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Seafood-Associated Outbreak of ctx-
Negative Vibrio mimicus Causing Cholera-

Like Illness, Florida, USA 
Appendix 

Initial identification of V. mimicus strains. We analyzed three diarrheal stool samples 

from case-patients at University of Florida Health (UFHealth). Duplicate portions of each stool 

sample (10 µl) were inoculated in 3 ml alkaline peptone water (APW, pH 8.5) and the culture 

tube was incubated statically at 37°C for 6–8 h or overnight. Following incubation, a loopful of 

culture was streaked onto thiosulphate citrate bile salts (TCBS) agar and the plates were 

incubated overnight at 37°C. After incubation we observed the growth of green colonies in plates 

with samples from two of the three patients’ stool samples, consistent with the presence of a non-

sucrose fermenting Vibrio spp. We were unable to obtain any colonies (either green or yellow) 

from the third stool sample. 

To confirm the species identification of the TCBS agar-grown green colonies isolated 

from two of the stool samples a multiplex PCR-based assay was performed as described 

previously (1). Briefly, a single colony obtained from each patient’s stool sample was grown in 

3-ml L broth and the culture was incubated overnight at 37°C in a shaking incubator (250 rpm). 

The culture was spun down by centrifugation at 8,000 rpm for 5 minutes; the supernatant was 

decanted, and the pellet was used for DNA extraction and purification using DNeasy blood and 

tissue kit (Qiagen, Germantown, MD) following the manufacturer’s instructions. PCR primers 

and conditions to identify Vibrio genus and four Vibrio species (V. cholerae [as a negative 

control], V. mimicus, V. parahaemolyticus and V. vulnificus) were used as described previously 

(1). The PCR product was subjected to electrophoresis using 0.8% agarose gel to identify an 

expected band corresponding to Vibrio spp. of interest. PCR products were gel purified and 

sequenced, results consistent with species identification as V. mimicus. The strains were 
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designated as D461B_US_2019 and E3_US_2019, respectively for further analysis as described 

below. 

Hemolysis/hemolytic activity. Qualitative hemolysis assay. A qualitative hemolysin 

assay was performed as described previously (2). Briefly, the two Florida V. mimicus strains and 

two laboratory toxigenic V. cholerae O1 strains (E7946 [El Tor Ogawa] and O395 [Classical 

Ogawa]) were grown statically overnight on LB agar plates at 37°C (strains used in these studies 

are listed in Appendix Table 2). A single colony grown on LB agar plate was streaked on 5% 

sheep blood agar plates (Fisher Scientific Co., Waltham, MA) within prelabelled spots drawn on 

blood agar plate to avoid cross-contamination. The plate was incubated overnight at 37°C in an 

incubator. Following incubation, the plate was visually observed for hemolytic zone, if any, 

around each strain. Results are shown in Appendix Figure S1A. 

Quantitative hemolysin assay. For a quantitative hemolysin assay, bacterial cell-free 

culture supernatant [CFS] (extracellular hemolytic activity) and bacterial cytoplasmic extract 

[CE] (inter cellular hemolytic activity) were determined as follows: 

• To obtain bacterial cell-free supernatant, a single colony of each V. cholerae strain 

grown on LB agar was inoculated in 3 ml brain heart infusion (BHI broth); and 

the culture was incubated overnight at 37°C with a shaking speed of 200 rpm. 

Following incubation, the culture was transferred into 50 ml Syncase medium 

supplemented with 3% glycerol (v/v) and the culture was incubated statically at 

37°C for 48 hours. The culture was spun down by centrifugation at 12000 rpm for 

30 min; the culture supernatant was carefully decanted into a sterile container and 

ultimately sterilized by membrane (0.45 µm) filtration. 

• For preparing bacterial cytoplasmic extract, a single colony of V. cholerae strain 

was inoculated in 3 ml LB broth and the culture was incubated overnight in a 

shaking incubator with a shaking speed of 200 rpm at 37°C. The culture was then 

transferred (1:100) in fresh 20 ml LB broth and the culture was grown at 37°C 

with shaking until it reaches to mid-log phase (value 0.6 at OD600). The culture 

was spun down by 12000 rpm for 30 min and the pellet was washed 2X with 20 

ml fresh LB broth. Supernatant was discarded and the pellet was resuspended in 

20 ml LB broth and the culture was chilled on ice for 15 min. Bacterial cells were 
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then lysed using ultrasonication for a total of 5 min (5 seconds treatment with a 5 

second interval). To collect the cytoplasmic extract, ultrasound-treated cells were 

centrifuged at 12000 rpm for 5 minutes at 4°C. After centrifugation, cells were 

resuspended in 20 ml LB. 

Sheep blood was processed for quantitative hemolytic assay as described previously (3). 

