

[image: image1]
Functional Characterization and Conditional Regulation of the Type VI Secretion System in Vibrio fluvialis









	
	ORIGINAL RESEARCH
published: 30 March 2017
doi: 10.3389/fmicb.2017.00528





[image: image2]

Functional Characterization and Conditional Regulation of the Type VI Secretion System in Vibrio fluvialis


Yuanming Huang1,2, Pengcheng Du3, Meng Zhao1, Wei Liu1, Yu Du1, Baowei Diao1, Jie Li1, Biao Kan1,2* and Weili Liang1,2*


1State Key Laboratory of Infectious Disease Prevention and Control, National Institute for Communicable Disease Control and Prevention, Chinese Center for Disease Control and Prevention, Beijing, China

2Collaborative Innovation Centre for Diagnosis and Treatment of Infectious Diseases, Hangzhou, China

3Beijing Key Laboratory of Emerging Infectious Diseases, Institute of Infectious Diseases, Beijing Ditan Hospital, Capital Medical University, Beijing, China

Edited by:
Xihui Shen, Northwest A&F University, China

Reviewed by:
Qiyao Wang, East China University of Science and Technology, China
 Jeanette Elaine Bröms, Umeå University, Sweden

* Correspondence: Biao Kan, Kanbiao@icdc.cn
 Weili Liang, liangweili@icdc.cn

Specialty section: This article was submitted to Infectious Diseases, a section of the journal Frontiers in Microbiology

Received: 28 December 2016
 Accepted: 14 March 2017
 Published: 30 March 2017

Citation: Huang Y, Du P, Zhao M, Liu W, Du Y, Diao B, Li J, Kan B and Liang W (2017) Functional Characterization and Conditional Regulation of the Type VI Secretion System in Vibrio fluvialis. Front. Microbiol. 8:528. doi: 10.3389/fmicb.2017.00528



Vibrio fluvialis is an emerging foodborne pathogen of increasing public health concern. The mechanism(s) that contribute to the bacterial survival and disease are still poorly understood. In other bacterial species, type VI secretion systems (T6SSs) are known to contribute to bacterial pathogenicity by exerting toxic effects on host cells or competing bacterial species. In this study, we characterized the genetic organization and prevalence of two T6SS gene clusters (VflT6SS1 and VflT6SS2) in V. fluvialis. VflT6SS2 harbors three “orphan” hcp-vgrG modules and was more prevalent than VflT6SS1 in our isolates. We showed that VflT6SS2 is functionally active under low (25°C) and warm (30°C) temperatures by detecting the secretion of a T6SS substrate, Hcp. This finding suggests that VflT6SS2 may play an important role in the survival of the bacterium in the aquatic environment. The secretion of Hcp is growth phase-dependent and occurs in a narrow range of the growth phase (OD600 from 1.0 to 2.0). Osmolarity also regulates the function of VflT6SS2, as evidenced by our finding that increasing salinity (from 170 to 855 mM of NaCl) and exposure to high osmolarity KCl, sucrose, trehalose, or mannitol (equivalent to 340 mM of NaCl) induced significant secretion of Hcp under growth at 30°C. Furthermore, we found that although VflT6SS2 was inactive at a higher temperature (37°C), it became activated at this temperature if higher salinity conditions were present (from 513 to 855 mM of NaCl), indicating that it may be able to function under certain conditions in the infected host. Finally, we showed that the functional expression of VflT6SS2 is associated with anti-bacterial activity. This activity is Hcp-dependent and requires vasH, a transcriptional regulator of T6SS. In sum, our study demonstrates that VflT6SS2 provides V. fluvialis with an enhanced competitive fitness in the marine environment, and its activity is regulated by environmental signals, such as temperature and osmolarity.
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INTRODUCTION

V. fluvialis, a halophilic Gram-negative bacterium, is an emerging foodborne pathogen of increasing public health concern. It was originally isolated in 1975 from a patient suffering from severe diarrhea and was called “group F Vibrio” and “EF-6 Vibrio” by different research groups. The name V. fluvialis was proposed later by Lee et al. (1981). Since its discovery, the microbe has been implicated in both outbreaks and sporadic cases of diarrhea (Huq et al., 1980; Bellet et al., 1989; Klontz and Desenclos, 1990; Srinivasan et al., 2006; Bhattacharjee et al., 2010; Chowdhury et al., 2012), as well as various extra-intestinal infections (Huang and Hsu, 2005; Ratnaraja et al., 2005; Lai et al., 2006; Liu et al., 2011). Infection by V. fluvialis is most common in infants, children, and young adults. There has recently been an increase in the isolation rate from diarrheal patients, and multidrug-resistant clinical isolates of V. fluvialis have been reported (Ahmed et al., 2005; Srinivasan et al., 2006; Chowdhury et al., 2011, 2012). The clinical symptoms of V. fluvialis gastroenteritis are similar to those of Vibrio cholerae, except for the occurrence of bloody stool in V. fluvialis infection, which is a notable difference from cholera (Huq et al., 1980; Allton et al., 2006).

Despite increasing public health concern about V. fluvialis, knowledge about its microbiological characteristics, virulence factors, environmental fitness, and the epidemiology of infection is still limited (Igbinosa and Okoh, 2010; Liang et al., 2013). Many pathogenic factors, such as proteases, cytolysins, Chinese hamster_ovary (CHO) cell elongation factor, CHO cell-killing factor, enterotoxin-like substance, lipase, and hemolysin have been isolated and characterized, but their precise roles in the clinical manifestations and the pathogenicity of the bacterium remain to be explored (Lockwood et al., 1982; Chikahira and Hamada, 1988; Miyoshi et al., 2002; Kothary et al., 2003; Cabrera Rodríguez et al., 2005; Igbinosa and Okoh, 2010). Of the many virulence factors, hemolysin was thought to be of greatest importance. It was reported that hemolysin of V. fluvialis (VFH) formed larger pores in the erythrocyte membrane than other Vibrio hemolysins, including V. cholerae and Vibrio vulnificus (Han et al., 2002; Igbinosa and Okoh, 2010). Our previous study demonstrated that VFH contributes to the pathogenicity of V. fluvialis by inducing IL-1β secretion through the activation of the NLRP3 inflammasome (Song et al., 2015). We also showed that quorum sensing in V. fluvialis positively regulates the production of hemolysin and extracellular protease and affects the cytotoxic activity against epithelial tissue cultures (Wang et al., 2013).

The type VI secretion system (T6SS) is a newly discovered contact-dependent protein secretion system. Although the existence of T6SS had been postulated for more than a decade before, the T6SS was first functionally identified in O37 V. cholerae and Pseudomonas aeruginosa by the Mekalanos group in 2006 (Mougous et al., 2006; Pukatzki et al., 2006). In V. cholerae, it was demonstrated that the extracellular export of hemolysin-coregulated protein (Hcp) and three related valine-glycine repeat protein G (VgrG) proteins were required for the cytotoxicity of the organism in amoebae and macrophages (Pukatzki et al., 2006). In P. aeruginosa, HSI-I T6SS mediated the export of Hcp1, and evoked an immune response in cystic fibrosis (Mougous et al., 2006). Subsequent to these two landmark publications, numerous follow-up studies have demonstrated that T6SS is involved in the virulence and environmental competitive fitness of various bacterial species, such as Burkholderia species (Schell et al., 2007; Shalom et al., 2007), Edwardsiella tarda (Zheng and Leung, 2007), Agrobacterium tumefaciens (Wu et al., 2012), Vibrio parahaemolyticus (Yu et al., 2012), Aeromonas hydrophila (Suarez et al., 2008), Citrobacter freundii (Liu et al., 2015), Vibrio alginolyticus (Sheng et al., 2012; Salomon et al., 2015), and Burkholderia cenocepacia (Aubert et al., 2016). A genome-level survey revealed that more than 25% of genome-sequenced Gram-negative species contain T6SS gene clusters (Bingle et al., 2008). Although there are variations in their genetic contents and organization, 13 core T6SS genes have been recognized (Boyer et al., 2009). The T6SS secretion apparatus is structurally and functionally analogous to a contractile T4 bacteriophage tail, but has a reversed orientation (Leiman et al., 2009). A working model of the T6SS proposes that an intracellular Hcp nanotube, with a spike-like structure composed of a trimer of VgrG and PAAR (proline, alanine, alanine, arginine) motif-containing proteins at its top, is pushed through the envelope of the predator cell and into an adjacent target cell following the secretion of Hcp, VgrG, and other effectors (Shneider et al., 2013; Ho et al., 2014). This ejection process is powered by the contraction of the dynamic VipA/VipB sheath surrounding the Hcp nanotube (Basler et al., 2012). The T6SS is tightly regulated and has crosstalk with other regulatory systems, including the competence regulon, quorum sensing, and stress response (Ishikawa et al., 2009; Weber et al., 2009; Borgeaud et al., 2015).

