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ABSTRACT

Marine bacteria often exist in biofilms as communities attached to surfaces, like
plastic. Growing concerns exist regarding marine plastics acting as potential vectors of
pathogenic Vibrio, especially in a changing climate. It has been generalized that Vibrio
vulnificus and Vibrio parahaemolyticus often attach to plastic surfaces. Different strains
of these Vibrios exist having different growth and biofilm forming properties. This work
evaluated how temperature and strain variability affect V. parahaemolyticus and V.
vulnificus biofilm formation and characteristics on glass (GL), low-density polyethylene
(LDPE), polypropylene (PP), and polystyrene (PS). This work also evaluated how human
body related factors like temperature, pH, nutrient availability, and media composition
such as Human Plasma-Like Media (HPLM), Simulated Gastric Fluid (SGF) and
Simulated Intestinal Fluid (SIF) affect in vitro biofilm dispersal processes by human
isolated V. parahaemolyticus and V. vulnificus, especially from microplastics. Taken
together, these studies suggest that different strains of V. parahaemolyticus and V.
vulnificus can rapidly form biofilms with high cell densities and rapidly disperse from
different plastic types in vitro. However, these biofilm processes are highly variable and
are species-, strain-specific, and dependent on plastic type, especially under different
temperatures, pH, nutrients, and fluid compositions. These studies also suggest that
different species of Vibrio can rapidly respond to different environmental conditions,

especially those related to human digestion.



TABLE OF CONTENTS

DT [or: {1 o RSSO P PTPRPRPRPRRIN ii
ACKNOWIBAGEMENTS ...ttt e e et e e reesreeneennes iv
ADSTIACT ...ttt b e nes %
LISt OF TADIES ...ttt viii
LISt OF FIQUIES ...ttt e et e esreeteeneesre e e e XV
LiSt OF ADDIEVIALIONS ......ouviiiieiic et XVii
T i oo [0Tox o] o TSSOSO URORPRPRIN 1

Chapter 1: Vibrio parahaemolyticus and Vibrio vulnificus In Vitro Colonization on

Plastics Influenced by Temperature and Strain Variability .........c..cccoovevviiiniiinice e, 4
I 013 1 ot USSR 5
I 1T L84 o o OSSR 6
1.3 Materials and Methods...........ccoiieiiiieiieiice e 11
LA RESUIS. ...ttt et a e re e 19
1.5 DUSCUSSION ..ttt st e steesee st e e et e s e steeseesraeteeseesseestaeneesneenseeneenneensaeneennes 26
1.6 RETEIBINCES ....uiieeie ettt sttt sre e te e e enreeneeenes 34

Chapter 2: Vibrio parahaemolyticus and Vibrio vulnificus In Vitro Biofilm Dispersal

from Microplastics Influenced by Simulated Human Environmental Factors .................. 60
2.1 ADSIIACT ...t b et re e 61
2.2 INEOTUCTION ...ttt be et b e b 62
2.3 Materials and MEethOdS. .......c..oouiiiiiiiie e 69
2.4 RESUITS ...ttt bbb 77

Vi



2.5 DUSCUSSION ... 91

2.6 RETEIBINCES......oiiiiiiiieieee et 101
CONCIUSION ... bbbttt sttt 134
BIDHOGIAPNY ..o 144
Appendix A: Chapter 1 Supplementary Material ..., 175
Appendix B: Chapter 2 Supplementary Material..............ccccooiiiriiiininceee, 191
Appendix C: Modeling pH and temperature effects as climatic hazards in Vibrio
vulnificus and Vibrio parahaemolyticus planktonic growth and biofilm formation........ 283

C.1 ADBSEIACT ... 284

C.2 Plain Language SUMMAIY .......c.cccveiueieeiieaieeieesieeeesteesiesresree e ssesseessesneesnes 285

C.3 INTrOAUCTION ...ttt 285

C.4 Materials and MethodS...........ooueiiiiiieiiiee e 291

C.O RESUIES ... 293

C.6 Discussion and CONCIUSIONS..........ccieriiiririieise e 297

C.7 RETEIBINCES ... 302

vii



LIST OF TABLES

Table 1.1 Vibrio strains used in this StUAY..........cccoviiieii i 51
Table 1.2 Coupon types and characteristics used in this study..........ccccceveviveveiievnenene, 51
Table 1.3 Summary of biofilm biomass showing percent change (%) between all V.
parahaemolyticus and V. vulnificus strains and plastic types at different temperatures
compared t0 glass CONLIOIS. .......cuiiiiiice e 52
Table 1.4 Summary of biofilm CFUs showing percent change (%) between all V.
parahaemolyticus and V. vulnificus strains and plastic types at different temperatures
compared t0 glass CONLIOIS. .......cuiiiiiree e 53

Table 1.5 Estimated pooled cell and crude extracellular polymeric substance mean dry

weight per slide coupon at 30°C after 48 NOUIS. .......c.ooveieiieiiecece e 54
Table 2.1 Vibrio strains used in this STUAY. ..........ccceriiiiiiiiiie e 117
Table 2.2 Environmental Conditions used in this Study. ..........ccccoovveniininininicee 118
Table 2.3 Coupon types and characteristics used in this study..........ccccccevcvrveriverviienenn 118

Table A.1 Effect of temperature on mean biofilm production per mm? on different plastic
surface types by V. parahaemolyticus and V. vulnificus individual strains compared to
G1ASS AN 25°C. ..ot 178

Table A.2 Statistical comparison of V. parahaemolyticus and V. vulnificus animal and
seawater isolates’ biofilm production compared to human isolated strains ................... 181

Table A.3 Statistical comparison of V. parahaemolyticus biofilm production on different
surface types compPared 10 QIASS........couiiieiieriiieie et 181

Table A.4 Statistical comparison of V. vulnificus biofilm production on different surface
types COMPAred 0 GIASS. .....oiiiiiiie et 181

Table A.5 Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
production at higher temperatures (30, 35°C) compared to lower temperature (25°C) ..181

viii



Table A.6 Effect of temperature on V. parahaemolyticus and V. vulnificus individual
strain CFUs® per mm? on different plastic surface types? by compared to glass and 25°C.