Briefly, 10% sheep blood was washed three times with sterile isotonic saline solution. At the last 

washing step, erythrocytes were separated by centrifugation at 2000 rpm for 10 min; the 

supernatants were carefully decanted and a 2% erythrocyte solution (v/v) was prepared by 

dissolving and mixing erythrocytes into isotonic saline solution. To assess hemolytic activity in 

CFS and CE (described above), dilution of CFS and CE was made in LB broth as follows: 1:10, 

1:20, 1:40 and 1:80. One ml of CFS or CE was added to 1 ml of 2% erythrocyte solution (final 

concentration of erythrocytes approached to 1%) in 5 ml sterile test tube. The mixture was 

incubated statically at 37°C for 2 hours followed by incubation in 4°C overnight. Following 

overnight incubation, 1 ml mixture was spun down by centrifugation at 1000 rpm for 2 min; 200 

µl supernatant were transferred to 96-well plate to measure the absorbance at 540 nm. To 

completely lyse erythrocytes, 1% erythrocytes was treated with 1% Triton-X100 and used as 

positive control as reported previously (3). One ml of erythrocytes solution (1% final 

concentration) was added to 1 ml of LB broth (free from either CFS or CE) was used as a blank 

(negative control). The amount of hemolytic toxin necessary to elicit 50% release of hemoglobin 

or to cause 50% hemolysis was defined as the hemolysin unit (HU50). The relative rate of 

hemolysis was calculated using the following equation: Hemolysis (%) = 100 – [(Ap-As)/(Ap-

An) 100)]; where Ap, As and An are the O.D. value or absorbance of the positive control, test 

strains and the negative control, respectively. Fifty percent (50%) hemolytic activity was 

determined based on the 50% hemolysis found in a tube (dilution) compared to the positive 

control tube (lysis was done by Triton X-100). 

Appendix Figure S1B shows that V. mimicus strains produced either comparable or 

higher level of hemolytic activity in their cell free supernatant compared to a positive standard 

control (completely lysed erythrocytes using Triton X 100). The E3_US_2019 and 

D461B_US_2019 strains displayed 50% hemolytic activity at a fold dilution of ~29 and ~39, 

respectively as indicated by dashed lines. The amount of hemolytic toxin required to elicit 50% 

release of hemoglobin or to cause 50% hemolysis was defined as the hemolysin unit (HU50). 
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Similarly, Appendix Figure S1C indicated that both V. mimicus strains retained similar level of 

hemolytic activity in their cytoplasmic extract compared to lysed erythrocytes. Both 

E3_US_2019 and D461B_US_2019 strains displayed 50% hemolytic activity at a fold dilution of 

~3.3 as indicated by dashed lines. As in cell free supernatant, the amount of hemolytic toxin 

(extracted from cytoplasmic extract) required to elicit 50% release of hemoglobin or to cause 

50% hemolysis was defined as the hemolysin unit (HU50). Taken together, our data imply that 

high hemolytic activity seen in cell free supernatant and cytoplasmic extract of V. mimicus 

strains may have contributed to severe diarrheal diseases in patients from which the strains were 

isolated. 

Qualitative protease assay. Qualitative protease activity of Vibrio strains was assessed 

using milk agar plate as described previously (4). The milk agar plate containing 4% (w/v) 

instant non-fat dry milk (autoclave separately before add to agar) was mixed with separately 

autoclaved brain heart infusion agar and poured onto standard agar plate. A single colony of each 

Vibrio strain was streaked and patched onto milk agar plate and the plate was incubated 

overnight at 37°C. Following incubation, the plate was observed for a zone of clearance around 

the bacterial growth. Results are shown in Appendix Figure S2, with both V. mimicus strains 

producing very high levels of protease activity on milk agar plate comparable to the protease 

activity elicited by V. cholerae O1 strain E7946. In contrast, V. cholerae O1 strains N16961 and 

O395 exhibited no protease activity in our experimental setting, consistent with an earlier report 

(4). 

Quantitative protease assay. Quantitative protease assay was performed as described 

previously (5). Briefly, to determine quantitative protease activity, a single colony of Vibrio 

strain grown overnight on LB agar plate was inoculated in 3 ml brain heart infusion (BHI) broth 

and the culture was grown overnight at 37°C in a shaking incubator with a speed of 200 rpm. 

Next day, 0.5 ml of bacterial culture was inoculated in 500 ml BHI broth and the culture was 

grown overnight at 37°C in a shaking incubator (200 rpm). The culture was spun down by 

centrifugation at 12000 rpm for 40 min; the supernatant was carefully collected into another 

container and filter sterilized using 0.45 µm filter. The supernatant was used for protease 

activity. 
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To measure the protease activity, 0.65% casein solution was used as a substrate. Test 

tubes containing the casein solution was placed in a water bath at 37°C for 5 minutes for 

calibration purposes. Several dilutions of preprocessed supernatant from a desired test strain 

were added to the tubes, mixed by swirling, and incubated at a 37°C incubator for 10 minutes. 