We recently reported the draft genome of a clinically-isolated strain of V. fluvialis, 85003, and the results of a sequence analysis which revealed the presence of homologs of T6SS (Lu et al., 2014). However, questions about the genetic organization, functions, and regulation of these homologs remain unanswered. In this study, we aimed to further characterize the genetic contents and organization, functions, and the environmental conditions that control the expression of V. fluvialis T6SS. We found that there are two T6SSs in strain 85003, VflT6SS2 (V. fluvialis T6SS2), and VflT6SS1 (V. fluvialis T6SS1), with the former more prevalent than the latter in different V. fluvialis isolates. The genetic contents and organization of VflT6SS2 are highly homologous to the T6SS of V. cholerae, but contains three differently located “orphan” hcp-vgrG modules in distinct locations. Detection of Hcp expression and secretion revealed that VflT6SS2 is functionally activated under low (25°C) and warm (30°C) temperatures, but is inactive at the higher temperature (37°C). The secretion of Hcp is growth phase-dependent and only occurs at certain parts of the growth phase at 30°C. Osmolarity positively regulates the VflT6SS2 activity. Increasing the salinity (from 170 to 855 mM of NaCl) and exposure to high osmolarity KCl, sucrose, trehalose, or mannitol (equivalent to 340 mM NaCl) induced the secretion of Hcp. Furthermore, VflT6SS2 could also be activated at 37°C if higher salinity conditions were present (513 ~ 855 mM NaCl). In addition, a bacterial killing assay demonstrated that functional expression of VflT6SS2 has anti-bacterial activity which is dependent on Hcp and requires the T6SS transcriptional regulator, VasH.

MATERIALS AND METHODS

Bacterial Strains, Culture Conditions, and Plasmids

The bacterial strains and plasmids used in this study are listed in Table 1. The wild-type (WT) V. fluvialis 85003 and its derivative, as well as other V. fluvialis environmental and clinical isolates, were routinely grown in Luria-Bertani (LB) broth (pH 7.4) containing 170 mM NaCl at 30°C unless specifically indicated. E. coli SM10 λpir and Rosetta (DE3) were routinely cultured at 37°C. Culture media were supplemented with ampicillin (Amp, 100 μg/ml), streptomycin (Sm, 100 μg/ml), rifampicin (Rfp, 50 μg/ml), kanamycin (Km, 50 μg/ml), tetracycline (Tc, 10 μg/ml for E. coli, 2.5 μg/ml for V. fluvialis), chloramphenicol (Cm, 10 μg/ml), or isopropyl-β-D-thiogalactopyranoside (IPTG), as required.


Table 1. Strains and plasmids used in this study.
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Determination of hcp-vgrG Alleles and Prevalence of T6SSs

To determine the sequence of the 3' end of VflT6SS2, primers vfu-vasL-up2153177 and vfu-rbsD-dn2158250 were designed according to the corresponding sequence of Vibrio furnissii NCTC11218. Similarly, primer pairs vfuA01956-up/vfuA01959-dn and vfuB01009-up/vfuB01011-dn were designed to amplify the hcp-vgrG alleles in 85003. The polymerase chain reaction (PCR) was performed with TranStart FastPfu Fly DNA polymerase (Transgen Biotech, China) with 85003 genomic DNA used as a template and the products were used for commercial sequencing.

To determine whether T6SS genetic loci are prevalent in isolates of V. fluvialis, PCR was performed with water-boiled templates of isolates to detect the presence of multiple chromosomal fragments specific for each T6SS gene cluster. For VflT6SS1, fragments covering tssC1 (impC)-impD, impD-tssF1 (impG), tssF1 (impG)-tssG1 (impH), tssH1, tssH1 (clpB)-tagH1 (impI), tagH1 (impI)-tssK1 (impJ), and tssL1 (impK)-tssM1 (impL) were respectively amplified by using primer pairs impC/impD-F and impC/impD-R, impD/impG-F, and impD/impG-R, impG/impH-F and impG/impH-R, clpB-F/clpB-R, clpB/impI-F and clpB/impI-R, lip/impJ-F, and lip/impJ-R, and impK/impL-F and impK/impL-R. For VflT6SS2, fragments covering tssC2 (vipB)-tssF2 (vasA), tssG2 (vasB)-tagH2 (vasC), tssJ2 (vasD)-tssK2 (vasE), tssL2 (vasF)-tssH2 (vasG), vasH-vasI, vasI-tssA2 (vasJ), and tssM2 (vasK)-vasL were separately amplified with primer pairs vipB/vasA-F and vipB/vasA-R, vasB/vasC-F and vasB/vasC-R, vasD/vasE-F, and vasD/vasE-R, vasF/vasG-F and vasF/vasG-R, vasH/vasI-F and vasH/vasI -R, vasI/vasJ-F, and vasI/vasJ-R, and vasK/vasL-F and vasK/vasL-R. The oligonucleotide primers used are listed in Table 2.


Table 2. Primers used in this study.
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Construction of Mutants and Complementation Plasmids

The in-frame deletion mutants ΔvasH, ΔtssD2a, ΔtssD2b, and ΔtssDI2c were constructed by allelic exchange using the clinical strain 85003 as a WT precursor as described previously (Wu et al., 2015). We used ΔtssD2a as a precursor to construct the double mutant, ΔtssD2ab. Briefly, the chromosomal fragments containing upstream and downstream nucleotide sequences of target genes were respectively amplified using the corresponding primers listed in Table 2 and then were stitched together by overlapping PCR. The 1.79 kb ΔvasH and 1.69 kb ΔtssD_c-tssI2_c fragments were individually cloned at SalI-SacI sites in a pCVD442 suicide plasmid to yield pCVD-VFΔvasH and pCVD-ΔtssDI2_c. The 1.74 kb ΔtssD2_a and 1.72 kb ΔtssD2_b fragments were cloned at BamHI-SmaI sites and NotI-SmaI sites in the suicide plasmid pWM91 to yield pWM-ΔtssD2_a and pWM-ΔtssD2_b, respectively. The resulting recombinant suicide plasmids were conjugated into V. fluvialis from E. coli SM10λpir and transconjugants were selected on LB media containing Amp and Sm. The transconjugants were counter-selected by growing them on media containing 15% sucrose. Sucrose-resistant colonies were tested for Amp sensitivity, and target deletion was identified by PCR and confirmed by DNA sequencing.

The vasH expression plasmid was constructed for complementation test. Primers vasH-For-HindIII and vasH-Rev-NdeI were used to amplify the ORF of vasH with PrimeSTAR® HS DNA Polymerase (TaKaRa, Dalian, China) using WT 85003 genomic DNA as a template. The 1,596 bp PCR product with blunt ends was digested with NdeI and cloned at NdeI and SmaI sites in pSRKTc to generate pSRvasH, which expresses vasH from the lac promoter with the induction of IPTG. The pSRvasH was mobilized into ΔvasH mutant from E. coli SM10λpir by conjugation, and the expression vector pSRKTc without an insert was used as a negative control.

Anti-Hcp Polyclonal Antiserum Preparation

An anti-Hcp polyclonal antibody was raised in rabbits using the following method: First, the hcp gene was amplified by PCR using primer pair VF-hcp-up-NcoI/VF-hcp-dn-XhoI and was cloned into pET30a (+) using NcoI and XhoI restriction enzyme sites. His-tagged Hcp expression was induced by IPTG in E. coli Rosetta (DE3) host cells and was purified by Ni-IDA affinity chromatography (Novagen) under native conditions according to the manufacturer's instructions. The purified Hcp protein was used for immunization of rabbits by Wuhan Abzome Biotechnology, China. The polyclonal antiserum was purified with an antigen affinity purification procedure before use.

Analysis of T6SS Protein Production and Secretion

Overnight cultures of bacterial strains were diluted to 1:100 in 20 mL of fresh LB containing 170 mM NaCl with shaking, and were incubated to an optical density at 600 nm (OD600) of 1.5. In the vasH complementation test, overnight cultures of ΔvasH mutants containing plasmid pSRvasH (ΔvasH/pSRvasH) or pSRKTc (ΔvasH/pSRKTc) were grown in the above LB with tetracycline to an OD600 of 0.5. Each culture was then divided in half. One half was induced by the addition of IPTG (final concentration of 0.5 mM), and the other half (uninduced) was used as a control. The cultures were continually incubated until they reached an OD600 of 1.5 at 30°C with shaking.