Table A.7 Statistical comparison of V. parahaemolyticus and V. vulnificus animal and
water isolates’ CFUs compared to human isolated Strains. ..........ccccceeeeerieiieeiiinniieennns 184

Table A.8 Statistical comparison of V. parahaemolyticus CFUs on different surface types
COMPATEA 10 GIASS. ... veeeeeitieie ettt e st e e esreenteeneesreere e 185

Table A.9 Statistical comparison of V. vulnificus CFUs on different surface types
COMPAIEA 10 GIASS. ... vitieiieiieii ettt 185

Table A.10 Statistical comparison of V. parahaemolyticus and V. vulnificus CFUs at
higher temperatures (30, 35°C) compared to lower temperature (25°C).......cccccevevveenenn. 185

Table A.11 V. parahaemolyticus and V. vulnificus extracellular polymeric substance
biochemical concentrations (pg/mL) and corresponding starting EPS weight (pg) from 10
POOIEA SAMPIES. ...ttt e et e s re e s raesreeneearaere e 186

Table A.12 V. parahaemolyticus and V. vulnificus individual strain mean adherence to p-
xylene (%) at different teMPEratures..........cocviiiieiieieiese s 186

Table A.13 V. parahaemolyticus and V. vulnificus species mean adherence to p-xylene
(%) at different teMPEIALUIES. .........oivieiieee et 187

Table A.14 Assessment of vortex and sonication biofilm biomass* removal method.....189
Table A.15 Confirmation that sonication has no significant effect on cell viability. ......190

Table B.1 Effect of pH, temperature, and nutrient availability on mean overall biofilm
biomass in microplates by V. parahaemolyticus and V. vulnificus.............ccceovvvvivennenn. 192

Table B.2 Effect of pH, temperature, and nutrient availability on mean overall final* V.
parahaemolyticus and V. vulnificus dispersed CellS..........cccovviiieiiiiiiciii e, 193

Table B.3 Statistical comparison of V. parahaemolyticus and V. vulnificus overall biofilm
biomass and cell dispersal values in nutrient rich media compared to nutrient starved. .195

Table B.4 Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
biomass and cell dispersal values at 37°C compared to 25°C. ........cccoeviievieiieciie e, 195

Table B.5 Statistical comparison of effect of pH on V. parahaemolyticus and V. vulnificus
overall biofilm biomass and cell dispersal.............cccoveiieiiiieiic e 196



Table B.6 Statistical comparison of pH on V. parahaemolyticus and V. vulnificus overall
biofilm biomas* and cell dispersal values in nutrient rich media compared to nutrient
1 LAV RSSO 196

Table B.7 Statistical comparison of pH on V. parahaemolyticus and V. vulnificus overall
biofilm biomass and cell dispersal values at 37°C compared t0 25°C..........cc.cevvvivenennn. 197

Table B.8 Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
biomass and cell dispersal values at 37°C and nutrient starved media compared to 25°C
and NUEMENt FICN MEAIAL ....oveeie et 197

Table B.9 Statistical comparison of pH on V. parahaemolyticus and V. vulnificus overall
biofilm biomass and cell dispersal values at 37°C and nutrient starved media compared to
25°C and NUEFENt FICh MEAIA. ......ooveeiceciee e 198

Table B.10 Effect of pH on V. parahaemolyticus and V. vulnificus overall biofilm
metabolic activity in nutrient rich media............cccovviieii i 198

Table B.11 Effect of pH on V. parahaemolyticus and V. vulnificus overall biofilm
metabolic activity in nutrient starved Media. ... 200

Table B.12 Effect of pH, temperature, and nutrient availability on mean biofilm on LDPE
by V. parahaemolyticus and V. VUINITICUS. ..........c.coeiieiiiie i 203

Table B.13 Effect of pH, temperature, and nutrient availability on V. parahaemolyticus
and V. vulnificus CFUS ON LDPE. ........ccooiiiiiie e 204

Table B.14 Effect of pH on mean cell colonization on microplates from LDPE by V.
parahaemolyticus and V. VUINITICUS. ..........ccciiiiiiicice e 206

Table B.15 Effect of pH, temperature, and nutrient availability on V. parahaemolyticus
and V. vulnificus CFUs dispersed from LDPE............ccccooiiiiiiiiiiie e 207

Table B.16 Effect of pH on mean biofilm biomass on PP by V. parahaemolyticus and V.
VUINITICUS. ..ottt sttt b et re e be et sneenne s 209

Table B.17 Effect of pH, temperature, and nutrient availability on V. parahaemolyticus
and V. VUINITICUS CFUS ON PP .....oiiiicic ettt 210

Table B.18 Effect of pH on mean cell colonization on microplates from PP by V.
parahaemolyticus and V. VUINIFICUS. .........cccooiiiiiiiiic e 212

Table B.19 Effect of pH, temperature, and nutrient availability on V. parahaemolyticus
and V. vulnificus CFUS dispersed from PP. ..o 213



Table B.20 Effect of pH on mean biofilm biomass on PS by V. parahaemolyticus and V.
VUINITICUS. 1ttt et n et e e be e st e sreenbeeneenres 215

Table B.21 Effect of pH, temperature, and nutrient availability on V. parahaemolyticus
and V. vUINIfiCUS CFUS ON PS. .. ..ot 216

Table B.22 Effect of pH on mean cell colonization on microplates from PS by V.
parahaemolyticus and V. VUINITICUS. ... 218

Table B.23 Effect of pH, temperature, and nutrient availability on V. parahaemolyticus
and V. vulnificus CFUSs dispersed from PS. ... 219

Table B.24 Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
biomass, biofilm cell, cell colonization and cell dispersal values on/from LDPE, PP and
PS in nutrient rich media compared to nutrient starved.............ccccceevveiiiiciicve e, 221

Table B.25 Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
biomass, biofilm cell, cell colonization and cell dispersal values on/from LDPE, PP and
PS at 37°C compared t0 25°C......cuiiieieee et 222

Table B.26 Statistical comparison of effect of pH on V. parahaemolyticus and V.
vulnificus biofilm biomass, biofilm cell, cell colonization and cell dispersal values
ON/from LDPE, PP @nd PS. ... 224

Table B.27 Statistical comparison of effect of pH on V. parahaemolyticus and V.
vulnificus biofilm biomass, biofilm cell, cell colonization and cell dispersal values
on/from LDPE, PP and PS in nutrient rich media compared to nutrient starved.............. 225

Table B.28 Statistical comparison of effect of pH on V. parahaemolyticus and V.
vulnificus biomass, biofilm cell, cell colonization and cell dispersal values on/from
LDPE, PP and PS at 37°C compared t0 25°C.........ccceoiieiieiiccieece et 227

Table B.29 Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
biomass, biofilm cell, cell colonization and cell dispersal values on/from LDPE, PP and
PS at 37°C and nutrient starved media compared to 25°C and nutrient rich media. ....... 228

Table B.30 Statistical comparison of effect of pH on V. parahaemolyticus and V.
vulnificus biofilm biomass, biofilm cell, cell colonization and cell dispersal values
on/from LDPE, PP and PS at 37°C and nutrient starved media compared to 25°C and
NUEFIENT FICH MEAIA. ..ottt re e e 230

Table B.31 Effect of media composition on overall mean biofilm biomass by V.
parahaemolyticus and V. VUINIFICUS. .........cccooiiiiiiiiic e 231

Table B.32 Effect of media composition on mean overall final V. parahaemolyticus and
V. vulnificus cell dispersal VaIUES. ..........cccveviiiiiiiee e 232

Xi



Table B.33 Statistical comparison of V. parahaemolyticus and V. vulnificus overall
biofilm biomass and cell dispersal values in different simulated human medias at 37°C
(0100 0 =0 IR (0 I e OSSR 232

