholerae exist in humans (Hsiao et al., 2014), but it is not known whether 

these organisms are targets for T6SS activity in vivo.

V. cholerae cell-cell contact occurs within a restricted colonization area during infection

TCP is an important factor for V. cholerae aggregation and intestinal attachment in vivo 

(Krebs and Taylor, 2011; Taylor et al., 1987). However, despite being unable to stably 

colonize the rabbit intestine, TCP− mutants of V. cholerae still engaged in a significant 

degree of DNA conjugation in the DSI and cecum (Figure S3). As such, we wondered 

whether there might be some other factor responsible for bringing V. cholerae cells into 

close cell-to-cell contact. One possibility is that only limited locations on the mucosal 

surface are available for colonization and that this effectively brings cells together in close 

contact. To understand the effect of cell density on conjugation rates, we measured 

conjugation rates as a function of cell density.

Assuming the intestine is a perfect cylinder, which is an underestimate of the actual 

intestinal surface area because of mucosal invaginations, and a lumen diameter of 1 mm, we 

typically collected approximately 1.2 × 105 bacteria per cm2 of intestinal surface (Figure 

4A). We spotted incrementally increasing numbers of bacteria on an equivalent surface area 

of LB agar and calculated the rate of bacterial conjugation over 3 hours (Figure 4B). We 

observed that even when 100-fold higher concentrations of bacteria are spotted on an agar 

surface, the rate of conjugation is orders of magnitude lower than that observed during in 

vivo infection. We also wondered whether this property would also hold true for other 

conjugative elements. The SXT element (Waldor et al., 1996) is an epidemiologically 

relevant integrative conjugative element conferring resistance to trimethoprim-

sulfamethoxazole and is present in the strain responsible for the recent cholera outbreak in 

Haiti, KW3 (Chin et al., 2011). We measured the conjugation rate of the SXT element using 

KW3 as the donor and C6706 as the recipient and observed an in vivo conjugation rate of ~1 
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per 105 recipients, which like J13, is orders of magnitude higher than equivalent 

measurements under in vitro conditions (Figure 4C). While it is possible that this elevated 

conjugation rate can be partially explained by up-regulation the conjugation machinery in 

vivo, that we can observe this behavior in two very different conjugative elements suggests 

that factors beyond derepression are also relevant. One possibility is that microenvironments 

in the host force close physical proximity of colonizing cells through, for example, 

adherence to epithelial cell receptors that are only displayed on cells in patches of high 

density. If true, we predicted that filling these microenvironments with one strain would 

prevent super-infection colonization by another. To test this hypothesis, we set up a 

sequential challenge model. We infected infant rabbits with a prototype live attenuated 

vaccine V. cholerae strain Peru-NT (Rui et al., 2010) lacking the genes required for toxin 

production, and followed it 6 hours later with super-infection with the wild type C6706 

strain. The toxin-defective strain was used in the primary challenge to avoid potential 

complications arising from manifestation of disease symptoms. After 18 hours, we measured 

the total CFU of each strain at different anatomical locations (Figure 4D). As expected, we 

recovered 2-logs fewer CFU of the superinfecting C6706 strain. The lack of colonization by 

the superinfecting strain was observed consistently at all anatomical locations. We interpret 

these data to mean that once V. cholerae cells have colonized the small intestine, the 

“colonization vacancies” are occupied and become unavailable for additional new V. 
cholerae cells to occupy.