Cells were pelleted at high speed in a tabletop microcentrifuge for 5 min. Equal volumes of supernatants were filtered through 0.22 μm low protein-binding polyvinylidine fluoride syringe filters (Millipore), and then a 1/100 volume of 2% sodium deoxycholate was added, and the samples were incubated for 30 min on ice. Proteins were precipitated with 10% trichloroacetic acid (TCA) for 30 min on ice, pelleted by centrifugation at 12,000 rpm for 20 min at 4°C, and washed twice with ice-cold acetone to remove residual TCA. Protein precipitates were resuspended in 40 μl SDS-PAGE loading buffer (10 mM Tris-HCl, pH 8.0; 50 mM DTT; 1% SDS; 10% glycerol; 0.08% bromophenol blue) and boiled for 10 min. Cell pellets were resuspended in PBS and the cell density was adjusted to 3.5 McFarland standards. Then pellets from 1 ml aliquots of above samples were suspended with 150 μl of SDS-PAGE lysis buffer and boiled for 10 min. Protein samples were separated by SDS-PAGE (12%), transferred onto PVDF membranes, and analyzed by Western blotting using a rabbit anti-Hcp polyclonal antibody and an anti-E. coli CRP antibody (BioLegend, USA). The secondary antibodies used were horseradish peroxidase (HRP)-conjugated goat anti-rabbit and goat anti-mouse antibodies. Proteins were visualized using an Enhanced Chemiluminescence system (TaKaRa, Dalian, China). Each immunoblot experiment was repeated at least two times.

RNA Extraction and qRT-PCR

Total RNA extraction and quantitative reverse transcription (qRT)-PCR were performed as described previously (Wu et al., 2015). In brief, strain 85003 was grown to OD600 1.5 under the indicated conditions with agitation. Three independent samples were tested in triplicate. A control mixture using total RNA as a template was added in each reaction to exclude the effects of chromosomal DNA contamination. Relative expression values (R) were calculated using the equation R = 2−(ΔCq target − ΔCq reference), where Cq is the fractional threshold cycle. We used recA mRNA as a reference. The following primer combinations were used: VF-recA-qPCR-up and VF-recA-qPCR-dn for recA; hcp-qPCR-F-com and hcp-qPCR-R-com for tssD2 (hcp); VF-vasF-qPCR-F and VF-vasF-qPCR-R for tssL2 (vasF); VF-vasH-qPCR-F and VF-vasH-qPCR-R for vasH; VF-vasK-qPCR-F and VF-vasK-qPCR-F for tssM2 (vasK); VF-tssD1-qPCR-F and VF-tssD1-qPCR-R for tssD1; vflB629-qPCR-F and vflB629-qPCR-R for tssM1; vflB643-qPCR-F and vflB643-qPCR-R for tssA1; vflB631-qPCR-F and vflB631-qPCR-R for tssK1 and vflB647-qPCR-F and vflB647-qPCR-R for rhs. Detailed primer sequence information is listed in Table 2.

Bacterial Killing Assay

V. fluvialis predator strains 85003 and ΔvasH, and E. coli prey MG1655, were grown overnight on LB agar containing 170 mM NaCl at 30°C. Bacterial lawns were resuspended and normalized to 1.5 McFarland standards in PBS and mixed at a 9:1 ratio (predator: prey) in triplicates. A total of 10 μl of the mixtures were spotted on LB plates with 340 mM NaCl and incubated at 30°C for 5 h. The colony forming units (CFU) per milliliter of the attacker and prey in the mixtures (0 h) were determined by plating 10-fold serial dilutions on streptomycin- and rifampicin-containing agar plates, respectively. Bacterial spots were harvested from LB plates after 5 h, and the CFU per milliliter of the surviving attacker and prey (5 h) were determined on selective media plates as described above.

In the vasH complementation assay, IPTG was added to LB plates at a final concentration of 1 mM to induce vasH expression. V. fluvialis strain ΔvasH/pSRvasH was grown overnight at 30°C on tetracycline-containing LB agar with 170 mM NaCl in the presence or absence of IPTG. The mixtures with prey were prepared as described above and spotted on LB plates containing 340 mM NaCl with and without IPTG. Strain ΔvasH/pSRKTc was used as a control.

Nucleotide Sequences and Accession Numbers

The sequences of VflT6SS1, VflT6SS2, and the three hcp-vgrG homologs from V. fluvialis 85003 were deposited in the NCBI database under accession numbers KY319183, KY319184, KY319185, KY319186, and KY319187, respectively. The genomic sequences of V. furnissii NCTC11218 (accession numbers NC_016602.1 and NC_016628.1), V. fluvialis 33809 (accession numbers CP014034 and CP014035), V. cholerae N16961 (accession numbers NC_002505.1 and NC_002506.1) and V. splendidus LGP32 (accession numbers NC_011753.2 and NC_011744.2) were downloaded from the NCBI database.

DNA and Protein Sequence Analysis

The comparative analysis of T6SS sequences from V. fluvialis strains 85003 and 33809, V. cholerae N16961, V. furnissii NCTC11218 and V. splendidus LGP32 were performed using the BLAST software with an e-value of 1e-2, and the alignments of >1 kilobase (kb) were kept. VasH protein sequence alignments were performed with the GENEDOC program.

RESULTS

Genetic Contents and Organization of T6SS in V. fluvialis

Our previous draft genome analysis of V. fluvialis 85003 revealed the presence of putative homologs of T6SSs, which clustered and grouped into two genetic modules which are highly homologous to two separate regions on chromosome 2 of V. furnissii (Lu et al., 2014). In this study, we defined the detailed gene contents and organization of the two T6SSs, the flanking regions of the two T6SS clusters, and further identified two other “orphan” hcp-vgrG homologs by PCR with primers designed based on the sequence of V. furnissii NCTC11218.

The cluster homologous to the V. furnissii vfu_B00799~vfu_B00780 was named VflT6SS1, and also shared partial synteny with the genetic region of VS_1337~VS_1318 of V. splendidus. In V. furnissii, three genes, vfu_B01185, vfu_B01189, and vfu_B01191, were predicted to encode T6SS-related subunits ClpB, IcmF-like protein and VgrG, respectively. In V. splendidus, only VS_1326 was annotated to encode ClpB. The VflT6SS1 is a locus of around 24 kb consisting of 19 open reading frames (ORFs) with tight intergenic spaces and the same gene orientation. Homologs of V. splendidus VS_1324 and VS_1325 were not found in either V. furnissii or V. fluvialis. We designated 13 out of the 19 ORFs as VflT6SS1 tssA1-M1 (Type Six Secretion A1-M1) following the proposed nomenclature for T6SS components (Shalom et al., 2007; Figure 1). These showed 82–100% and 27–79% amino acid identity with the corresponding homologs of V. furnissii and V. splendidus, respectively. The VflT6SS1 cluster contains the T6SS hallmark gene, tssD (hcp), tssH (clpV/vasG) encoding an ortholog of the ClpB ATPase, which is considered important for T6SS function, and two additional genes, tssL (icmH/dotU/impK) and tssM (icmF/impL), encoding homologs of T4SS stabilizing proteins (Boyer et al., 2009). Of note, the hcp of VflT6SS1 had only 40% nucleotide identity to the homologs in V. cholerae (VC1415 and VCA0017). To gain insight into the genetic background of VflT6SS1, its flanking regions were examined. The flanking sequence of 85003 VflT6SS1 was identical to that of V. furnissii NCTC 11218. The left junction of the sequences encodes a putative ABC-type transport periplasmic component and a MFS transporter, and the right junction possesses the sensor histidine kinase, BaeS. However, no homologous gene cluster of VflT6SS1 was found in V. fluvialis strain ATCC 33809, a newly whole-genome sequenced V. fluvialis isolate from Bangladesh.
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FIGURE 1. Gene organization of the T6SS clusters in V. fluvialis in comparison with V. furnissii, V. cholerae, and V. splendidus. (A) Genes encoding VflT6SS1 in V. fluvialis 85003 were named according to the Tss nomenclature (tssA1, tssB1, tssC1, tssD1, tssE1, tssF1, tssG1, tssH1, tssJ1, tssK1, tssL1, tssM1, tagH1) or by their usual vernacular names (paar, impD, and rhs). Homologous genes are colored similarly. Open reading frames with unknown functions are shown in white. The lines below the colored genes indicate the loci amplified by PCR in the different isolates. (B) Genes encoding VflT6SS2 in V. fluvialis 85003 were names according to the Tss nomenclature (tssA2, tssB2, tssC2, tssE2, tssF2, tssG2, tssH2, tssI2, tssJ2, tssK2, tssL2, tssM2, tagH2) or vernacular names (vasH, vasI, tsiI2, and vasL). The 17 genes show high conservation with the well-characterized T6SS of V. cholerae N16961. The counterparts of V. fluvialis 33809 and V. furnissii NCTC11218 exhibit the identical gene organization in their respective chromosomes. The lines below the colored genes indicate the loci amplified by PCR in the different isolates. Three “orphan” hcp-vgrG alleles were designated tssD2_a-tssI2_a, tssD2_b-tssI2_b, and tssD2_c-tssI2_c, respectively. The homolog of tssD2_c-tssI2_c is absent in V. fluvialis 33809, V. furnissii NCTC11218, and V. cholerae N16961.