After incubation, 110 mM Trichloroacetic acid (TCA) solution were added to each tube. Next, 

equal volume of protease from bovine pancreas were added to each tube and incubated for 30 

minutes in a 37°C incubator. After the incubation, all the sample solutions and the blank were 

filter sterilized using syringe filters with 0.45µm pore size. Two ml of the filter sterilized sample 

solution and the blank from each tube were transferred to clean separate tubes where 5 ml of 

sodium carbonate solution and 1 ml of Folin’s reagent were added. All the contents of the tubes 

were mixed by swirling and incubated at a 37°C incubator for 30 minutes. To compare the 

protease activity of the test samples, tyrosine standard solution with several dilutions were 

prepared by mixing water and tyrosine standard stock solution. 1.1 mM tyrosine standard stock 

solution at different volumes: 50 µl, 100 µl, 200 µl, 400 µl, 500 µl were inoculated into 5 

separate test tubes and water was added in each of these tubes to make a total volume of 2 ml. A 

separate test tube containing no tyrosine standard stock solution but only 2 ml of water was 

considered as the blank. Similar to the tubes of the test samples and test blank, sodium carbonate 

solution (5 ml) and Folin’s reagent (1ml) were added in all the tubes containing tyrosine standard 

solution and the standard blank. Similar to test samples and test blank, tubes containing standard 

and standard blank were filter sterilized using filters of 0.45µm pore size. Absorbance of all the 

test samples, test blank, standard samples and standard blank were measured at 660 nm using a 

spectrophotometer. Protease activity in a test sample was calculated and compared with the 

standard curve to quantify protease activity in that sample. 

E3_US_2019 and D461B_US_2019 were found to produce similar level of proteolytic 

activities (51.72 and 52.8, respectively) indicating that both V. mimicus strains produced high 

level of protease that may have promoted severe diarrheal disease in patients from whom the 

strains were isolated. 

Motility assay. Motility assays of Vibrio strains were performed as described previously 

(6). Briefly, A single colony of Vibrio strain of interest was streaked on LB agar and the plate 

was incubated overnight at 37°C incubator. Next, using a sterile needle the culture was 

inoculated into a motility agar plate (0.3% agar) and the plate was incubated at 37°C for 6 hours; 
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the plate was then observed with naked eyes to see if a strain migrated around the inoculating 

site reflecting motility phenomenon. 

As shown in Appendix Figure 3A, while V. cholerae N16961S (smooth) variant produced 

motility with a diameter of 1.3 cm around the inoculating site, the motility of N16961R (rugose) 

and V. mimicus strains D461B_US_2019 and E3_US_2019 showed motility with diameter of 

0.4, 0.8 and 0.5 cm, respectively. We previously reported that V. cholerae N16961R produces 

much less motility compared to its isogenic N16961S variant as the former produces copious 

amount of exopolysaccharide potentially inhibiting full potential of rugose variant’s motility on 

motility agar plate (6). As expected, V. cholerae flrA mutant defective in flagella production 

exhibited no motility on the motility agar plate. 

Biofilm assays. Quantitative assessment of biofilm produced by Vibrio strains was 

measured as described previously (7). Briefly, twenty-four well polystyrene plastic plates 

(Corning Incorporated, Corning, NY) were used as the surface for bacterial attachment. Vibrio 

strains, including V. cholerae O1 N16961S (smooth) and N16961R (rugose), N16961SΔvpsA 

and two V. mimicus strains (E3_USA_2019 and D461B_US_2019) were included in the biofilm 

assay. The microorganisms were grown in L-broth and incubated overnight statically at room 

temperature. Following overnight incubation the cultures were discarded, and the tubes were 

then rinsed vigorously with distilled water to remove non-adherent cells, filled with 600 μl of a 

0.1% crystal violet solution (Sigma, St. Louis, MO), allowed to incubate for 30 min at room 

temperature, and the tubes were again rinsed vigorously with water. Quantitative biofilm 

formation was determined by measuring the optical density at 570 nm (OD 570) of a solution 

produced by extracting cell-associated dye with 600 μl of dimethyl sulfoxide (DMSO) (Sigma, 

St. Louis, MO). 

Data presented in Appendix Figure 3B show that both V. mimicus strains produced ~50% 

more biofilm than N16961S variant while they produced ~40% less biofilm than the N16961R 

strain. As expected, V. cholerae O395 and a N16961ΔvpsA mutant showed no or little biofilm 

formation as reported earlier (7). Taken together our data indicate that tested V. mimicus strains 

produce biofilm that may have contributed to the severe diarrhea seen in patients from whom we 

derived the strains. 
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Antimicrobial assay: Antimicrobial susceptibility test (AST) was performed for each 

strain against antimicrobial agents using disc diffusion method (8) by following the 

recommended guidelines of Clinical and Laboratory Standards Institute (CLSI, formally the 

National Committee for Clinical Laboratory Standards, NCLLS) as previously described (9,10). 