We next asked if we could detect cell-cell interactions between the superinfecting C6706 

cells and initially colonizing Peru-NT cells. These cell-cell contacts would be necessary for 

other contact-dependent interactions, like T6SS-mediated killing, to occur. We measured the 

rate of conjugation between these two bacterial populations using the initial colonizer as the 

donor. In the MSI there was little detectable conjugation, suggesting that bacteria entering 

the MSI almost completely bypass the colonizing bacteria from the primary infection, while 

in the DSI and cecum about 0.1% of recipients received the plasmid, compared to the 8% 

observed during co-infection (Figure 4E). Although conjugation is detected, the per-

recipient rate is nearly 100-fold lower than if the bacteria were introduced to the animal at 

the same time. These data are consistent with the hypothesis that the primary sites of 

intestinal colonization at 6 hours are occupied and become largely inaccessible to the 

superinfecting strain. A similar conclusion was recently reached independently using a 

different live attenuated vaccine prototype (Hubbard, Billings, Dorr, Sit, Warr, Kuehl, Kim, 

Delgado, Mekalanos, Lewnard, and Waldor, submitted for publication).

Discussion

In this work, we dissected the temporal and spatial population dynamics of V. cholerae 
during infection in the neonatal rabbit model while specifically addressing the difficult 

challenge of understanding the role of bacterial cell-cell interactions that occur in vivo. By 

using T6SS-dependent killing and plasmid conjugations, we were able to gain insight into 

when and where homologous interbacterial interactions occur in the intestine. From these 

observations, we propose a detailed model for the intestinal colonization process and a 

potential role of the T6SS in that process as a virulence factor of V. cholerae.
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After passing through the stomach, V. cholerae cells enter the intestinal tract and distribute 

themselves evenly throughout the small intestine (Figure S4A). Most cells appear to be 

planktonic at this early phase, as they do not show signs of cell-cell contact. However, 

specifically in the DSI and cecum, a subset of the population engages in direct cell-to-cell 

interactions. These interactions occur in the absence of TCP, a factor required for in vivo 

aggregation and attachment. By the middle stage of infection, population restriction occurs 

in the PSI and MSI (Figure S4B). This restriction could be the result of host responses that 

actively eliminate bacteria, competition with established commensal microbiota, or simply 

niche selection where, for example, non-adherent bacteria pass through into the DSI and 

cecum. Our data show that having a functional T6SS helps V. cholerae colonize the MSI and 

PSI. We imagine that single cells that pass the restrictions of the PSI and MSI are able to 

grow into collections of isogenic daughter cells that do not interact with other V. cholerae 
cells (Figure S4C). After the population restriction in the PSI, bacteria travel retrograde from 

more distal intestinal locations to repopulate the PSI (Abel et al., 2015). These relocating 

bacteria come from a planktonic sub-population that did not engage in contacts with other V. 
cholerae cells.

Quantifying in vivo conjugation events represents a new tool to track individual members of 

a pathogenic species in a complex bacterial community. While conjugation has been used to 

tag genetically interacting members of complex microbial communities (Stecher et al., 

2012), conjugation was not used to understand the dynamics of a single pathogenic bacterial 

species in vivo. Our methodology may be applicable to understanding other systems where 

cell-cell contact may be critical but would be less useful for studying cell-cell interactions 

involving diffusable molecules (Papenfort and Bassler, 2016).

It is notable that phage transduction by the CTX phage is greatly enhanced under in vivo 

conditions (i.e., during infant mice infection) (Waldor and Mekalanos, 1996). Although the 

receptor for CTX phage is TCP and the genes for this colonization factor are known to be 

highly expressed in vivo (Angelichio et al., 1999; Lee et al., 1999; Mandlik et al., 2011), our 

data suggest that the enhanced in vivo transfer of accessory genetic elements such as CTX 

phage in vivo may have another explanation. Thus, close proximity of cells caused by 

undefined host factors may enable HGT generally to occur more efficiently in vivo than in 

the aquatic environment. Inflammation can bloom enteric bacteria that can use alternative 

electron acceptors (Winter et al., 2010), which produce measurable changes in HGT in vivo 

(Stecher et al., 2012). Thus, the host milieu during infection may provide physical, chemical, 

regulatory and nutrition factors that influence cell-cell interactions and HGT, which has 

potential epidemiological implications for the spread of antibiotic resistance and virulence 

factors.