The cluster homologous to the V. furnissii vfu_B01176~vfu_B01191 genomic region was named VflT6SS2. It spans 21.22 kb and contains 16 ORFs which display the same organization and gene orientation as the “core” gene cluster of V. cholerae T6SS (VCA0107~VCA0124). The major characteristics of the VflT6SS2 gene cluster of V. fluvialis strain 85003 and its most closely related orthologs in other species are summarized in Table 3.


Table 3. Characteristics of VflT6SS2 components and the most closely related orthologs in other species.
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VflT6SS2 is located between the usp and rsbD genes in 85003, the same as in V. cholerae and V. furnissii, indicating its conserved location. Apart from the core gene cluster, V. cholerae T6SS has two copies of hcp-vgrG alleles encoded in two small auxiliary clusters (VCA0017~VCA0021 and VC1415~VC1421). In the 85003 draft genome, we only identified one copy of the hcp-vgrG homolog and the counterparts of vfu_B001191 and VCA0124 (vgrG3) from V. furnissii and V. cholerae, respectively, were missing in the originally aligned VflT6SS2 genetic locus. Sequence alignments showed that the two copies of hcp-vgrG modules exist in similar genetic locations in both V. furnissii and V. cholerae. Therefore, we reasoned that undiscovered hcp-vgrG copies likely existed in V. fluvialis 85003. V. fluvialis and V. furnissii are the genetically closest species among Vibrionaceae, with a mean BLASTp identity of 86.8% for the homologous genes (Lu et al., 2014). V. furnissii was originally regarded as an aerogenic biogroup of V. fluvialis and was later confirmed to be a separate species from V. fluvialis (Brenner et al., 1983). Using primer pairs vfu-vasL-up2153177/vfu-rbsD-dn2158250, vfuA01956-up/vfuA01959-dn, and vfuB01009-up/vfuB01011-dn, which were designed on the basis of the flanking sequences of V. furnissii vfu_B01191~vfu_B01192 and the two hcp-vgrG modules (vfu_A01957~vfu_A01958 and vfu_B01010~vfu_B01011, respectively), we amplified the corresponding regions of 85003 with long fragment PCR.

Primer pair vfu-vasL-up2153177/vfu-rbsD-dn2158250 yielded a 5093 bp fragment for V. fluvialis 85003. A sequence analysis of the fragment revealed a 3039 bp ORF which had 82 and 60% nucleotide identity to vfu_B001191 and VCA0123 (vgrG3), respectively. Additionally, a 384 bp ORF was predicted immediately downstream and has 4 bp overlap with the 3,039 bp ORF. This organizational feature was similar to VCA0123 and VCA0124, which were experimentally demonstrated to encode a vgrG3 effector and its immunity effector, TsiV3, in V. cholerae (Dong et al., 2013). Thus, we named the two ORF tssI2 and tsiI2, respectively. A sequence analysis and alignment of the 3,145 and 3,878 bp PCR products of primer pair vfuA01956-up/vfuA01959-up and vfuB01009-up/vfuB01011-dn indicated that each encodes a copy of the hcp-vgrG homolog, which was different from the originally recognized hcp-vgrG allele. In order to distinguish them, we designated the newly- identified alleles as tssD2_a-tssI2_a and tssD2_b-tssI2_b (corresponding to V. cholerae hcp1-vgrG1 and hcp2-vgrG2, respectively), and the original one was named tssD2_c-tssI2_c. The three copies of TssD (Hcp) show high identity (99.42%) in their nucleotide sequences and have 95.35% amino acid identity to the well-characterized Hcp protein of V. cholerae. TssI2_a and TssI2_b display higher homology with up to 88% amino acid identity. TssI2_c shows 60 and 61% identity to TssI2_a and TssI2_b respectively. The corresponding sequences of these three hcp-vgrG alleles were deposited in GenBank under accession numbers KY319185, KY319186, and KY319187, respectively.

Prevalence of V. fluvialis T6SS

In many species, T6SS gene clusters are located on pathogenicity islands or compositionally distinct regions of the genome indicating its horizontal acquisition and transfer. To better understand the gene content, sequence similarity, synteny, and the distribution of T6SS clusters in V. fluvialis, we carried out PCR screening of each T6SS locus in 34 different V. fluvialis isolates from both human and aquatic products from different provinces in China. The genetic loci of tssC1 (impC)-impD, tssE1 (impF)-tssF1 (impG), tssF1 (impG)-tssG1 (impH), tssH1, tssH1 (clpB)-tagH1 (impI), tagH1-tssK1 (impJ), and tssL1 (impK)-tssM1 (impL) within VflT6SS1 were all detected in seven out of 34 tested isolates (21% detection rate). The genetic loci of tssC2 (vipB)-tssF2 (vasA), tssG2 (vasB)-tagH2 (vasC), tssJ2 (vasD)-tssK2 (vasE), tssL2 (vasF)-tssH2 (vasG), vasH-vasI, vasI-tssA2 (vasJ), and tssM2 (vasK)-vasL for VflT6SS2 were detected in 100, 97, 97, 100, 91, 94, and 94% of the isolates, respectively. These results revealed that in general, VflT6SS2 is more prevalent than VflT6SS1 in V. fluvialis. The different detection rates of VflT6SS2 component gene loci may indicate that there is variation in the gene composition of in the T6SS2 cluster or sequence variation from the corresponding primer annealing regions in different isolates. These variations need to be investigated in greater detail in future studies. Since we found that VflT6SS2 is highly prevalent in V. fluvialis strains, we first focused on the functional characterization of VflT6SS2 in V. fluvialis 85003.

Determination of the Functional Expression of V. fluvialis VflT6SS2

The hallmark of a functional T6SS is the presence of Hcp and VgrG in the culture supernatant. Therefore, we examined the Hcp secretion in V. fluvialis cultures. To this end, we first cloned and expressed hcp in pET30a with induction by IPTG. The purified Hcp protein was used to prepare anti-Hcp polyclonal antiserum in rabbits, because there is no commercially-available antibody against this protein.

To determine whether VflT6SS2 was functionally expressed, clinical isolates 85003, VF42, and CICC21612, and environmental isolate VF54, all of which contain the complete VflT6SS2 based on a PCR screen, were routinely cultured in LB with 170 mM NaCl at 30°C. The growth curves of VF42, VF54, and CICC21612 displayed consistent growth trends before entering a stationary growth phase, while 85003 grew slowly relative to these other strains (Figure S1). However, all four strains were in the logarithmic growth phase at an OD600 of 1.5. The cell pellets and culture supernatants of each strain at an OD600 of 1.5 were examined by immunoblot analyses using polyclonal anti-Hcp antiserum. As shown in Figure 2, a large amount of Hcp was detected in both the cell pellets and culture supernatants of 85003, CICC21612, and VF54, indicating the functional expression of T6SS2 in these V. fluvialis strains. Of note, the absence of the cytosolic Crp in the supernatants demonstrated that the bacteria were intact, and thus, Hcp was being actively secreted and not released by cell lysis. This control was routinely used in the subsequent Hcp secretion analysis. For strain VF42, Hcp was only detected in the cell pellets, indicating that, though Hcp was synthesized in these bacteria, it was not efficiently secreted into the supernatant. Taken together, our results demonstrated that functional T6SS exists in at least some V. fluvialis isolates.
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FIGURE 2. Immunoblot analyses of VflT6SS2 Hcp in cell pellets and supernatants from V. fluvialis isolates. The bacterial strains were grown in LB with 170 mM NaCl at 30°C to an OD600 of 1.5. SDS-PAGE and immunoblot analyses were performed using anti-Hcp and anti-Crp antibodies. Lanes 1–4, cell pellets; lanes 5–8, culture supernatants of V. fluvialis strains 85003, VF54, VF42, and CICC21612, respectively. The arrows show the immunoblot band to Hcp and Crp. The Crp protein is absent in the culture supernatants, indicating that the detection of Hcp in the supernatants was not a consequence of cell lysis.



It's should be noted that the apparent molecular weight of Hcp in the Western blot analysis (around 25 kDa) is quite different from the predicted size according to its ORF sequence (19 kDa). This inconsistency has also been observed in V. cholerae (Ishikawa et al., 2009) and V. alginolyticus (Sheng et al., 2012), and possible modification of two cysteine residues of Hcp at positions 5 and 22 was suggested to be responsible for the difference (Williams et al., 1996).