Whole genome sequencing. DNA of the two V. mimicus strains was isolated and 

purified as follows: a single colony of each strain was grown in LB broth and the culture was 

incubated overnight at 37°C in a shaking incubator (250 rpm). After incubation, the culture was 

spun down by centrifugation; the supernatant was carefully decanted and the pellet was used for 

DNA extraction. Genomic DNA (gDNA) extraction was carried out using the Qiagen DNeasy 

Blood and Tissue kit (Qiagen, Inc.). Sample library construction was performed using the 

Nextera XT DNA Library Preparation Kit (Illumina, San Diego, CA 92122). Whole-genome 

sequencing of the isolates was carried out with the Illumina MiSeq for 500 cycles (Illumina, San 

Diego, CA 92122). Adaptor and raw sequence reads were filtered by length and quality by using 

the program Trimmomatic (11). After the FASTQ files were trimmed, the software SPAdes was 

used for de novo assembly, resulting in contigs for each isolate (12). The program Mauve (13) 

was used to compare whole genome alignment/mapping between V. mimicus strains used in this 

study and different Vibrio strains obtained from NCBI database (Vibrio mimicus; MB451 and 

VM223 strains, Vibrio cholerae O1 Inaba N16961 & Vibrio parahaemolyticus). The 

comparative genome alignment and mapping was performed to identify the contig(s) containing 

pathogenic island, virulence genes and different secretion system in our sequenced V. mimicus 

strains. The reference genomes indicated above were downloaded from the NCBI using 

corresponding accession number. The genes/ORF(s) were verified with BlastP search against 

Genbank NR database. RAST tool kit were used to annotate the genomes of V. mimicus strains 

(14). 

Genomic features of V. mimicus strains. To decipher general features and identify 

virulence determinants incorporated into the genomes of two V. mimicus strains (E3_US_2019 

and D461B_US_2019), we de novo assembled the whole genome sequences (WGSs) each of the 

two strains using SPAdes (12); we then annotated each genome using Prokka and RAST 

programs (15). Data are presented in Appendix Tables 2 and 4. The GC content ratio (GC%) of 

E3_US_2019 and D461B_US_2019 was 46.29% and 46.34%, respectively indicating the high 

degree of genetic similarity between these two V. mimicus strains. Moreover, the GC content of 
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V. mimicus strains is closely related to V. cholerae O1 GC content [~48%] (16–18). The 

genomes of E3_US_2019 and D461b_US_2019 harbor 753 and 542 ORFs that appear to have no 

assigned functions in NCBI database (hypothetical/conserved hypothetical genes). Furthermore, 

it appears that the strains contain 360 and 357 genetic subsystems, defined as a group or set of 

proteins that collectively perform a biologic process or promote a structural complex. 

Hemolysin, ctx, protease identified in V. mimicus genomes. Using NCBI Blast search, 

we identified a series of major virulence factors in the genomes of two V. mimicus strains. The 

identified potential virulence factors are listed in Appendix Table 2. Although a subset of V. 

mimicus strains have been reported to harbor ctx and ctx-related genes, we found no evidence of 

ctx genes or CTX prophage integration site in the genomes of our V. mimicus strains. This 

finding led us to further screen strains for other potential virulence factors in the genomes of the 

strains that enabled these strains to cause severe diarrhea in patients from whom the strains were 

isolated. Both V. mimicus strains (E3_US_2019 and D461B_US_2019) possess one copy each of 

heat-stable (ST), heat-labile (LT) and enterotoxigenic (hlyA) gene. Heat labile toxins, also known 

as pore forming toxin and cytolysin, detected in the two strains were identical (both on 

nucleotide and amino acid level) while exhibiting 98.1% similarity to a hypervirulent V. mimicus 

strain SCCF01 isolated from a catfish in China (17). Similarly, the heat stable (ST) toxins of the 

two V. mimicus strains are identical (both on nucleotide and amino acid level) while they are 

99.5% identical to the gene found in V. mimicus strain SCCF01 (17). The genomes of both V. 

mimicus strains harbor a series of genes encoding various proteases, including, VMP (Vm-HA), 

prtV protease, two types of zinc metalloprotease, protease IV and htpX protease. Previous 

reports (19) suggested that V. mimicus VMP protease (also known as Vm-HA protease) 

attributed to the virulence of the pathogen. The VMP protease modulates the activity of V. 

mimicus hemolysin by limited/selective proteolysis of hemolysin, a major virulence factor of V. 

mimicus strain (19). Both V. mimicus strains (E3_US_2019 and D461B_US_2019) encoded an 

identical VMP protein which exhibited 99.5% and 99.0% identity (on an amino acid level) to V. 

mimicus strain MB-451(VII_000553) and VM223 (VMA_000854), respectively. Both of our V. 