We observed that the T6SS confers a competitive advantage for colonization specifically in 

the PSI and MSI. This advantage does not depend on the anti-eukaryotic effector VgrG1, 

suggesting that T6SS may be acting on resident commensal bacterial species. Recent work 

in our laboratory has confirmed that T6SS is indeed capable of killing commensal organisms 

in the infant mouse model for cholera and that this antibacterial activity stimulates V. 
cholerae colonization (Zhao, Caro, Robins, and Mekalanos, submitted for publication). 

Furthermore, a human commensal species has been found to antagonize V. cholerae 
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colonization in previously gnotobiotic mice (Hsiao et al., 2014), suggesting that T6SS may 

be important depending on the commensal species present in any given animal species. Our 

finding that T6SS is a colonization factor in the neonatal rabbit is a novel observation that 

was likely missed in earlier studies (Fu et al., 2013) because these did not address the spatial 

and temporal aspects of the colonization process in relation to virulence factor requirements.

Bacteria in different parts of the small intestine experience likely encounter distinct 

challenges. Our work suggests that V. cholerae may have evolved its colonization strategy to 

optimize its survival in different locations. For example, we showed that V. cholerae initially 

colonizes the PSI and MSI as single cells, which may be reflective of the need for 

chemotaxis or motility to pass though the mucosal layer and/or to access anatomical sites 

that are mechanically difficult to reach (e.g., the brush border epithelium that is protected by 

glycocalyx or the deep crevices of the intestinal crypts). As single cells, it is “every man for 

himself,” and as a result, having a functional T6SS to eliminate resident commensal bacteria 

may be helpful. On the other hand, cells colonizing the DSI and cecum form groups with 

bacteria present in the initial inoculum. As a result, in the DSI and cecum, bacteria with 

functional T6SSs might be trans-complementing the T6SS mutants, effectively masking 

their colonization defect.

In this work, we found that localized spatial restrictions on V. cholerae colonization not only 

serve to promote inter-cellular interactions but also impact V. cholerae colonization 

dynamics. Thus, a superinfecting strain does not contact a strain that was initially given the 

chance to colonize. In this regard, it is exciting to note that a newly developed, live 

attenuated V. cholerae vaccine is capable of protecting against disease within hours of its 

initial administration (Hubbard, Billings, Dorr, Sit, Warr, Kuehl, Kim, Delgado, Mekalanos, 

Lewnard, and Waldor, submitted for publication). Thus, understanding how to block the 

earliest steps in V. cholerae colonization may have potential applications in the development 

of effective cholera vaccines and probiotics.

Star Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, John Mekalanos (john_mekalanos@hms.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics statement—All infant rabbit experiments in this project were performed with the 

protocol approved by the Harvard Medical School Office for Research Protection Standing 

Committee on Animals in accordance to NIH guidelines. Harvard Medical School animal 

management program is accredited by the Association for the Assessment and Accreditation 

of Laboratory Animal Care International (AAALAC International). The institution also 

accepts as mandatory of the PHS Policy on Humane Care and Use of Laboratory Animals by 

Awardee Institutions and NIH Principles for the Utilization and Care of Vertebrate Animals 

Used in Testing, Research, and Training. The office of Laboratory Animal Welfare (OLAW) 

has the approved Assurance of Compliance (A3431-01) on file.
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Vertebrate animals—The “infant” (neonatal) rabbit model assays used in this study were 

adapted from those previously described (Ritchie et al., 2010; Shin et al., 2011). Litters of 2-

day-old New Zealand White infant rabbits were obtained from commercial breeders (Pine 

Acre Rabbitry, Norton, MA; Charles River Laboratories, Cambridge, MA) and housed 

together with the adult female for the duration of each experiment in a BL2 animal facility 

room. Following oral gavage, infected infant rabbits were monitored every 5 hours for signs 

of dehydration and loss of body weight. Animals exhibiting severe disease were immediately 

euthanized.