Growth Phase-Dependent Secretion of Hcp from V. fluvialis VflT6SS2

Following the confirmation of the functional expression of VflT6SS2 in V. fluvialis, we tested the effects of the bacterial growth phase on the expression and secretion of Hcp. Strain 85003 was grown in LB medium containing 170 mM NaCl at 30°C, and the protein levels of Hcp in the cell pellets and culture supernatants were measured at different growth points (i.e., OD600 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, 3.8, and overnight; Figures 3A,B). Hcp expression was detected in the cell pellets at all growth points except overnight, and the expression level at an OD600 of 0.2 was obviously lower than that of the other growth points (Figure 3B, lane 1). However, the secretion of Hcp was only detected at OD600 values of 1.0, 1.5, and 2.0, and the highest secretion level was observed at an OD600 of 1.5 (Figure 3B, lanes 11–13). Our results indicated that, although the Hcp was continuously synthesized at various OD600 values (except overnight culture), the active T6SS was only detected during a narrow window of the growth phase. It appears that when the cell density reaches an OD600 of 2.5, the secretion of Hcp stops. At the later stationary phase after overnight incubation, when no Hcp was detected, the expression of hcp may have been turned off or Hcp may have been proteolytically degraded.
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FIGURE 3. VflT6SS2 Hcp levels in V. fluvialis 85003 at different parts of the growth phase. (A) Growth curve of V. fluvialis strain 85003 incubated in LB media containing 170 mM NaCl at 30°C. Error bars indicate the standard deviation of three independent cultures. (B) Immunoblot analysis of Hcp expression. The V. fluvialis strain 85003 was grown in LB containing 170 mM NaCl at 30°C and the cell pellet and culture supernatant samples were taken at different parts of the growth phase (OD600nm 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, 3.8, and overnight). SDS-PAGE and immunoblot analyses were performed using anti-Hcp and anti-Crp antibodies. Lanes 1–8, cell pellets; lanes 9–16, culture supernatants. The arrows indicate the reaction bands of the Hcp and Crp proteins.



Temperature-Dependent Expression and Secretion of Hcp by VflT6SS2

Like many species of Vibrios, V. fluvialis can survive under different environmental conditions, from the aquatic milieu, such as seas, estuaries, and brackish waters, to the human intestine. We wondered whether the temperature affects the function of VflT6SS2 in V. fluvialis. Therefore, we cultured the 85003 strain at different temperatures (25°, 30°, or 37°C) and compared the expression and secretion of Hcp. Although 85003 grows faster at 37°C than at 25° and 30°C (Figure S2), the OD600 of 1.5 lies at the same log growth phase. Hcp was expressed and secreted at both 25°C and 30°C, but not at 37°C (Figure 4A). The secretion of Hcp at 30°C was higher than that at 25°C (Figure 4A, compare lane 4 with lane 5). Our results revealed that VflT6SS2 is active under cool and warm temperature, similar to T6SS2 in V. parahaemolyticus, which is most active at cold (23°C) and warm (30°C) temperatures under low salt conditions (Salomon et al., 2013), suggesting that VflT6SS2 may play a role in the environmental fitness of V. fluvialis.
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FIGURE 4. Effects of temperature on the expression of VflT6SS2 by V. fluvialis 85003. (A) Immunoblot analysis of Hcp expression. The V. fluvialis strain 85003 was grown in LB containing 170 mM NaCl to an OD600 of 1.5 at 25°, 30°, or 37°C. Cell pellets and corresponding supernatants were analyzed by SDS-PAGE and immunoblot assays using anti-Hcp and anti-Crp antisera. Lanes 1–3, cell pellets; lanes 4–6, culture supernatants. The arrows indicate the reaction bands of the Hcp and Crp proteins. (B) qRT-PCR analysis of the mRNA abundance of VflT6SS2 genes. The V. fluvialis strain 85003 was grown in LB containing 170 mM NaCl to an OD600 of 1.5 at 30° or 37°C. RNA was extracted, and the abundances of tssD2, tssL2, vasH, and tssM2 mRNA were determined by qRT-PCR as described in the Materials and Methods. Each value is the average for three independent cultures. The error bars indicate standard deviations from the mean.



To explore the molecular mechanism(s) responsible for the undetectable protein level of Hcp at 37°C, we measured the transcription levels of tssD2 (hcp), together with three selected VflT6SS2 core genes [tssL2 (vasF), vasH, and tssM2 (vasK)] by qRT-PCR using cultures grown at 30° and 37°C. As shown in Figure 4B, the tssD2 (hcp) mRNA level was dramatically decreased (more than 150-fold) at 37°C compared to that at 30°C. However, no considerable alterations were observed in the mRNA levels of tssL2 (vasF), vasH, and tssM2 (vasK) between 30° and 37°C, suggesting that the loss of function of VflT6SS2 at 37°C is mainly due to the extremely low transcription level of the tssD2 (hcp) gene at this temperature.

Salinity and Osmolarity-Dependent Expression and Secretion of Hcp from VflT6SS2

As V. fluvialis is a halophilic species of Vibrio and normally resides in coastal and estuarine environments, we investigated if the salinity influences the expression and secretion of Hcp in V. fluvialis. We cultured strain 85003 at 30°C to an OD600 of 1.5 in LB containing increasing concentrations of NaCl. We observed that comparable amounts of Hcp were detected in the cell pellets regardless of the salt concentration (Figure 5A, left panel). Significant amounts of secreted Hcp were readily detected in supernatants from cultures containing 170, 340, 513, or 855 mM NaCl, but not in supernatants from cultures containing 85 mM NaCl (Figure 5A, right panel, compare lane 6–lanes 7–10), although the secretion levels at 513 and 855 mM NaCl appeared to be slightly reduced compared to those at 170 and 340 mM NaCl. These results indicated that Hcp secretion was stimulated by high NaCl concentrations. To obtain more detailed information, we investigated whether salinity can influence the expression of tssD2 and the VflT6SS2 core gene cluster. As shown in Figure 5B, tssD2 and the all three selected VflT6SS2 core genes, tssL2, vasH, and tssM2, were apparently induced when strain 85003 was grown at 30°C in LB containing 340 mM NaCl compared to cultures grown with 85 mM NaCl.
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FIGURE 5. Effects of salinity on the expression of VflT6SS2 Hcp by V. fluvialis 85003. (A,C) Immunoblot analysis of Hcp expression. The V. fluvialis strain 85003 was grown at 30° or 37°C in LB containing the indicted concentrations of NaCl. Cell pellets and culture supernatants were analyzed by SDS-PAGE and immunoblot assays using anti-Hcp and anti-Crp antisera. Lanes 1–5, cell pellets; lanes 6–10, culture supernatants. The arrows indicate the reaction bands of the Hcp and Crp proteins. (B,D) qRT-PCR analysis of the mRNA abundance of VflT6SS2 genes. The V. fluvialis strain 85003 was grown at 30° or 37°C in LB containing the indicted concentrations of NaCl. RNA was extracted, and the mRNA abundances of tssD2, tssL2, vasH, and tssM2 were determined by qRT-PCR as described in the Materials and Methods. Data from three independent cultures were plotted to show the relative levels of transcripts, with the average level from low (85 mM NaCl) salinity samples in each case set to 1.0. The error bars indicate standard deviations from the mean.



We then determined whether the salinity could also affect VflT6SS2 at 37°C. We therefore cultured the 85003 strain at 37°C in LB containing different concentrations of NaCl and analyzed the expression and secretion of Hcp. We found that steadily increasing amounts of Hcp were detected in pellets from cultures supplemented with 340, 513, or 855 mM NaCl (Figure 5C, lanes 3–5), and the secreted form of Hcp was detected under 513 or 855 mM NaCl conditions (Figure 5C, lanes 9–10). On the basis of these results, we inferred that high NaCl concentrations could induce both the expression and secretion of Hcp in a dose-dependent manner at 37°C. Consistently, increased mRNA levels of tssD2, tssL2, vasH, and tssM2 were confirmed when the 85003 strain was grown at 37°C in LB containing 855 mM NaCl (Figure 5D). These results indicated that, under certain circumstances, such as high salinity, VflT6SS2 would be activated in an infected host. The precise stimuli and signaling mechanism(s) involved in this response should be further investigated in future studies.

In V. cholerae A1552, it was reported that Hcp secretion was induced by osmolarity rather than salinity (Ishikawa et al., 2012). To test whether this is also the case in V. fluvialis, strain 85003 was grown at 30°C in LB supplemented with mannitol, trehalose or sucrose at a concentration of 510 mM, or KCl at a concentration of 255 mM, in addition to 85 mM NaCl to yield an equivalent osmolarity as 340 mM NaCl. Based on the growth curve (Figure 6A), we collected samples from cultures with an OD600 of 1.5. Our results demonstrated that although the protein levels of Hcp in pellets were comparable under low and high osmolarity conditions (Figure 6B, left panel), the protein was more efficiently secreted under high osmolarity conditions (Figure 6B, compare lane 7 with lanes 8–12). Furthermore under the same osmolarity conditions, NaCl, mannitol and trehalose seemed to more potently enhance the secretion of Hcp than sucrose and KCl (Figure 6B, compare lanes 8, 9, 11 with lanes 10 and 12). Together, these results indicate that high osmolarity induces Hcp secretion in V. fluvialis, and the osmolarity-dependent secretion of Hcp may be a common characteristic among Vibrio species.
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FIGURE 6. Effects of osmolarity on the expression and secretion of VflT6SS2 Hcp from V. fluvialis 85003. (A) Growth curves of V. fluvialis strain 85003 incubated at 30°C in normal LB media (85 mM NaCl) or normal LB supplemented with different amounts of salt (NaCl or KCl) or sugar alcohol (mannitol, sucrose or trehalose) to yield the same osmolarity as 340 mM NaCl. Error bars indicate the standard deviation of three independent cultures. (B) Immunoblot analysis of Hcp expression and secretion. The V. fluvialis strain 85003 was grown as described above. Lanes 1–6, cell pellets; lanes 7–12, culture supernatants.