mimicus strains also harbored identical genes encoding neuraminidase protein in their genomes; 

the neuraminidase protein found in our strains showed 98.0% identity (on amino acid level) to a 

V. mimicus strain SCCF01(VM_15685). 
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Other potential virulence determinant in V. mimicus strains. Appendix Table 2 also 

illustrated a series of other potential virulence factors that are found in the genomes of our V. 

mimicus strains. These factors include genes (rbmA-D) encoding exopolysaccharide and biofilm 

formation, and major secretin systems (type I, II, III, IV and VI) (20). The Type II secretion 

system is known to secrete, hemolysin, proteases, flagellar proteins among others in V. cholerae 

O1 strains (6). While type III and type VI secretion systems are known to secrete effector 

molecules to modulate host-pathogen interactions in Vibrio pathogens (20), the Type IV 

secretion system promotes pilus formation promoting bacterial adhesion to biotic and abiotic 

surfaces that promotes both biofilm formation and pathogenesis (20,21). In summary, while the 

genomes of V. mimicus strains (E3_US_2019 and D461B_US_2019) do not have ctx genes, they 

have a plethora of potential virulence genes/proteins that may have contributed collectively and 

cumulatively to occurrence of severe cholera-like diarrheal disease. 

Phylogeny of V. mimicus strains. Our dataset was composed of 35 V. mimicus isolates, 

which included the two isolates from this outbreak and isolates from NCBI’s SRA database 

(Appendix Table 5). The FASTQ files from NCBI’s SRA database were trimmed using the 

program Trimmomatic (11). After the FASTQ files were trimmed, the software SPAdes was 

used for de novo assembly (12), resulting in contigs for each isolate. The contigs were then 

reordered using Mauve Contig Mover and the V. mimicus CAIM-602 strain (RefSeq assembly 

accession: GCF_000338875.1) as the reference sequence (22). Using the reordered contigs, 

annotation was performed with the program Prokka (15). With the Prokka annotated GFF files, a 

core genome was produced with Roary, a software for creating and analyzing the pangenome 

(23). The core genome was produced and subsequently used to extract SNPs via the program 

SNP-sites (24). By using the core-genome SNPs (cgSNPs), we created a maximum likelihood 

(ML) tree using the best-fitting nucleotide substitution model with the program IQ-TREE (25). 

Ultrafast bootstrap approximation (26) (1000 replicates) was applied in IQ-TREE to assess the 

robustness of the internal branches of the ML phylogeny (25). Using IQ-TREE, we were also 

able conduct a likelihood mapping analysis, which calculates and maps the likelihood of all 

possible sequence quartets using the best-fitting nucleotide substitution model (25) (27). 

Likelihood analysis showed presence of phylogenetic in the dataset. The ML phylogeny was 

manipulated in R using the package ggtree (28) for publishing purposes. To further examine the 
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diversity of the isolates, the genetic pairwise distance was performed and analyzed in MEGA 

(29). 

To identify the relationship across V. mimicus isolates collected in Florida (designated as 

D461B_US_2019 and E3_US_2019) and previously published isolates obtained in the U.S., 

Europe, and Asia (Appendix Table 3), we obtained the core genome alignment that comprised 

3,039 genes. The ML phylogeny highlights the similarity between the two isolates collected from 

diarrheal stool samples in UF Shands Hospital in Gainesville, Florida, differentiating only in 7 

SNPs across the core genome. Their high genetic similarity is also corroborated by genetic 

pairwise distance, d = 0.0000423. The ML phylogeny indicates that D461B_US_2019 and 

E3_US_2019 isolates form a well-supported monophyletic clade (bootstrap value >90%) with an 

isolate collected from the UK in 2015. Although isolates from the U.S. tend to cluster together 

within the ML phylogeny, there is no specific geographic clustering and isolates from Asia and 

Europe are intermixed with the U.S. ones. 
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Appendix Table 1. Antibiotic susceptibility tests for V. mimicus strains using a battery of commonly used antibiotics. 
Antimicrobial agent 
(Amount in µg) 

Antibiotic susceptibility test (S/R/I)* 
E3_US_2019 D461B_US_2019 

Doxycycline (30) S S 
Ceftriaxone (30) S S 
Ampicillin (10) S I 
Chloramphenicol (30) S S 
Azithromycin (15) S S 
Cephalothin (30) S I 
Gentamicin (120) S S 
Amikacin (30) S S 
Sulphonamide (1000) R R 
Cefixime (5) S S 
Ciprofloxacin (5) S S 
Sulfasoxazole (1000) S S 
Cefotaxime (30) S S 
Erythromycin (15) I I 
Ceftazidime (30) S S 
Cotrimoxazole (25) S S 
Streptomycin (10) R R 
Nalidixic acid (30) S S 
Tetracycline (30) S S 
*S, R, and I represent susceptible, resistance, and intermediate, respectively for each antibiotic used. 
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Appendix Table 2. Identification of major virulence factors detected in the genomes of V. mimicus strains D461B_US_2019 and 
E3_US_2019  
Virulence 
category/type Virulence factor(s) 

Potential virulence gene(s)/ 
protein(s) Known/putative function(s) References 

Toxin  Hemolysins 
and 

enterotoxin 

Vibrio mimicus Hemolysin 
(VMH), heat stable 

hemolysin and 
enterotxigenic HlyA 

Primarily involved in hemolytic activity of 
erythrocyte. VMH, cytolysin, create 

transmembrane pore in erythrocyte and 
disrupts the cell membrane. HlyA has 

enterotoxigenic activity. 