Table B.34 Statistical comparison of V. parahaemolyticus and V. vulnificus overall
biofilm biomass and cell dispersal values in different simulated human medias compared
to respective MSYE with Similar PH. ........cocoi i 233

Table B.35 Statistical comparison of V. parahaemolyticus and V. vulnificus overall
biofilm biomass and cell dispersal values in different simulated human medias at 37°C
compared t0 MSYE and 25°C. ......ooiiiieieee e 234

Table B.36 Statistical comparison of V. vulnificus overall biofilm biomass and cell
dispersal values in different simulated human medias compared to V. parahaemolyticus

.......................................................................................................................................... 235
Table B.37 Statistical comparison of V. vulnificus overall biofilm biomass and cell
dispersal values in different simulated human medias at 37 °C compared to V.
parahaemolytiCus and 25°C........coiiiiiiece e 236
Table B.38 Statistical comparison of V. vulnificus overall biofilm biomass and cell
dispersal values in different simulated human medias compared to MSYE and V.
PArANAEMOIYEICUS. ..ottt e e sre e re e e 236

Table B.39 Statistical comparison of V. vulnificus overall biofilm biomass and cell
dispersal values in different simulated human medias at 37°C compared to MSYE, 25°C
and V. parah@emOIYLICUS. ..........ccveiieiie et re e 236

Table B.40 Effect of media composition on V. parahaemolyticus and V. vulnificus overall
DIOfIIM MEtabOoliC ACTIVITY. ..o 237

Table B.41 Effect of media composition on mean biofilm biomass on LDPE by V.
parahaemolyticus and V. VUINIFICUS. .........cceoiiiiiiiiic e 239

Table B.42 Effect of media composition on mean CFUs on LDPE by V.
parahaemolyticus and V. VUINITICUS. ........c.ccceiiiiiiiiiece e 240

Table B.43 Effect of media composition on mean cell colonization on microplates from
LDPE by V. parahaemolyticus and V. VUINIFICUS. ..........c.ccooveiiiiiiiiiieccc e 240

Table B.44 Effect of media composition on mean CFUs dispersed from LDPE by V.
parahaemolyticus and V. VUINITICUS. ........c.ccceiiiiiiiiiece e 240

Table B.45 Effect of media composition on mean biofilm biomass on PP by V.
parahaemolyticus and V. VUINIFICUS. .........cccooiiiiiiiiic e e 241

xii



Table B.46 Effect of media composition on mean CFUs on PP by V. parahaemolyticus
ANA V. VUINITICUS. ...ttt ettt ene e re e 241

Table B.47 Effect of media composition on mean cell colonization on microplates from
PP by V. parahaemolyticus and V. VUINIfICUS. ..........ccccoviieiiiii e 242

Table B.48 Effect of media composition on mean CFUs dispersed from PP by V.
parahaemolyticus and V. VUINITICUS. ... 242

Table B.49 Effect of media composition on mean biofilm biomass on PS by V.
parahaemolyticus and V. VUINITICUS. ........c.ccoiiiiiiiice e 243

Table B.50 Effect of media composition on mean CFUs on PS by V. parahaemolyticus
ANA V. VUINITICUS. ..ottt e sre e nteeneenre e ans 243

Table B.51 Effect of media composition on mean cell colonization on microplates from
PS by V. parahaemolyticus and V. VUINIfICUS. ...........cccoviieiiieiiiccece e, 244

Table B.52 Effect of media composition on mean CFUs dispersed from PS by V.
parahaemolyticus and V. VUINITICUS. ........cccooeiioiiiiesece e 244

Table B.53 Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
biomass, biofilm cell, cell colonization and cell dispersal values on/from LDPE, PP and
PS in different simulated human medias compared to respective MSYE with similar pH.

Table B.54 Statistical overall comparison of V. parahaemolyticus and V. vulnificus
biofilm biomass, biofilm cell, cell colonization and cell dispersal values on/from LDPE,
PP and PS at 37°C compared t0 25°C.........ccciieiiiiieiece et 249

Table B.55 Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
biomass, biofilm cell, cell colonization and cell dispersal values on/from LDPE, PP and
PS in different simulated human medias at 37°C compared to MSYE and 25°C. .......... 251

Table B.56 Statistical comparison of V. vulnificus biofilm biomass, biofilm cell, cell
colonization and cell dispersal values on/from LDPE, PP and PS in different simulated
human medias compared to V. parahaemolytiCus. ..........ccccovviiieiiiieiie e 255

Table B.57 Statistical comparison of V. biofilm biomass, biofilm cell, cell colonization
and cell dispersal values on/from LDPE, PP and PS at 37 °C compared to V.
parahaemolytiCus and 25°C.......ii it 257

Table B.58 Statistical comparison of V. vulnificus biofilm biomass, biofilm cell, cell

colonization and cell dispersal values on/from LDPE, PP and PS in different simulated
human medias compared to MSYE and V. parahaemolyticus. ..........ccccoocevvviriniiiennenn 260

Xiii



Table B.59 Statistical comparison of V. vulnificus biofilm biomass, biofilm cell, cell
colonization and cell dispersal values on/from LDPE, PP and PS in different simulated
human medias at 37°C compared to MSYE, 25°C and V. parahaemolyticus.................. 262

Table B.60 Effect of media composition on V. parahaemolyticus and V. vulnificus
biofilm and cell dispersal estimated c-di-GMP concentrations (ng/pL) at 37°C. ........... 265

Table B.61 Statistical comparison of V. parahaemolyticus and V. vulnificus c-di-GMP
concentrations within biofilms and within dispersal cell states in different medias........ 265

Table B.62 Statistical comparison of V. parahaemolyticus and V. vulnificus c-di-GMP
concentrations between biofilm and dispersal cell states within different medias. ......... 266

Table B.63 V. parahaemolyticus and V. vulnificus mean cell dispersal values over time at
different pH and temperature in nutrient rich media. ...........ccccocveviiiiiiiice e, 269

Table B.64 V. parahaemolyticus and V. vulnificus mean cell dispersal values over time at
different pH and temperature in nutrient starved media. ...........ccoocvvveriiern e, 274

Table B.65 V. parahaemolyticus mean cell dispersal values over time at different
temperature in simulated human media. ...........cccooveiiie i 278

Table B.66 V. vulnificus mean cell dispersal® values over time at different temperatures in
simulated human MEAIAL ........couviiiiiee e nne s 281

Table C.1 Vibrio Strains Used in ThiS StUAY.........ccccooiiiiiiiiiiece e 321

Table C.2 Randomized Complete Block ANOVA Results for Effects of Temperature and
o] I T VA | o1 g TS o) PSSP 322

Xiv



LIST OF FIGURES

Figure 1.1 Plastics enhance V. parahaemolyticus and V. vulnificus biofilm formation
COMPAEA 10 GIASS. .. vieiriieiiei ettt bbbt 55

Figure 1.2 Surface material and temperature influences V. parahaemolyticus and V.
vulnificus biofilm fOrmation. ..o 56