Bacterial Strains—The V. cholerae strains used in this study were C6706, a 1991 

Peruvian isolate, KW3, a 2010 Haitian El Tor O1 clinical isolate (Chin et al., 2011), and 

Peru-NT live attenuated vaccine strain (Rui et al., 2010). Bacteria were cultured in Luria 

Broth (LB) for liquid and on LB agar at 37 C. Plasmid J13 (Johnson and Romig, 1979) was 

conjugated from a V. cholerae MAK757 strain found in our laboratory collection into C6706 

and Peru-NT for use in this study.

METHOD DETAILS

Bacterial Strains and Growth Conditions—Strains used in this study are listed in the 

key resources table. C6706, a 1991 Peruvian isolate, and KW3, a 2010 Haitian El Tor O1 

clinical isolate (Chin et al., 2011), were the V. cholerae strains used in this study for T6SS 

killing and conjugation assays. For superinfection experiments, the initial strain was the 

Peru-NT live attenuated vaccine strain (Rui et al., 2010). Bacteria were cultured in Luria 

Broth (LB) for liquid and on LB agar at 37 C. Antibiotics were used at the following 

concentrations where necessary: streptomycin (Sm: 100 μg/ml), kanamycin (Kan: 50 μg/ml), 

carbenicillin (Carb: 75 μg/ml) and trimethoprim (Trim: 30 μg/ml). X-gal (40 μg/ml) was 

used for LacZ Blue/White screening. Plasmid J13 (Johnson and Romig, 1979) was 

conjugated from a V. cholerae MAK757 strain found in our laboratory collection into C6706 

and Peru-NT for use in this study. The DNA of the J13 plasmid was sequenced to confirm a 

Tn1 insertion conferring Carb resistance.

Bacterial Mutant Construction—V. cholerae mutants used in this study were 

constructed as previously described (Metcalf et al., 1996; Miller and Mekalanos, 1988). 

Briefly, genomic DNA surrounding the target genes was amplified by PCR and cloned into 

suicide vectors pWM91 or pDS132, then transformed into SM10 λpir, then mated with V. 
cholerae C6706 or C6706 lacZ. Double crossovers successfully deleting target genes were 

then confirmed by PCR and sequencing.

Neonatal rabbit model—V. cholerae strains were initially grown overnight on LB-agar 

plates at 37 C. A fresh colony of each strain was inoculated in LB and incubated at 300 rpm 

at 37 C for 3 hours. Cultures were adjusted to OD600 = 1.0, pelleted at 8000 rcf for 5 

minutes, re-suspended in 2.5% Sodium Bicarbonate Buffer to a final concentration of 2 × 

108 CFU/ml. For each experimental group, 2-day-old neonatal rabbits (no specific sex 

requirement) were given antacid treatment with Zantac (2 μg/g of body weight) by 

intraperitoneally injection 3 hours prior to orogastric inoculation of V. cholerae strains. At 

the experimental endpoint (3, 6, 12 or 18 hours post infection), animals were sacrificed after 
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anesthetized by inhalation of isofluorane by heart injection of 2.5 mL KCl solution. 1 cm of 

tissue from different intestinal sections (Upper Small Intestine; Middle Small Intestine; 

Distal Small Intestine; Cecum) were collected from each animal and homogenized in 1 mL 

of sterile PBS using a beat-beater (BioSpec Products, Inc.) for bacterial recovery and CFU 

colony counting. For superinfection experiments, animals were infected as described above. 

After 3 hours, a second dose of Zantac was administered, followed by secondary infection 6 

hours after the first infection.