(30) (19) 

Proteases Vibrio mimicus protease 
(VMP) 

metalloproteases, PrtV 
protease, protease IV, 

HtpX protease and 
neuraminidase (sialidase). 

VMP modulate the activity of V. mimicus 
hemolysin (Pro-VMH) and help activating the 
mature toxin; plays role in fluid accumulation 

in rabbit illeal loops; PrtV protease is 
necessary to kill Caenorhabditis elegans; 

protease IV degrades biomolecules related to 
immune responses to infection; HtpX protease 
degrades defective protein in gram-negative 
bacteria and up-regulates in response to the 

exposure to kanamycin; neuraminidase 
metabolize sialic acid. 

(19) (31) (32) 
(33) (34) (35) 

(36) (37) 
 

Secretion system  Type I 
secretion 
system  

RTX Secretion of HlyA from the cytosol to 
extracellular milieu. 

 

(38) 

Type II 
secretion 
system 

gspC – gspN (12 genes) Secrete a broad range of proteins, including 
hemolysin, proteases, and exopolysaccharide 

from the periplasm to the external milieu. 

(39) 

Type III 
secretion 
system 

toxR, vcsQ, vcsU2, vcsV2, 
vopM/VsaC, espD, 

vcsJ2, vcsS2, vcsC2/SctC, 
vttR/toxR, vcsT2, vopA, 
vopB2, vopC, vopD2, 
vopF, vopH, and vopL  

Contribute primarily to cytotoxicity, required for 
intestinal colonization and intestinal fluid 

accumulation in rabbit illeal loop, involved in 
secretion and translocation of virulence factor 

or effector proteins into eukaryotic cell and 
promotes persistence during interaction with 

predatory protists. 

(40) (41) (42) 

Type VI 
secretion 
system 

hcP-1, hcP-2, vasX, vgrG-
1–3, vasA - vasL and vipA-

vipB 

T6SS involves in variety of functions, including 
virulence to eukaryotic and prokaryotic host, 
antibacterial activity, confer advantage during 

competition with other bacteria, foster 
horizontal gene transfer and participate in 

metal ion uptake such as zinc, manganese, 
and iron. 

(43) (44) 

Iron uptake  Heme 
receptor 

HutA Outer membrane receptor that recognizes and 
transports heme iron. 

(45) 

Siderophore receptor FhuA Assist in ferrichrome uptake. (46) 

Siderophores 
(Enterobactin, 
Vibriobactin, 

and Aerobactin) 

vctA, irgA, 
viuA, viuB 
and iutA 

Genes express during iron starvation, for 
example, ViuABCD or VctABCD transporters 

promote transportation of iron-vibriobactin 
siderophore complex. 

 

(46) 
(47) 

TonB1 
system 

ExbB1, ExbD1 
and TonB1 

Plays crucial role in iron and vitamin B12 
transport; requires for energy transduction. 

(46) (47) (48) 

TonB2 
system 

ExbB2, ExbD2 
and TonB2 

Assists in iron transport. (46) 

Transport 
of iron 

complexes 

hmuV, hutC, fhuB-fhuD, 
vctC, vctD, vctG and vctP 

Heme iron receptors serve as siderophore 
transporters. 

(46) 
 

Feo 
system 

FeoA-FeoB Act as a major route for ferrous iron transport. (46) 

Fbp 
system 

FbpA-FbpC Promote ferric iron transport. (46) 

Adherence 
 

Outer 
membrane 

protein 

ompU Contribute to intestinal colonization, biofilm 
formation and confer resistance to bile, 
organic acid, and antibiotic polymyxin B. 

(21) (22) (23) 
(49) (50) (51) 

Mannose- 
sensitive 

hemagglutinin 

mshA-mshQ Promote adherence, putative role in 
attachment to plankton, biofilm formation and 

serve as phage receptor. 

(19) 
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Virulence 
category/type Virulence factor(s) 

Potential virulence gene(s)/ 
protein(s) Known/putative function(s) References 

Type IV 
pilus 

pilA-pilD Promote colonization in the host gut, and 
initiate biofilm formation on the biotic and 

abiotic surfaces in the environment. 