V. fluvialis VflT6SS2 Plays a Role in Interbacterial Virulence

To test if VflT6SS2 activity contributes to interbacterial virulence or competition, we performed an E. coli killing assay. We first generated a vasH in-frame deletion mutant, ΔvasH, which was used as an avirulent control. VasH is considered to be a global transcriptional regulator of T6SS and is required to initiate the transcription of T6SS genes in V. cholerae (Kitaoka et al., 2011). The VasH of V. fluvialis encodes 531 amino acids and shares 73% identity with that of V. cholerae. Of note, the Walker A (GETGTGKE) motif, Walker B (GTLFLDEIG) motif, and the central GAFSGA-loop 1 region of the ATPase domain of VasH are exactly the same in V. cholerae and V. fluvialis (Figure S3). Consistent with the findings in V. cholerae, the deletion of vasH in V. fluvialis resulted in a lack of expression and secretion of Hcp (Figure 7A, compare lane 1 to lane 2, and lane 7 to lane 8), i.e., the naturally functional VflT6SS2 was completely disabled. However, the expression and secretion of Hcp were restored by introducing a complemented plasmid pSRvasH under IPTG induction, but the restoration did not occur if the pSRKTc control plasmid was used or no IPTG induction was employed (Figure 7A). The mixtures of the prey E. coli K-12 MG1655 and V. fluvialis predators were spotted on LB nutrient agar plates containing 340 mM NaCl and incubated at 30°C. The number of surviving MG1655 was determined after 5 h of incubation. The results showed that the survival of MG1655 was significantly reduced in the presence of wild-type V. fluvialis, but not when vasH was deleted (Figure 7B). Re-expression of vasH from pSRvasH recovered the ability of V. fluvialis to compete against the E. coli, although not to the level of the wild type (Figure 7B). The above results collectively indicate that VflT6SS2 provides V. fluvialis with increased competitive fitness.
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FIGURE 7. VflT6SS2-dependent competition between V. fluvialis 85003 and E. coli strain MG1655. (A) Immunoblot analysis of Hcp secretion by the vasH mutant and the trans-complemented strains. Lanes 1–6, cell pellets; lanes 7–12, culture supernatants. The arrows indicate the reaction bands of the Hcp and Crp proteins. (B) The survival of the rifampicin-resistant E. coli strain MG1655 was determined after 5 h co-culture with V. fluvialis 85003 (WT), ΔvasH or the trans-complemented strains at 30°C on LB agar plates containing 340 mM NaCl. The data represent three independent experiments. **,Significant differences between sample groups at 5 h as determined by an unpaired, two-tailed Student's t-test (P < 0.001). None, medium only; WT, wild type. (C) qRT-PCR analysis of the mRNA abundance of selected VflT6SS1 and VflT6SS2 genes. The V. fluvialis strain 85003 was grown at 30°C in LB containing 340 mM of NaCl. RNA was extracted, and the mRNA abundances of selected VflT6SS1 genes (tssM1, tssD1, tssK1, tssA1, and rhs) and VflT6SS2 genes (vasH and tssD2) were determined by qRT-PCR as described in the Materials and Methods. Each value is the average of three independent cultures. The error bars indicate standard deviations from the mean.



To determine whether VflT6SS1 is involved in the competitive bacterial killing demonstrated by V. fluvialis, we measured the protein level of TssD1, as well as the mRNA levels of three VflT6SS1 genes located at the beginning of the VflT6SS1 gene cluster (rhs, tssA1, tssD1), and two other genes at its end (tssK1 and tssM1) using qRT-PCR for bacteria cultured under the same conditions as in the killing assay (340 mM NaCl at 30°C). We could not detect TssD1 expression in either the cell pellet or the supernatant by a Western blot analysis (data not shown). qRT-PCR analyses revealed that the genes selected from the VflT6SS1 cluster showed extremely low mRNA levels (0.015, 0.063, 0.016, 0.003, and 0.004 for tssM1, tssD1, tssK1, tssA1, and rhs, respectively) compared to vasH and tssD2 from the VflT6SS2 cluster (0.199 and 2.124 for vasH and tssD2, respectively; Figure 7C). These results suggested that VflT6SS1 is likely inactive, at least under the tested conditions.

Since VflT6SS2 contains three copies of tssD2 (namely tssD2_a, tssD2_b and tssD2_c), we generated individual deletion mutants and a tssD2_ab double-deletion mutant to pinpoint which copies contribute to the function of VflT6SS2. As shown in Figure 8A, deletion of the individual copies (tssD2_a, tssD2_b or tssDI2_c) did not affect the expression or secretion of Hcp, while the combined deletion of tssD2a and tssD2b completely abolished the secretion of Hcp. Consistently, each deletion mutant of tssD2_a, tssD2_b or tssDI2_c showed similar interbacterial virulence to the wild type organism, but the double mutant (ΔtssD2ab) displayed significantly decreased antibacterial virulence (Figure 8B). Based on these results, we speculated that tssD2_a and tssD2_b function redundantly and are required for VflT6SS2 to mediate its antibacterial activity, while tssD2_c is probably dispensable for the formation of VflT6SS2 structural apparatus or the assembly of functional VflT6SS2.
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FIGURE 8. Different contributions of tssD2_a, tssD2_b, and tssD2_c-tssI2_c to the function of VflT6SS2. (A) Immunoblot analysis of Hcp expression in ΔtssD2a, ΔtssD2b, ΔtssD2ab, and ΔtssDI2c cultured at 30°C. Lanes 1–5, cell pellets; lanes 6–10, culture supernatants. The arrows indicate the reaction bands of the Hcp and Crp proteins. (B) The survival of the rifampicin-resistant E. coli strain MG1655 was determined after 5 h of co-culture with V. fluvialis 85003 (WT), ΔtssD2a, ΔtssD2b, ΔtssD2ab, or ΔtssDI2c at 30°C on LB agar plates containing 340 mM NaCl. The data represent three independent experiments. **,Significant differences between the sample groups at 5 h as determined by an unpaired, two-tailed Student's t-test (P < 0.05). None, medium only.



Taken together, these results demonstrate that VflT6SS2 provides an advantage for V. fluvialis in competition with bacterial neighbors, which may contribute to its fitness and pathogenesis.

DISCUSSION

T6SS is a newly identified protein secretion system in Gram-negative bacteria that functions to antagonize the neighboring cells through the delivery of lethal effector molecules. In this study, we investigated the T6SS machinery in V. fluvialis, an emerging foodborne pathogen. We showed the detailed genetic contents and organization of two T6SS gene clusters in V. fluvialis strain 85003. We found that VflT6SS2 is more widely distributed than VflT6SS1 in different isolates of V. fluvialis. VflT6SS2 has three “orphan” hcp-vgrG clusters and has nearly the same genetic organization and gene orientation as the “core” gene cluster of V. cholerae T6SS (VCA0107~VCA0124) except that the homologous counterpart of VCA0122 (vasM) was missing from V. fluvialis (Figure 1). The third “orphan” hcp-vgrG cluster, tssD2_c-tssI2_c, which closely neighbored three predicted phage integrases, was not found in V. fluvialis 33809, V. furnissii NCTC11218 or V. cholerae N16961, implying its unstable characteristics in terms of acquisition and loss.

For the first time, we demonstrated the functional expression of T6SS in V. fluvialis (Figure 2). Previous studies have reported that the expression of T6SS is growth phase-dependent (Ishikawa et al., 2009; Pieper et al., 2009). In this study, we confirmed the growth phase-dependent expression of the T6SS and showed that the growth phase regulates the function of VflT6SS2, i.e., the secretion of the Hcp effector is dependent on the growth phase. As shown in Figure 3, the synthesis of Hcp remains stable throughout the growth phase (from an OD600 of 0.5 to 3.8; Figure 3A), but Hcp secretion was only observed in a narrow range of the growth phase (from an OD600 of 1.0 to 2.0; Figure 3B), suggesting that VflT6SS2 functions only during the late log phase and early stationary phase of the bacterial growth. We know that protein secretion is an energy-consuming process. Turning on the secretion system at certain growth stages may be an adaptive strategy for bacterial cells to avoid unnecessary energy consumption while facilitating cell multiplication and survival. We speculate that this kind of regulation may be achieved through sensing changes in the culture environment, such as the cell density, nutrition consumption, concomitant metabolite accumulation, etc. In support of this hypothesis, it has been reported that quorum sensing, sigma factor RpoN, transcriptional regulators and stress-response-inducing factors activate the T6SS in different bacterial species (Ishikawa et al., 2009; Leung et al., 2011).