Figure 1.3 Strain type influences V. parahaemolyticus and V. vulnificus colonization and
biofilm biomass and cell VIability. ... 57

Figure 1.4 Proteins are the main component of V. parahaemolyticus and V. vulnificus
extracellular polymeric substances on plastiCs. .........ccccovevieiiiii i 58

Figure 1.5 Lower temperatures increase Vibrio hydrophobicity. V. parahaemolyticus and
V. vulnificus individual strain adherence to p-xylene at different temperatures................ 59

Figure 2.1 Temperature, pH, and nutrient availability influence V. parahaemolyticus and
V. vulnificus biofilm biomass and cell dispersal. ...........ccccooviiiiieii i 119

Figure 2.2 Nutrient availability and pH influence V. parahaemolyticus and V. vulnificus
overall BIOTIIM VIADTITY. ......ooviiii e 121

Figure 2.3 Temperature, pH and nutrient availability influence V. parahaemolyticus
biofilm biomass on, and cell dispersal from LDPE, PP, and PS MPs. ..........ccccccvevveennee. 124

Figure 2.4 Temperature, pH and nutrient availability influence V. vulnificus biofilm
biomass on, and cell dispersal from LDPE, PP, and PS MPS...........cccccvvviieieniesiennn, 127

Figure 2.5 Media composition influences V. parahaemolyticus and V. vulnificus overall
biofilm biomass and cell dispersal. ..o 128

Figure 2.6 Media composition influences V. parahaemolyticus and V. vulnificus overall
PIOTIHIM VIADIIITY. c.ooeeeee e 129

Figure 2.7... Media composition influences V. parahaemolyticus and V. vulnificus biofilm
biomass, biofilm cells, cell dispersal and cell colonization on and from LDPE, PP and PS
PSS, ittt b R bbbt R et bbb bbb e 132
Figure 2.8 Media composition and cell state influences V. parahaemolyticus and V.

vulnificus c-di-GMP CONCENTIATIONS. .......oiiiiiiiiiieiere e 133

XV



Figure A.1 Assessment of mean V. vulnificus (vv155) biofilm biomass removal by vortex
& sonication method of combined SUrface types. .......cccovveveiieiicie i 189

Figure A.2 Assessment of mean V. vulnificus (vv155) biofilm biomass removal by vortex
and sonication method of individual Surface types. ..........ccocuviriiieieniiiisee e 189

Figure A.3 Assessment of sonication on V. vulnificus (vv155) cell viability.................. 190

Figure A.4 Comparison of the effect of temperature on biofilm production on different
plastic surface types by different Vibrio isolation SOUICES. ..........ccccovevvevieieeiescieseennn, 191

Figure B.1 V. parahaemolyticus and V. vulnificus cell dispersal (ODsoo) over time at
different pH and temperature in nutrient rich media. ........c.ccccocveiiiiinini e, 268

Figure B.2 V. parahaemolyticus and V. vulnificus cell dispersal (ODsoo) over time at
different pH and temperature in nutrient starved media............ccccceevvevieie v, 273

Figure B.3 V. parahaemolyticus cell dispersal (ODs0o) over time at different temperature
in simulated NUMAaN MEMIA. .....ccviiiiei e 277

Figure B.4 V. vulnificus cell dispersal (ODsoo) over time at different temperature in
simulated human MEIA. ........cc.eiiiiiee e 280

Figure C.1 Modeling of bacterial growth rates in planktonic and biofilm stages of V.
vulnificus strains at different temperatures and pH ranges. .........cccoceverenenenencsennennn, 325

Figure C.2 Modeling of bacterial growth rates in planktonic and biofilm stages of V.
parahaemolyticus strains at different temperatures and pH ranges. ..........cccccecvevveiveennenn, 326

Figure C.3 Interaction plots of the estimated marginal means of growth rate in planktonic
and biofilm stages of Vibrio spp. at different temperatures and ranges of pH ................ 327

XVi



LIST OF ABBREVIATIONS

ANOVA e et Analysis of Variance
CRU s Colony Forming Units
B P S e Extracellular Polymeric Substance(s)
] TSSOSO TP PSP PSPPI Glass
HAB ... e Harmful Algal Bloom
HPLIM o Human Plasma-Like Medium
LDPE. ... Low-Density Polyethylene
VPSS e Microplastics
MSYE ..o Modified Seawater Yeast Extract
VIS et Modified Seawater
O et Optical Density
P S e Phosphate Buffer Saline
o SRS Polypropylene
P S e et e et e et e e naae e Polystyrene
REU e Relative Fluorescence Unit
S DD e Standard Deviation
S G e Simulated Gastric Fluid
S s Simulated Intestinal Fluid
I =TT T RO PPR PPN Tris-EDTA

XVii



xviii



INTRODUCTION

Growing concerns exist regarding marine plastics acting as potential vectors of
pathogenic Vibrio, especially in a changing climate. This dissertation is a collection of
studies that focus on the effect of temperature, strain variability, pH, nutrient availability
and media composition on in vitro biofilm production and dispersal by V.
parahaemolyticus and V. vulnificus on low-density polyethylene, polypropylene, and
polystyrene. The dissertation is organized accordingly, with the primary body of
literature related to marine and human environmental factors that affect biofilm formation
and dispersal and supporting work on modeling environmental factors’ effects on V.
parahaemolyticus and V. vulnificus planktonic and biofilm growth reported in the
appendix. The format reflects publications (submitted or published). A total of three
publications are anticipated from this body of work: three reporting original research.

Chapter 1 is a study that examined how strain variability and temperature affected
biofilm processes on low-density polyethylene, polypropylene, and polystyrene. In this
study we reported that all strains of both Vibrio species attached to GL (which was used
as the control) and all plastics at all temperatures tested. As a species, V. vulnificus
produced more biofilm on PS compared to GL, and biofilm biomass was enhanced at
lower temperature compared to higher temperatures. However, all individual strains’
biofilm biomass and cell densities varied greatly at all temperatures tested. It was also

determined that total dry biofilm biomass for both species was greater on plastics



compared to GL. It was found that extracellular polymeric substance (EPS) chemical
characteristics were similar on all plastics of both species, with extracellular proteins
mainly contributing to the composition of EPS. All strains were hydrophobic at all
temperatures tested, further illustrating both species’ affinity for potential attachment to
plastics. Taken together, this study suggests that different strains of V. parahaemolyticus
and V. vulnificus can rapidly form biofilms with high cell densities on different plastic
types in vitro. However, the biofilm process is highly variable and is species-, strain-
specific, and dependent on plastic type, especially under different temperatures. This
work was published in Frontiers in Microbiology (2023).