In vivo competition assays and conjugation assays—Inoculum strains for the 

experimental infant rabbits were prepared as described above. Predator and prey strains (for 

competition assays), or donor and recipient strains (for conjugation assays) were 1:1 mixed 

together in 2.5% sodium bicarbonate buffer and inoculated into a 2-day-old New Zealand 

white rabbit kits. Kits were sacrificed, dissected, and a 1cm of each intestinal section sample 

was removed and homogenized in 1 ml of 1xPBS. Serial dilutions were plated on LB agar 

with Sm and X-gal to enumerate the output ratio of the wild type and mutant strain. The C.I. 

for each mutant is defined as the input ratio of mutant/WT strain divided by the output ratio 

of mutant/WT strain. For in vivo conjugation assays, successful conjugants (blue colonies) 

were selected by LB agar contained Sm, Carb and X-gal. Estimated recipients were counted 

by donors (white colonies) multiplied by the input ratio of recipient/donor. Conjugation 

efficiency is defined as the number of transconjugants divided by total estimated recipients. 

A minimum of six rabbits were assayed for each group.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Methods—Statistical significance was determined by student’s t test between 

indicated groups using GraphPad Prism. Data presented represent the mean with error bars 

signifying the standard error of the mean. For infection experiments, animals where less than 

105 CFU/cm tissue were collected, the animals were deemed to have failed to be colonized 

and the entire animal was excluded from all analysis. For all data sets, except where 

otherwise specified, an n of at least 5 animals with sufficient colonization were used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• DNA conjugation can be used to track bacterial cell-cell contacts during 

infection.

• Sites of in vivo cell-cell contact correspond to sites of T6SS-mediated killing.

• V. cholerae T6SS contributes to colonization of the middle small intestine.

• DNA conjugation among V. cholerae occurs more efficiently in vivo than in 

vitro.
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Figure 1. Spatial and temporal analysis of V. cholerae colonization
(A) V. cholerae population size was determined by counting colony forming units (CFU) 

present per cm of tissue in the proximal (PSI, Green), middle (MSI, Blue), distal (DSI, Red) 

small intestine, and cecum (Black) at 3, 6, 12, or 18 hr post infection. (B) In vivo 

competition experiments were performed between strains C6706 tsiV3 vipA (T6SS− and 

T6SS-sensitive) and parental strain C6706 lacZ (T6SS+). Bacteria were recovered from the 

MSI or DSI after 3, 6, and 18 hr. Control was a competition between wild type C6706 and 

C6706 lacZ in DSI after 18 hr. Each data point indicates the competitive index (C.I.) relative 

to wild type between the two strains for each experimental animal. Bars indicate mean and 

standard error. Significance was determined relative to the C.I. of the control group (NS - 

not significant, ** - p < 10−2, *** - p < 10−3, **** - p < 10−4).
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Figure 2. DNA conjugation correlates with T6SS killing in vivo
Competition assay was performed between donor C6706 lacZ J13 and recipient wild type 

C6706 or C6706 vipA tsiV3 (T6SS− and T6SS-sensitive). (A) Cells were recovered from the 

distal small intestine (DSI) and cecum at 3 hr post infection. Each data point indicates the 

C.I. relative to C6706 lacZ J13 for each experimental animal (B) Conjugation efficiency was 

determined for each group. (C) Donor and recipient bacterial population were above the 105 

CFU/cm tissue minimum cell density thresholds. Bars indicate mean and standard error. 

Significance was determined by t test. * - p < 5 × 10−2, *** - p < 10−3.
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Figure 3. Analysis of conjugation efficiency at different anatomical locations reveals a role for 
T6SS in colonization
(A) Conjugation efficiency was determined for each tissue section (PSI, MSI, DSI, Cecum) 

at 3, 6, 12 and 18 hr post infection. Each column is the mean of at least 5 animals with bars 

indicating standard error. Gray circle indicates that no conjugants were detected, white stars 

indicate that the CFU in the PSI did not reach the 105 threshold to detect conjugation events. 

(B) Competition assays were performed comparing wild type C6706 (T6SS+) to C6706 

vipA lacZ (T6SS−, T6SS-immune). Cells were recovered from the PSI, MSI, DSI or cecum 

of each experimental animal 18 hr post infection to determine the C.I. relative to the wild 

type. The control group is the C.I of C6706 and C6706 lacZ in the DSI 18 hr post infection. 