(52) 

Flagellar 
system 
 

Flagella biosynthesis 
and motility 

flaA, flaC-E, flab, flag, flhB, 
flgA, flgB, flgM-P, flgT, 
flgA-flgN and fliE-fliR 

Flagella biosynthesis and motility. 
Swarming motility, production of conditional 

lateral and polar flagella. 
Rotation of flagella in any orientation as and 

when required 

(53) (54) (55) 

Flagellar 
motor 
protein 

motA, motB, motX and 
motY 

Chemotaxis Chemotaxis protein cheA, cheB, cheR, cheV, 
cheW,cheY and cheZ 

Play critical roles during entry to the host; site-
specific colonization and infection in host 

intestine. 

(56) 

Poly-saccharide Exopoly-saccharide rbmA-D Genes involved in the production of 
exopolysaccharide promoting biofilm 

formation. 

(57) 

Capsular poly-
saccharide 

CpsA-D; Cap5L and two 
capsular polysaccharide 

biosynthesis protein 

Required for capsular polysaccharide 
formation, resist antibiotics’ actions 

(58) (59) 

 
 
 
 
Appendix Table 3. Bacterial strains used in this study 
Strain Description Reference 
V. cholerae strains 

  

N16961S A wild-type, smooth, O1 El Tor strain isolated in Bangladesh 
in 1971 

(60) 

N16961R A rugose variant of N16961S strain (60) 
E7946 O1 El Tor, ogawa clinical toxigenic isolate in 1978 from 

Bahrain 
Laboratory Collection 

O395 O1 classical, ogawa clinical toxigenic isolate in 1965 from 
India 

Laboratory Collection 

AAS84 (N16961SΔflrA) A 49-bp flrA internal deletion mutant created in the 
background of N16961S strain 

(61) 

AA218 (N16961SΔvpsA) A ΔvpsA in-frame null mutation created in the background of 
N16961S strain 

(7) 

V. mimicus strains 
  

E3_US_2019 Strain isolated from a patient with acute diarrhea admitted in 
UFHealth/Shands Hospital in Gainesville, Florida 

This study 

D461B_US_2019 Strain isolated from a patient with acute diarrhea admitted in 
UFHealth/Shands Hospital in Gainesville, Florida 

This study 

 
 
 
 
Appendix Table 4. Comparison of general features between two clinical V. mimicus strains 
Genomic feature V. mimicus E3_US_2019 V. mimicus D461B_US_2019 
Genome size (Mb) 4.63 4.47 
GC content (%) 46.29 46.34 
ORFs encoding functional protein 3463 3438 
ORFs with no assigned function 753 542 
Number of subsystem present 360 357 
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Appendix Table 5. List of V. mimicus strains used for phylogenetic analysis in this study 

Taxa Strain name Origin Collection Date 
GenBank accession 

number 
218344_UK_2015 218344 UK 2015 SRR7637794 
11435_US_1977 NCTC11435 USA_NC 1977 GCF_900460385.1 
2011V-1073 2011V-1073 USA unknown GCF_009665195.1 
269_80_US_1980 ATCC 33654 USA_LA 1975/1980 GCF_008464965.1 
523_80_US_1980 523–80 USA 1980 GCF_000736955.1 
ARGOS_112_US FDAARGOS_112 USA_LA unknown GCF_001558475.2 
ARGOS_113_US FDAARGOS_113 USA_TN unknown GCF_001471395.2 
CAIM_1882_MX_2013 CAIM_1882_MX_2013 Mexico, 

Guaymas 
9/24/2012 GCF_000473785.1 

CAIM_1883_MX_2012 CAIM_1883_MX_2012 Mexico, 
Guaymas 

9/24/2012 GCF_000473825.1 

CAIM_602_US_1981 CAIM_602_US_1981 USA_NC 1981 GCF_000338875.1 
D461B_US_2019 D461B USA_FL 6/19/2019 Submitted 
E3_US_2019 E3 USA_FL 6/19/2019 Submitted 
MB_451_BD MB_451_BD Bangladesh unknown GCF_000176375.1 
OSF090171_US_2018 CFSAN090171 USA_WA 2018 SRR8535051 
OSF090194_US_2018 CFSAN090194 USA_WA 2018 SRR8535197 
PN155_US_2016 PNUSAV000155 USA_WY 2016 SRR6359167 
SCCF01_CN_2013 SCCF01 China: Sichuan 8/26/2013 GCF_001767355.1 
SX_4_CN_2009 SX-4 China 2009 GCF_000222145.1 
VM223_BR_2009 VM223 Brazil, Sao 

Paulo 
unknown GCF_000176415.1 

VM573_US_1990 VM573 USA 1990 GCF_000175995.1 
VM603_BR_1990 VM603_BR_1990 Brazil. Amazon 1990 GCF_000175975.1 
WAPHL_US_2017 WAPHLVBRA00025 U.S., WA 2017–10 SRR6278408 
F9458 F9458 USA unknown NZ_CP046846.1, 