Chapter 2 is a study that examined how sudden exposure to changes in
temperature, pH, nutrient availability, and media composition that mimic the human
environment affect biofilm dispersal from LDPE, PP, and PS MPs. Both species were
able to adequately disperse from all types of plastics under most exposure conditions. V.
parahaemolyticus was able to tolerate and survive lower pH that resembles the gastric
environment compared to V. vulnificus. pH had a positive effect on overall V.
parahaemolyticus biofilm biomass in microplates and cell colonization from PP and PS.
pH also had a positive effect on V. vulnificus cell colonization from LDPE and PP.
However, most biofilm biomass, biofilm cell and dispersal cell densities of both species
greatly varied after exposure to elevated temperature, pH and nutrient starvation. It was
also found that certain exposures to simulated human medias affected both V.
parahaemolyticus and V. vulnificus biofilm biomass and biofilm cell densities on LDPE,
PP and PS compared to exposure to traditional media of similar pH. Cyclic-di-GMP was

higher in biofilm cells compared to dispersal cells, but exposure to more stressful



conditions increased signal concentrations in both biofilm and dispersal states. Taken
together, this study suggests that human pathogenic strains of V. parahaemolyticus and V.
vulnificus can rapidly disperse with high cell densities from different plastic types in
vitro. However, the biofilm dispersal process is highly variable and is species specific
and dependent on plastic type, especially under different human body related
environmental exposures. This work was published in Frontiers in Microbiology (2023).
The appendices are supplementary materials for the two chapters and a related
study | contributed to with Dr. Norman’s group at the University of South Carolina.
Appendix A is composed of supplementary data and figures for Chapter 1 while
Appendix B is composed of supplementary data and figures for Chapter 2. Appendix C is
a study that used modeling of environmental variables like temperature and pH to
determine the effects on planktonic and biofilm growth of V. parahaemolyticus and V.
vulnificus. My role in this work was to determine biofilm biomass of several strains of
both species at various pH levels at different temperatures at different timepoints. This
study found different optimal conditions for Vibrio planktonic and biofilm lifecycles. In
addition, this study showed that temperature and pH can impact Vibrio growth both

within and between species. This work was published in GeoHealth (2023).
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1.1 Abstract

Marine bacteria often exist in biofilms as communities attached to surfaces, like plastic.
Growing concerns exist regarding marine plastics acting as potential vectors of
pathogenic Vibrio, especially in a changing climate. It has been generalized that Vibrio
vulnificus and Vibrio parahaemolyticus often attach to plastic surfaces. Different strains
of these Vibrios exist having different growth and biofilm forming properties. This study
evaluated how temperature and strain variability affect V. parahaemolyticus and V.
vulnificus biofilm formation and characteristics on glass (GL), low-density polyethylene
(LDPE), polypropylene (PP), and polystyrene (PS). All strains of both species attached to
GL and all plastics at 25, 30 and 35°C. As a species, V. vulnificus produced more biofilm
on PS (p < 0.05) compared to GL, and biofilm biomass was enhanced at 25°C compared
to 30° (p <0.01) and 35°C (p < 0.01). However, all individual strains’ biofilm biomass
and cell densities varied greatly at all temperatures tested. Comparisons of biofilm
forming strains for each species revealed a positive correlation (r = 0.58) between their
dry biomass weight and ODs7o values from crystal violet staining, and total dry biofilm
biomass for both species was greater (p < 0.01) on plastics compared to GL. It was also
found that extracellular polymeric substance (EPS) chemical characteristics were similar
on all plastics of both species, with extracellular proteins mainly contributing to the
composition of EPS. All strains were hydrophobic at 25, 30 and 35°C, further illustrating
both species’ affinity for potential attachment to plastics. Taken together, this study
suggests that different strains of V. parahaemolyticus and V. vulnificus can rapidly form

biofilms with high cell densities on different plastic types in vitro. However, the biofilm



process is highly variable and is species-, strain-specific, and dependent on plastic type,
especially under different temperatures.
1.2 Introduction

Vibrio parahaemolyticus and Vibrio vulnificus are two known marine pathogens
that naturally exist in the marine environment and can infect both marine animals and
humans (Baker-Austin et al., 2018). They are a major concern to human health as they
commonly infect humans through consumption of raw seafood (Elmahdi et al., 2018).
The Centers for Disease Control and Prevention (CDC) estimates that pathogenic Vibrio
cause approximately 80,000 illnesses in the United States each year, with 52,000 of these
cases likely being attributed to ingestion of contaminated seafood (Control & Prevention,
2019). However, exact number of cases of vibriosis are unknown due to underreporting
in clinical settings, as a typical infection can present as symptoms like other common
health problems (Baker-Austin et al., 2010; Bell & Bott, 2021). Symptoms of both V.
parahaemolyticus and V. vulnificus infections include cramps, nausea, fever, and bloody
diarrhea. V. vulnificus skin infections can be more severe and lead to rapid septicemia and
death if an open wound encounters salt or brackish water (Control & Prevention, 2019).
Most bacterial diseases in humans are caused by biofilm infections, which are bacteria
embedded within a self-secreted matrix that offers protection from the outside
environment (Jamal et al., 2018).

Marine bacteria, including potentially pathogenic Vibrio species, often exist in
biofilms, where communities of microbes are enclosed in a protective, self-secreted
matrix of extracellular polymeric substances (EPS) and attached to a surface or as

suspended aggregates (Decho & Gutierrez, 2017). The EPS matrix consists of organic



polymers such as polysaccharides, proteins and eDNA (extracellular DNA), and protects
bacteria from environmental stresses like desiccation, changes in temperature and pH,
competition and predation, sunlight exposure and from low nutrient conditions (De Kievit
et al., 2001; Stewart & William Costerton, 2001; Donlan, 2002; Zettler, Mincer &
Amaral-Zettler, 2013; Decho & Gutierrez, 2017; Lami, 2019). This matrix also
contributes to enhanced protection of pathogenic strains from antibiotics and enhances
virulence (Schroeder, Brooks & Brooks, 2017). In the past, most studies of bacteria have
focused on analyses of individual planktonic cells in the water column. However, many
natural marine bacteria, like Vibrio, often exist in biofilm states. Biofilms commonly
occur on a variety of substrates in marine environments including animal carapaces,
algae, ship hulls, and specifically plastics (Zettler, Mincer & Amaral-Zettler, 2013; De
Tender et al., 2015; Dang & Lovell, 2016; Lage & Graca, 2016; de Carvalho, 2018).
Growth of biofilms can be influenced by environmental factors including temperature.
Temperature is a primary environmental variable that influences Vibrio
planktonic and biofilm lifecycles, and contributes greatly to growth and habitat range
(Gilbert et al., 2012; Tiruvayipati & Bhassu, 2016; Ward et al., 2017; Hernandez-
Cabanyero et al., 2020). This presents a possibility that bacterial cells enclosed in the
biofilm matrix on plastic surfaces may be responding to environmental changes by
exhibiting different growth and activity patterns compared to their planktonic
counterparts (Guzman-Soto et al., 2021). Most cases of vibriosis occur during summer
months due to warmer sea surface temperatures in which the bacteria thrive. However, V.
parahaemolyticus and V. vulnificus infections are increasing in prevalence due to climate

change contributing to rising seawater temperatures and extending the length of time of



warm sea surface temperatures (Parry et al., 2007; Whitehead et al., 2009; Baker-Austin
etal., 2013; Baker-Austin et al., 2016; Vezzulli et al., 2016; Deeb et al., 2018; Control &
Prevention, 2019). Since these two Vibrio species are known to form biofilms and have
been shown to be early colonizers of plastic surfaces, it follows that plastics could
increase Vibrio exposure to humans (Kesy et al., 2021; Tavelli et al., 2022). Attached
biofilms could contribute to higher bacterial concentrations in contaminated seafood,
leading to increased levels of bacterial exposure to humans if consumed raw (Keswani et
al., 2016; Kesy et al., 2021).