Bars indicate mean and standard error. Significance was determined by t test. * - p < 5 × 

10−2, ** - p < 10−2; *** - p < 10−3, **** - p < 10−4.
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Figure 4. Colonizing V. cholerae bacteria fill specific colonization vacancies
(A) Schematic of a size estimation of the luminal surface area compared to an agar surface. 

(B) Mean conjugation efficiency of J13 between C6706 strains was determined for different 

bacterial densities at the time of recovery from either the DSI (in vivo) at 3 hr post infection 

or in vitro (LB Agar) 3 hr after being spotted onto a surface area equivalent to 1 cm 

intestine. Each column is the mean of 4 to 5 biological replicates. (C) Conjugation efficiency 

of the SXT element from donor strain KW3 to recipient C6706 lacZ::Tn after 18 hr was 

determined for the DSI, cecum and in vitro. Initial in vivo inoculum was 108 CFU with an 

equal number of donors and recipients. For in vitro conjugation, the indicated CFU were 

spotted on the agar surface. Significance was determined by t test. Bars represent the mean 

and standard error. (D and E) 6 rabbits were infected with Peru-NT J13. After 6 hours, wild 

type C6706 was used to superinfect the same animals. CFU counts and conjugation 

efficiency was determined from bacteria recovered from MSI, DSI, and cecum 24 hours after 

the initial inoculation. In the control group, no bacteria were present in the initial 

inoculation. Peru-NT J13 and C6706 were then inoculated together at the 6 hr time point. 

(D) Each column is the mean CFU/cm tissue recovered for Peru-NT J13 (Black) and C6706 

(Gray) with error bars indicating standard error. Significance with determined by t test with 

* - p < 0.05, *** - p < 10−3, **** - p < 10−4. (E) Data points represent the conjugation 

efficiency of bacteria in each experimental animal with bars indicating mean and standard 

error. Significance with respect to the control group was determined by t test **** - p < 

10−4.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial Strains

E. coli

SM10 λpir (Miller and Mekalanos, 1988) thi thr leu tonA lacY supE recA::RP4-2-Tc::Mu pirR6K

V. cholerae

C6706 Lab collection V. cholerae El Tor biotype, SmR

C6706 lacZ (Cameron et al., 2008) V. cholerae El Tor biotype, SmR, lacZ

C6706 lacZ::Tn (Cameron et al., 2008) V. cholerae El Tor biotype, SmR, lacZ::TnFGL3 (Transposon insertion of the 
KanR and LacZ into the native LacZ gene)

YFJM2 (Fu et al., 2013) C6706 lacZ vipA

YFJM4 (Fu et al., 2013) C6706 tsiV3 vipA

YFJM6 This study C6706 lacZ vgrG1

YFJM7 This study C6706 lacZ tcpA

YFJM8 This study C6706 lacZ J13

EC15669 (Cameron et al., 2008) C6706 tcpC::TnFGL3

KW3 (Chin et al., 2011) V. cholerae El Tor biotype, SmR, TrimR

Peru NT (Rui et al., 2010) C6706 lacZ ctxAB flgABCDE

Peru NT / J13 This study C6706 lacZ ctxAB flgABCDE pJ13 CarbR

Plasmids

pJ13 (Johnson and Romig, 1979) P::Tn1

pdvgrG1 (Pukatzki et al., 2007) Suicide vector for deletion of VgrG1

pdvipA (Zheng et al., 2011) Suicide vector for deletion of vipA

pdtcpA This study Suicide vector for deletion of tcpA

Experimental Models: Organisms/Strains

2-5 day old PineAcres Rabbitry; Charles New Zealand White – Strain Code 052

infant rabbits River Laboratories

Chemicals, Peptides, and Recombinant Proteins

Zantac Covis NDC: 24987-364-01

Software and Algorithms

Prism 7 GraphPad Statistical analysis software
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