Functional expression of VflT6SS2 was activated under cool (25°C) and warm (30°C) temperatures, but was completely repressed at high temperature (37°C), as evidenced by the lack of Hcp detection in both cell pellets and culture supernatants (Figure 4A) and the extremely low transcriptional level of tssD2 (Figure 4B). The temperature-dependent expression of T6SS was also reported in other species, including Vibrio pathogens such as the V. cholerae O1 serogroup (Ishikawa et al., 2012), V. parahaemolyticus (Salomon et al., 2013) and even the zoonotic pathogen, Yersinia pestis (Pieper et al., 2009). The temperature-specific expression pattern of VflT6SS2, combined with its wide existence in different isolates, suggests that VflT6SS2 probably plays a vital role in V. fluvialis bacterial survival and persistence in the environmental niche.

Consistent with what has been reported in V. cholerae O1 strain A1552 (Ishikawa et al., 2012), we also observed that osmolarity induced the secretion of Hcp in V. fluvialis under the warm temperature (30°C) (Figures 5A, 6B). In addition, a higher NaCl concentration (>340 mM) was observed to induce both the expression and secretion of Hcp in a NaCl concentration-dependent manner at 37°C, a temperature which is usually associated with a lack of Hcp. Furthermore, a clear dose-related response was observed (Figure 5C). Similar to what has reported in V. cholerae (Ishikawa et al., 2012), qRT-PCR analyses revealed that high salinity promoted the transcription of tssD2 and the VflT6SS2 gene cluster (Figures 5B,D), which may be the main reason for the activation of VflT6SS2. However, other possibilities cannot be excluded, such as an increase in Hcp secretion due to increased contraction of VipA/VipB sheath tubules, which may work more rapidly and efficiently in response to various environmental stimuli. This may be supported by the observation that a high salt concentration improves the stability of the VipA/VipB complex in vitro (Bröms et al., 2013). It is also possible that the high salinity affected the dynamic cycle of the sheath tubules (assembly, contraction, disassembly, and reassembly; Basler et al., 2012).

It is worth noting that the range of salinity inducing the secretion and expression of Hcp in V. cholerae was much narrower than that in V. fluvialis. The presence of NaCl at 595 mM completely abolished the secretion of Hcp in V. cholerae (Ishikawa et al., 2012), while in V. fluvialis, 855 mM NaCl still efficiently induced Hcp secretion (Figure 5A). We reasoned that this may be because V. fluvialis is a halophilic species and is naturally able to tolerate higher salinity than V. cholerae. At the same time, the ability to maintain the functional activity of T6SS at a much higher salinity (higher than 513 mM) could provide V. fluvialis with a competition advantage in the normal marine habitat, where the NaCl concentration is up to 500 mM (Bröms et al., 2013). V. fluvialis was reported to be the predominant pathogenic Vibrio species isolated from the final effluents of a rural wastewater treatment plant in South Africa (Igbinosa et al., 2009) and could maintain a long-term survival (6 years) in marine sediment (Amel et al., 2008).

Finally, we showed that WT 85003 exhibited antimicrobial activity when co-cultured with E. coli at 30°C (Figure 7B). Deletion of vasH compromised the synthesis of Hcp (Figure 7A), and resulted in the loss of bacterial killing activity (Figure 7B). Complementation of vasH from the pSRvasH plasmid restored the Hcp expression and the bacterial killing activity of the ΔvasH mutant (Figures 7A,B). qRT-PCR analyses confirmed that under the tested bacterial killing conditions, VflT6SS1 was not functional (Figure 7C). Together, these results demonstrated that the antimicrobial activity is VflT6SS2-mediated and requires the expression of both Hcp and the transcriptional regulator, VasH. Although vasH is necessary for the functional activity of T6SS, we found that it had the lowest detection rate of the various VflT6SS2 genes in the tested isolates. At present, we do not know whether this is due to sequence variation or gene deletion, and will be investigated in subsequent studies. Furthermore, we investigated the contribution of the three copies of tssD2 to the function and interbacterial virulence of VflT6SS2. Our results showed that the deletion of the individual tssD2 copies did not significantly affect the interbacterial virulence of VflT6SS2, nor did it affect the expression and secretion of Hcp. In contrast, the deletion of both tssD2_a and tssD2_b abolished the expression of Hcp and the interbacterial virulence (Figures 8A,B), suggesting that tssD2_a and tssD2_b function redundantly and are required for VflT6SS2 to mediate its antibacterial activity, while tssDI2_c is probably dispensable, in accordance with its genetic location (i.e., neighbored with phage integrases) and its absence in closely-related Vibrio species, such as V. cholerae, V. furnissii, and V. fluvialis strain 33809 (Figure 1). The redundancy of function of the two hcp copies (namely tssD2_a and tssD2_b) as structural components and effector proteins of the T6SS was also observed in V. cholerae (Ishikawa et al., 2009).

In summary, we obtained evidence that there is at least one functional T6SS in V. fluvialis 85003, and that its expression and the conditions leading to its induction are similar to, but distinct from, those of other Vibrio species. We hypothesize that VflT6SS2 of V. fluvialis constitutes an important factor that facilitates successful competition with other organisms in the marine environment. Our findings are helpful to understand the diversity of the distribution, organization, expression, and regulation of T6SS and further broaden the overall knowledge of the pathogenicity and environmental fitness of V. fluvialis.
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Figure S1. Growth curves of V. fluvialis strains 85003, VF54, CICC21612, and VF42 incubated in LB media containing 170 mM NaCl at 30°C. Error bars indicate the standard deviation of three independent cultures.

Figure S2. Growth curves of V. fluvialis strain 85003 incubated in LB media containing 170 mM NaCl at 25°, 30°, and 37°C, respectively. Error bars indicate the standard deviation of three independent cultures.

Figure S3. Amino acid sequence alignments of the V. fluvialis 85003 VasH protein (VflVasH) with VasH protein sequences of V. cholerae (VchVasH) and V. furnissii (VfuVasH). The identical and highly conserved amino acids are highlighted in black and gray, respectively. The Walker A motif, Walker B motif, the central loop1 region of the ATPase domain and the helix-turn-helix domain are underlined.

ABBREVIATIONS

T6SS, type VI secretion system; Hcp, hemolysin-coregulated protein; VgrG, valine-glycine repeat protein G; LB, Luria-Bertani broth; WT, wild-type; OD600, optical density at 600 nm; PCR, polymerase chain reaction; CFU, colony forming units; ORF, open reading frame; VFH, hemolysin of V. fluvialis.
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Strain/plasmid Characteristics References/sources

SM102pir thithr leu tonA lacY supE recA:RPA-2Tc:Mu (\pirREK), KmP Mekalanos Laboratory (Harvard Medical
Schoo)
Rosetta(DE3) F~ ompT hsdSg (rgmg) gal dem(DE3) pRARE?, CmPt Laboratory stock
MG1655 KA2F~ 1~ ibG™ rfb-50 1oh-1, RipR Laboratory stock
viadalls
85003 V. fluvialis, wild type, SmP Luetal, 2014
VFS4 V. luvials, wild type, environmental isolate This study
VFa2 V. luvials, wild type, clinical isolate This study
CICC21612 V. fluvialis, wild type, clinical isolate Liang et al., 2013
Avast 85008, AvasH This study
atssD2a 85008, AtssD2_a This study
AtssD2b 85003, AtssD2_b This study
AtssD2ab 85003, AtssD2_a, AtssD2_b This study
AtssDi2¢ 85008, AtssD2_c-tssl2_c This study
pCVD442 Suicide vector containing R6K ori, sacB, Amp® Laboratory stock
pWMO1 Suicide vector containing R6K ori, sacB, lacZa; Amp? Laboratory stock
PSRKTc Broad-host-range vector containing lac promoter, lacf, lacZa, Tet? Khan et al., 2008
PET30a(+) expression vector containing pBR322 or, 1 or, lacl; Kan® Novagen
POVD-VF AvasH 1.79 Kb Safl-Sacl AvasH fragment of V. fluvials in pCVD442 This study
POVD-AtssDI2.c 1,69 kb Sall-Sacl AtssD_c-tssf2_c fragment of V. flvialis in poVD442 This study
PWM-AtssD2_a 1.74 Kb BamHi-Smal AtssD2_a fragment of V. fluvials in W91 “This study
PWM-AtssD2_b 1.72 Kb Notl-Smal AtssD2_b fragment of V. flvialis in pWMO1 This study
pSRvasH 1.596 kb vasH ORF of V. fluvialis in pSRKTc This study

pET30a-hcp. 513 bp Nool-Xo! fragment containing the coding sequence of V. fluvialis hep in pET30a(4)  This study
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tssi2.a
tssD2_b
tssi2_b.
tssD2_c
tssi2_c

V. fluvialis 85003
Size (bp)

510
1,476
438
1,770
1,017
1,479
arr
1,335
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2613
1,596
660
1,401
3,546
1,278
3,089
384
519
2,067
519
2,007
519
1,980

Unknown or does not exist.

coG

3516
3517
3,518
3,519
3,520
3,456
3,521
3,522
3,455
0,542
1,221

3515
3,523
3515
3,501

3,157
3,501
3,157
3,501
3,157
3,501

Homologs

impB, vipA
impC, vioB
impF, vasS, hsiF
impG, vasA
impH, vas8
impl, vasC, tha
Ip, vasD

impJ, vasE
impK, vasF, icmH/dotU,
clpV, vasG

sta

vasl

impA, vasJ
impL, iomF, vask
vasL.