The hydrophobic or hydrophilic nature of the bacterial cell surface also plays a
major role in bacteria’s ability to colonize and form biofilms on abiotic surfaces like
plastics (Rosenberg, 1984; Reifsteck, Wee & Wilkinson, 1987). More hydrophobic cells
adhere more strongly to hydrophobic surfaces like plastic, while more hydrophilic cells
adhere more strongly to hydrophilic surfaces like glass (Kochkodan et al., 2008;
Giaouris, Chapot-Chartier & Briandet, 2009). It is generally accepted that the lifecycles
of pathogenic Vibrios, like V. parahaemolyticus and V. vulnificus include natural
environmental and host-associated stages (Kamp et al., 2013; Tiruvayipati & Bhassu,
2016; Ghenem et al., 2017; Hernandez-Cabanyero & Amaro, 2020). It has been
suggested that within marine environments exposure to changes in temperature may
increase chances of survival and infectivity of V. parahaemolyticus and V. vulnificus
within host-associated stages (Motes et al., 1998; Strom & Paranjpye, 2000; Froelich &
Noble, 2016; Sullivan & Neigel, 2018). While studies have identified genotypic and
phenotypic traits that allow these bacteria to survive within each environment, the ability

to form biofilms on plastics, which could help the bacteria transition between the two



environments by ingestion, is not well understood (Reidl & Klose, 2002; Oberbeckmann,
Lder & Labrenz, 2015; Hernandez-Cabanyero et al., 2019). There is an underlying
knowledge gap regarding hydrophobicity of different strains of V. parahaemolyticus and
V. vulnificus and their interactions with different types of plastics.

Bacterial colonization and biofilm development on surfaces involve multiple
processes, one of which is material type surface characteristics (Flemming et al 2016).
This means that hydrophobicity, hydrophilicity, and chemical composition of a surface
like plastic can influence bacterial attachment and development (Nakanishi et al., 2021).
There are several major types of plastic, which include polyethylene (PE), polypropylene
(PP) polystyrene (PS). There are increased probabilities that these plastic types end up in
marine environments due to their high production and usage (Andrady, 2003; Brien,
2007; Andrady, 2011; Eriksen et al., 2014; Lusher, Hollman & Mendoza, 2017).
Contamination of marine habitats by large pieces of plastics (macroplastics) have raised
environmental concerns due to their possible transfer to animals that may coincidently or
selectively ingest plastic particles that have been mistaken for food, leading to health
complications and death (Gregory, 2009). In addition, plastics poorly degrade in marine
environments, and this degradation leads to smaller particulates, deemed “microplastics,”
which are classified as plastic particles smaller than 5 millimeters in size (Arthur, Baker
& Bamford, 2009; Eriksen et al., 2014; GESAMP, 2016). There are growing concerns
that both macro- and microplastics can travel large distances and act as transport vectors
for attached bacterial pathogens (Zettler, Mincer & Amaral-Zettler, 2013;
Oberbeckmann, Lder & Labrenz, 2015; Debroas, Mone & Ter Halle, 2017; Kesy et al.,

2019; Bowley et al., 2021).



Recent studies conducted in marine environments have found microbial
communities associate and live on plastic surfaces. These plastic-associated communities
have been termed the “Plastisphere,” and has raised serious implications for both marine
life and human health (Ward & Kach, 2009; Zettler, Mincer & Amaral-Zettler, 2013).
Vibrio have been found to be a major community member on marine plastic particles, but
Vibrio concentrations on plastic surfaces have appeared lower compared to natural
marine particles (Bryant et al., 2016; Curren & Leong, 2019; Amaral-Zettler, Zettler &
Mincer, 2020). However, since Vibrio biofilms have still been found on numerous macro
and microplastic substate surface types in several marine surface waters, this implies that
plastic particles could act as transport vectors of potentially pathogenic Vibrio to new
areas outside of their native range and to marine animals that may accidently or
selectively ingest the biofilm-associated plastic particles coincidently with food particles
(Goldstein, Carson & Eriksen, 2014; Reisser et al., 2014; Kirstein et al., 2016; Virsek et
al., 2017; Bowley et al., 2021). In addition, since these bacteria are in close proximity to
each other in biofilms on plastics, there is high potential for horizontal transfer of
antibiotic-resistance genes, compounding the exposure risk to both marine and human
health (Arias-Andres et al., 2018; Laverty et al., 2020).

In this study, we examined the effect of temperature on in vitro biofilm
production by V. parahaemolyticus and V. vulnificus on different types of plastics, which
included low-density polyethylene, polypropylene, and polystyrene. We compared
biofilm production of both species, from three strains isolated from different sources
(human, animal, and water), a total of six different strains. We hypothesized that all

strains from both Vibrio species would produce greater amounts of biofilm on all plastic
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types compared to a glass (control) due to the increased hydrophobic properties of plastic,
which make it a more suitable substrate for colonization. Higher temperatures for V.
parahaemolyticus and lower temperatures for V. vulnificus should also lead to increased
biofilm formation on plastics due to previous studies that have examined both species
biofilm production under different temperature conditions. We also postulated that
human isolated strains of both species would produce the greatest amount of biofilm on
all plastic types compared to animal and seawater isolated strains due to the harsher
survival conditions in human hosts compared to the marine environment.
1.3 Materials and Methods
Bacterial Strains and Growth Conditions

Two clinical and two animal strains were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, United States). One seawater strain was gifted
from the National Oceanic Atmospheric Administration (NOAA) Charleston, SC, United
States and was originally isolated from the marine environment (methods in
Supplementary Material, Vickery et al., 2007) in South Carolina, and one other seawater
strain for this study was also directly isolated from the marine environment (methods in
Supplementary Material, Kim et al., 2015) in South Carolina (Table 1.1). V.
parahaemolyticus strains are commonly classified by their species marker (tlh) and
capacity to infect humans through production of thermostable direct hemolysin (tdh) or
thermostable direct hemolysin-related hemolysin (trh) virulence factors (Honda & lida,
1993; Broberg, Calder & Orth, 2011). In our study, human isolated strain ATCC17802
contained tlh and trh, mollusk isolated strain ATCC43996 contained tlh and tdh, while

the seawater isolate strain vpC12 only contained the species marker tlh. While V.
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vulnificus strains can also be classified by virulence factors, V. vulnificus can also be
classified by 16S rRNA typing, which reveals if they are more clinically- (type B, higher
possible human infectivity) or more environmentally- (type A, higher possible marine
vertebrate infectivity) associated. In our study, the human isolate strain ATCC27562 and
seawater isolate strain are type B while eel isolate strain (ATCC33147) is type A.