NZ_CP046847.1 
MCCC1A02602 MCCC1A02602 China 2020–08 GCF_019846155.1 
MCCC1H00078 MCCC1H00078 China unknown GCF_019846815.1 
N2733 N2733 unknown 

(China?) 
unknown GCF_008084745.1 

N2763 N2763 unknown 
(China?) 

unknown GCF_008084405.1 

N2781 N2781 unknown 
(China?) 

unknown GCF_008083965.1 

N2789 N2789 unknown 
(China?) 

unknown GCF_008083745.1 

N2790 N2790 unknown 
(China?) 

unknown GCF_008083775.1 

N2810 N2810 unknown 
(China?) 

unknown GCF_008083535.1 

N2816 N2816 unknown 
(China?) 

unknown GCF_008083465.1 

06_2455 06–2455 USA_PA 8/10/2006 NZ_CP046823.1, 
NZ_CP046824.1 

07_2442 07–2442 USA_PA 8/10/2006 NZ_CP046825.1, 
NZ_CP046826.1 

08_2414 08–2414 USA_PA 8/10/2006 GCF_014525095.1 
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Appendix Figure 1. Hemolysin Assays. A) Qualitative hemolysis assay of Vibrio strains performed on 5% 

sheep blood agar plate incubated overnight at 37°C incubator. The strains exhibited hemolytic activity 

showed a clear zone of hemolysis around their respective spot as observed by naked eyes. In contrast, 

strain(s) lacking hemolytic activity or spot not inoculated with microorganism exhibited no zone of 

clearance. A, V. cholerae O1 strain E7946; B, V. mimicus strain E3_USA_2019; C, V. mimicus strain 

D461B_US_2019; D, V. cholerae O1 strain O395; E, media control with no microorganism was cultured 

on the plate. B). Quantitative hemolytic assay of V. mimicus strains. The hemolytic activity of the cell-free 

supernatant of V. mimicus strains, including the strains E3_USA_2019 and D461B_US_2019 grown in 

Syncase medium was compared to the complete lysis (100%) of erythrocytes induced by the exposure of 

erythrocytes to the Triton-X 100. The x-axis indicates fold dilution of the cell-free supernatants while y-

axis indicates % lysis of the erythrocytes resulting in from the release of hemoglobin. The filled circle 

indicates the hemolytic activity of the test strain E3_USA_2019 while the open circle shows the activity of 

the strain D461B_US_2019. C) Quantitative hemolytic assay of V. mimicus strains associated with 

cytoplasmic extract. The hemolytic activity associated with the cytoplasmic extracts of V. mimicus strains, 

including the strains E3_US_2019 and D461B_US_2019 grown in Syncase medium was compared to the 

complete lysis (100%) of erythrocytes induced by the exposure of erythrocytes to the Triton-X 100. The x-

axis indicates fold dilutions of the cytoplasmic extract contents while the y-axis reflects % lysis of the 

erythrocytes resulting in from the release of hemoglobin. The filled circle indicates the hemolytic activity of 

the test strain E3_USA_2019 while the open circle shows the activity of the strain D461B_US_2019. Both 

E3_USA_2019 and D461B_US_2019 strains displayed 50% hemolytic activity at a fold dilution of ~3.3 by 

dashed lines. The amount of hemolytic toxin necessary to elicit 50% release of hemoglobin or to cause 

50% hemolysis was defined as the hemolysin unit (HU50). 
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Appendix Figure 2. Qualitative protease activity of Vibrio strains performed on milk agar plate incubated 

overnight at 37°C incubator. The strains exhibited proteolytic activity showed a zone of clearance around 

their respective spot on the agar plate as observed by naked eyes. In contrast strain(s) lacking proteolytic 

activity or spot not inoculated with microorganism exhibited no zone of clearance. A, media control with 

no microorganism was spotted on the plate; B, V. mimicus strain D461B_US_2019; C, V. mimicus strain 

E3_US_2019; D, V. cholerae O1 strain E7946; E, V. cholerae O1 strain N16961; F, V. cholerae O1 strain 

O395. 
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Appendix Figure 3. A) Motility assay of Vibrio strains. The motility assay was performed on motility agar 

as described previously (7) and swarming behavior of the tested strains was measured by their ability to 

move from inoculating site (7). A, V. cholerae O1 strain N16961S (smooth); B, V. cholerae O1 strain 

N16961R (rugose); C, V. mimicus strain E3_USA_2019; D, V. mimicus strain D461B_US_2019; E, V. 

cholerae N16961ΔflaA. B) Biofilm assay of Vibrio strains. The standard biofilm assay was performed as 

described previously. The data represent the average of 6 independent sets of experiment. The 

microorganism included in the assay included: V. cholerae O1 strain N16961S (smooth) and N16961R 

(rugose) variants, V. cholerae N16961SΔvpsA, V. cholerae O1 O395 strain and V. mimicus strains, 

including E3_USA_2019 and D461B_US_2019. 
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