VoG

V3

V. cholerae N16961

Gene ID (identity%)

VCAO107 (87.88)
VCAO108 (92.68)
VCAO109 (89.73)
VCAO110 (84.92)
VCAO111 (79.35)
VCAO112 (64.86)
VCAO113 (84.91)
VCAO114 (90.34)
VCAO115 (86.05)
VGAO116 (86.09)
VCAO117 (73.82)
VCAO118 (47.81)
VCAO119 (70.42)
VCAO120 (85.19)
VCAO121 (65.45)
VCAO123 (64.08)
VCAO124
VC1415(96.38)
VC1416 (44.58)
VCA0017 (95.38)
VCAO18 (74.24)

V. furnissii NCTC11218

Gene ID (identity%)

Viu_BO1176 (96.47)
Viu_BO1177 (98.58)
Viu_BO1178 (100.00)
Viu_BO1179 (98.47)
Viu_BO1180 (96.95)
viu_BO1181 (91.73)
Viu_BO1182 (98.74)
Viu_BO1183 (98.88)
Viu_BO1184 (99.61)
viu_BO1185 (97.47)
Viu_BO1186 (96.11)
Viu_BO1187 (86.76)
Viu_BO1188 (95.29)
Viu_BO1189 (98.48)
Viu_B01190 (93.43)
Viu_BO1191 (73.74)
viu_BO1192
Viu_A01958 (99.42)
Viu_AO1957 (96.37)
Viu_B01010 (99.42)
viu_BO1011 (97.28)

V. fluvialis 33809

Gene ID (identity%)

AL536_06745 (98.82)
AL536_06740 (98.37)
AL536_06735 (99.31)
AL536_06730 (99.83)
AL536_06725 (99.70)
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Viu-vasL-up2153177
Vi-rbsD-n2158250
VIuAO1956-up
VIuAO1959-dn
viu_B01009-up
viu_BO101 1-dn
impC/impD-F
impC/mpD-R
impD/impG-F
impD/impG-R
impG/impH-F
impG/impH-R
cloB-F

cipB-R
clpB/impl-F
clpB/impl-R
lp/impJ-F
lip/impJ-R
impH/AmpL-F
impK/impL-R
vipB/vasA-F
vipB/vasA-R
vasB/vasC-F
vasB/vasC-R
vasDAvasE-F
vasDAvasE-R
vasF/vasG-F
vasFAvasG-R
vasHAvasl-F
vasHvasl-R
vasiivasJ-F
vasi/vasJ-R
vask/vasL-F
vask/vasL-R
vasH-F1-up-Sall*
vasH-F1-dn
vasH-F2-up
vasH-F2-up-Sacl*
tssDI2e-F1-up-Sall*
tssDI2c-F1-dn
tssDI2e-F2-up
tssDI2c-F2-dn-Sacl”
tssD2a-F1-up-Bamhl*
tssD2e-F1-dn
tssD2a-F2-up
tssD2a-F2-dn-Smal”
tssD2b-F1-up-Notl*
tssD2b-F1-dn
tssD2b-F2-up
tssD2b-F2-dn-Smal*
VF-hep-up-Neol"
VF-hep-dn-Xhol*
vasH-For-Hindill"
vasH-Rev-Ndel"
VF-recA-qPCR-up
VF-recA-GPCR-dn
hcp-qPCR-F-com
hcp-gPCR-R-com
VF-vasF-GPCR-F
VF-vasF-qPCR-R
VF-vask-qPCR-F
VF-vasK-qPOR-R
VF-vasH-qPCR-F
VF-vasH-qPCR-R
VF-tssD1-qPCR-F
VF-1ssD1-qPCR-R
VIB629-qPCR-F
viB629-qPCR-R
viB643-GPCR-F
viB643-qPCR-R
viB631-GPCR-F
viB631-qPCR-R
viB647-GPCR-F
viB647-qPCR-R

Oligonucleotide sequence (5/-3')

CGTTGGAAGATTTTGCTGTG
GTGAGGGCTAMTCAATACG
CCGCCATTTTCGCTTACG
GCTTGATCCCAACCGCAG
CATTCAGGAAGATCCAGT
GCTGCCAATCAGTTCCTA
AGCAATTTGAAGACGCACCT
GGCGAGAAAAATCAGGATGA
GAATCGCATCAACTGGTTTG
GCAACACCGCAATCACATAG
TGGACGAAGTCAACGAAGTG
ACACAGAAGGCGCTTGAGTT
TGTCCAAAGAAACGCATCTG
GAACACCATGGGCTCTTCAT
ACGTCCGGAAAATGACGAT
TAAGGTGTAGGCCCCAATCA
TICTGGCTGGGGTAMCAMG
AGTTCAGCGGAAMGCTCAC
AGCTCTACGCTCTGGGTTGA
ACTCGTCGTGCTGCTTGAG
GACCGATTTTGGCAGTGCTT
GCTGCAAAGCAAGATCCCAA
AMAACGCACCATCAATCGAGACA
CTggTGATGTACGTGCTTACAAC
AGATTGOGAATTAAGIGACOAM
TGTCCGCCATTACGACCA
AAGCCTTCAATCATGCACTT
TTATCAGYCGCTGTTggAAT
CCTGCGTCACTAACTCATTGA
TICAACCGTTgCCoATggoA
CTCTgCTCgACCTTgCGC
CgTgTTgAACTggCgCTg
TTGGTGTGAAACCACGGGAT
CATCGGTGGAAGAGCTGAAG
GCGTCGACGAATAAAACGGGAAGGCGAA
TGCAATGCTGTTATGACAAGATCGCTATAT
CTTGTCATAACAGCATTGCATTTGAAAGCC
CGAGCTCAGAAACGGTGGTGCAGCTTG
GCGTCGACGCAATTCAATGGAGCGCCAA
ATTTTCATGA TGGCATCGTTTTTCCTTTAG
AACGATGGGA TCATGAAAATGACGCAGACT
CGAGCTCTTACAATGACACGATTCGCG
CGGGATCCGCCAGCTTTTTAGATCGC
CGAGCGTAAGTGCTCATTCCTTTCTAACTG
GGAATGAGCAGTTACGCTCGAGCTGCGTTG
TCOCCCGGGAMCTGTAGTCTIGCAGC
AMATATGCGGCCGCGCAAGCGTTCTCTGATCT
CGAGCGTAACTGCTCATTCCTTTCTAACTG
GGAATGAGCAGTTACGCTCGAGCTGCGTTG
TCCCCCGGGTCTGGCTCACCTCCGATT
TGTCCATGGGCCCAACTCCATGTTATATCTCTATCG
AGACTCGAGCGCTTCGATTGGTTTACGCCA
CCCAAGGTTTCATAAGGCCTTGATCTG
GGAATTCCATATGAGTAACTGGCTCGCT
ACCGAGTCAACGACGATAAG
TGATGAACTGCTGGTGTCTC
TCGGCGATTCATTCGTT
GAGTTCAACCGTCGTCATCT
CTGTGGCTCTTCOTCTTC
TTATCAGTGCTTGGTGTTG
ACATCCAACGCCAATACG
GAATCGCAGTGAAGACAAC
GGTAATCGGATACTGGAAC
GATGTGAACTTGCTGGAT
TGTCGGTCACTCGTAACTC
TCAGAACCAGCACCATCAG
GGTGGAAGTGTCTGGATGG
TGGCTCAGGTTGGTATGC
TGAACAACCGAGTGGCGAATATC
CAGTTGGCGGAACGAGGATTG
CGAGCCGAATATCCGTCTG
TTCCTGCOGTTCCAACAG
TIGCGGAAGTGATCTCTG
TTACGGCTGTCGGTTAAG

*The underfined text indicates the restriction enzyme sites.
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