One clinical, one animal and one seawater isolated strain of both V. vulnificus and
V. parahaemolyticus were tested for biofilm formation at different temperatures on
different substrate surfaces. All strains were maintained in 25% (vol/vol) glycerol at
—80°C to be used in further experiments. A single colony of each bacteria was inoculated
in 5 mL modified seawater with yeast extract (MSYE, ATCC medium 804, Oliver &
Colwell, 1973) broth supplemented with calcium chloride (1.8 g/L), as calcium chloride
contributes to biofilm formation (Tischler et al., 2018), and incubated overnight at 35°C
with shaking (180 rpm). After incubation, the broth culture was adjusted to 107 cells
(ODeoo) using a SpectraMax M3 plate reader after calibrating the instrument’s absorbance
values to cell counts from spread plating (Molecular Devices, San Jose, CA, United
States).
Biofilm Formation

Biofilm formation experiments were adapted from Hamanaka et al., 2012 and
Valquier-Flynn et al., 2017. Disc coupons (Table 1.2, BioSurface Technologies,
Boseman, MT, USA) were chemically sterilized (70% ethanol for GL and PP, 70%
isopropanol for LDPE and PS) for 24 hours and were then placed in sterile petri dishes in
a biosafety cabinet until residual alcohol evaporated. Then the coupons were placed in

24-well sterile non-treated microplates (Costar®, Corning, NY, USA) or sterilized slide
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coupons (Biosurface Technol.) in sterile petri dishes (Falcon®, Corning, NY, USA), and
then were filled with 990 uL (24-well microplate) or 14.85 mL (petri dish) of fresh
MSYE broth supplemented with calcium chloride medium. The plates were then
inoculated with 10 uL of the bacterial cultures for 24 well plates and 150 pL for petri
dishes (107 cells) to achieve a final cell density of 10° cells per well/dish. Then, the 24-
well plates were incubated at 25, 30, 35°C with low shaking (125 rpm) to form biofilms
in 24 hours, and petri dishes incubated at 30°C with low shaking (85 rpm) to form
biofilms in 48 hours, with spent media in petri dishes being replaced with 15 mL fresh
media after 24 hours. Low shaking conditions, instead of static, were chosen to introduce
shear stress to the biofilms, to better resemble the marine environment. Borosilicate glass
coupons were chosen as the substrate type controls and used as the substrate reference for
statistical analyses. Wells/dishes containing MSYE broth supplemented with calcium
chloride without inoculation and with coupons were used as blank and group controls.
Biofilm biomass on each disc coupon experimental and control group had biological
triplicates and each experiment was conducted three times independently. Biofilm
biomass on each slide coupon experimental group was pooled from 10 biological
replicates one time. All plates/dishes were sealed with Parafilm™ (Bemis, Neenah, WI,
USA) to reduce evaporative loss of media.
Crystal Violet Staining Assay

Biofilms of both V. parahaemolyticus and V. vulnificus were quantified by crystal
violet staining according to O'Toole, 2011 and Valquier-Flynn et al., 2017 with some
modifications. Following 24-hour incubation, planktonic cells were removed from the 24-

well microplates before gently washing with 1X phosphate buffer saline (PBS, Molecular
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Biologicals International, Irvine, CA, USA) three times. 500 puL of 100% methanol
(Sigma-Aldrich)) was then added to the plates to fix the biofilms to the glass and plastics
and incubated at room temperature for 20 minutes. Then, the methanol was removed, and
residual methanol allowed to evaporate off disc coupon surfaces. The biofilms were
stained with 700 uL of 0.1% (wt/vol) crystal violet (Sigma-Aldrich) for 15 minutes at
room temperature. The staining solution was removed, and then 1X PBS was used to
remove the non-bound dye four times. The glass and plastic coupons were then
transferred to a new 24-well non-treated microplate and the stained and washed biofilms
were air dried overnight. Lastly, 600 pL of 30% acetic acid (Fisher Scientific) was added
to dissolve the bound crystal violet and incubated at room temperature for 15 minutes.
Optical densities of each well were measured by absorbance (570 nm) using a
SpectraMax M3 plate reader (Molecular Devices). Mean ODs7g values were then divided
by the surface area (405 mm?) of the disc coupons tested to obtain final biofilm biomass
values per mm of the surface type.
Biofilm Removal and Determination of Colony Counts

Total colony counts were determined from biofilm suspensions according to
Portillo et al., 2013 and Bjerkan, Witsg & Bergh, 2009 with some modifications.
Following 24-hour incubation, planktonic cells were removed from the 24-well non-
treated microplate wells before washing disc coupons with 700 uL 1X PBS gently, four
times. Then, disc coupons were placed individually in 10 mL 1X PBS in a conical tube
(Falcon®) and vortexed using a VVortex Genie 2® (Fisher Sci.) at the highest setting for 1
minute. Then, coupons and 1X PBS solution were individually transferred to borosilicate

glass culture tubes (VWR International, Radnor, PA, USA) and placed in a Branson
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M2800 ultrasonication water bath (Branson Ultrasonics, Brookfield, CT, USA) and
sonicated for 5 minutes at 40 kHZ. The coupons and 1X PBS solution were then
transferred back to conical tubes, and vortexed again for 1 minute. Then, the biofilm
suspension in 1X PBS was serially diluted in 1X PBS in conical tubes and 10 to 10~
serial dilutions were spread onto prewarmed MSYE supplemented with calcium chloride
agar plates. Plates were incubated at 30°C for 20-24 hours. The viability of cells was
determined in terms of colony forming units (CFU) per coupon. Biofilm cell densities of
each disc coupon experimental and control group had biological triplicates and each
experiment was conducted three times independently. Mean CFU values were then log
transformed and divided by the surface area (405 mm?) of the disc coupons tested to
obtain final CFU values per mm of the surface type.
EPS Extraction and Measurements of Dry Cell and EPS Biomass Concentrations

The strains of both Vibrio species that exhibited greatest biofilm biomass, on
average, combined on all plastic disc surface types were used for measuring cell and EPS
concentrations. V. parahaemolyticus strain ATCC17802 (human) and V. vulnificus strain
vv155 (seawater) exhibited the greatest mean combined biomass per mm? of all plastic
disc surfaces at 30°C (ODs7o/ 405mm?~ 4.17E-03). EPS extraction was conducted
according to Bramhachari et al., 2007 with some modifications. Following 48-hour
incubation at 30°C, planktonic cells were removed from petri dishes before washing slide
coupon with 10 mL 0.85% saline gently two times. Then, the slide coupon was placed in
30 mL 0.85% saline in a conical tube and vortexed at highest setting for one minute for
plastics, and low setting for glass. Then, coupon and 0.85% saline solution were

transferred to borosilicate glass test tube, and placed in water sonication bath, and
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sonicated for five minutes at 40 kHz. The coupon and saline solution were then
transferred back to conical tube, and vortexed again for one minute. Lastly, the coupon
was then scraped on all sides with a cell scraper (Falcon®, Corning, NY, USA), scraper
submerged in solution, and coupon removed. This was repeated 9 more times to pool 10
slide coupons’ total cell and EPS contents in 0.85% saline solution. Then, the 30 mL
0.85% saline biofilm suspension was centrifuged (4,000 x g) to pellet cells. Cell pellet
was then resuspended in same solution, centrifuged again, and this process repeated two
more times. Cell pellet was saved at 4°C while supernatant (EPS solution) was then
immediately mixed with 75% total volume cold ethanol (VWR) overnight to precipitate
the EPS. Total EPS and ethanol solution was then centrifuged to pellet EPS, the
supernatant removed, and the remaining EPS saved. The cell pellet and crude EPS was
then freeze dried using a FreeZone® 6 system (Labconco, Kansas City, MO, USA) and
weighed.
EPS Chemical Composition Analysis

The total carbohydrate content was measured after first dialyzing the EPS solution
in SnakeSkin™ membrane with a 10,000 molecular weight cut-off (Fisher Sci.) in a
borosilicate glass beaker of deionized water for 24 hours at 4°C. Then the EPS solution
was mixed with 75% total volume cold ethanol (VWR) overnight to precipitate the EPS.
Total EPS and ethanol solution were then centrifuged to pellet EPS, the supernatant
removed, and the remaining EPS saved. The EPS was then freeze-dried and weighed.
This was repeated three times for each plastic type for (1) carbohydrate, (2) protein and
(3) eDNA quantification. (1) Dried crude EPS was prepared and carbohydrate content

quantified according to Dubois et al., 1951 using a Total Carbohydrate Assay Kit with
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glucose as the calibration standard according to manufacturer’s instructions (Cell
Biolabs, San Diego, CA, USA). The measurement was carried out using absorbance (490
nm) (Molecular Devices, San Jose, CA, USA). (2) Dried crude EPS was prepared by
using a Compat-Able™ Protein Assay Preparation Reagent kit (Fisher Sci.) according
Jiao et al., 2010 and manufacturer’s instructions. Then the protein content was measured
using a Bradford assay kit with bovine serum albumin (BSA) as the calibration standard
according to manufacturer’s instructions (Fisher Sci.). Absorbance measurements were
conducted (595 nm). (3) Dried crude EPS was prepared according to Grande et al., 2015.
EPS was resuspended in 1 mL 1X TE buffer (Fisher Sci.) and DNA was quantified using
the Invitrogen Quant-iT™ PicoGreen™ dsDNA reagent kit (Molecular Probes, Eugene,
OR, USA), with A-DNA as the calibration standard according to manufacturer’s
instructions. Fluorescence was measured using a SpectraMax M3 plate reader
(excit/emiss = 480/520 nm). % EPS by weight was calculated by standardization of each
mean concentration of proteins, carbohydrates and eDNA to pug/mL, then divided by total
starting weight of pooled crude EPS from 10 samples.
Hydrophobicity Assay

Microbial adherence to hydrocarbons was determined using p-xylene according to
the MATH test method (Rosenberg, 1984; Kwaszewska, Brewczynska & Szewczyk,
2006; Mizan et al., 2016) with slight modifications. Briefly, overnight cultures of all
strains in MSYE broth supplemented with calcium chloride were diluted to 10° cells and
then grown at 25, 30 and 35°C for 24 hours at 125 rpm. The cells were harvested by
centrifugation (4,000 x g) for 10 minutes, washed twice with 1X PBS, and then

resuspended in 1X PBS to an ODegoo ~0.3 — 0.6 (AQ). One mL of p-xylene (Beantown
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Chemical, Hudson, NH, USA) was added to a conical tube containing four mL of the
adjusted bacterial/PBS suspension and the mixture was then vortexed vigorously at the
highest setting for two minutes and incubated for 20 minutes at room temperature to
allow separation of the two phases. The supernatant (aqueous hydrocarbon phase) was
then carefully removed using glass Pasteur pipettes and cellular absorbance was
measured (ODsoo) in PBS suspension (Al). Hydrophobicity was calculated as the
percentage of planktonic cells partitioning into the hydrocarbon phase. The percentage of
p-Xylene partitioning was estimated using the following formula: (JAO — A1]/A0) x 100
(Rivas et al. 2008). A mean adherence to p-xylene < 30% indicated that the strains were
hydrophilic; values > 30% signified hydrophobic strains. Highly hydrophobic strains
exhibited values > 70% (Kwaszewska, Brewczynska & Szewczyk, 2006). Each
experimental and control group was completed in biological triplicate and each
experiment conducted independently three times.
Statistical Analyses

The experimental data for biomass CFUs, and hydrophobicity were expressed as
the mean + standard deviation. Biomass dry weights from slide coupons were expressed
as mean total pooled biomass from 10 biological replicates. Biochemical characteristic
weights of EPS were expressed as a percentage of the total pooled EPS weight of plastic
type. Two-way analysis of variance (ANOVA) models were calculated using Rstudio
software to compare value differences (o = 0.05). Strain, temperature and surface type
were the variables for all models. Glass was selected as the reference surface and 25°C
was selected as the reference temperature for all analyses. Also, V. parahaemolyticus

strain ATCC17802 was selected as the reference strain for all V. parahaemolyticus strains
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while V. vulnificus strain ATCC27562 was selected as the reference strain for all V.
vulnificus strains. Bonferroni correction was calculated and applied to p-values to control
for type 1 error. A t-test (o= 0.05) was calculated for comparison between mean total dry
biomass weights between all plastics and glass and a Pearson correlation coefficient was
calculated for comparison between mean total dry biomass weight and mean biofilm
biomass absorbance data using Excel’s data analysis toolpak.
1.4 Results
Plastics Enhance V. parahaemolyticus and V. vulnificus Biofilm Formation Compared to
Glass

Experiments were conducted to test the effect of temperature (25, 30, and 35 °C)
on biofilm biomass production and biofilm cell viability on glass (GL), low density
polyethylene (LDPE), polypropylene (PP), and polystyrene (PS) by three different strains
of both V. parahaemolyticus and V. vulnificus for 24 hours. The vortex/sonication method
as described previously was first tested to confirm efficacy of biofilm removal from all
substate surfaces while also preserving cell viability (Supplemental Figure A.1 - A.3,
Table A.14, A.15). Raw mean data are presented in Supplemental Tables A.1 and A.6.

The crystal violet staining assay reflects total bacterial biomass formed on the
substate surface types. The biofilm removal and colony count assay reflects biofilm cell
densities (expressed as colony forming units, CFUs) on the substate surface types. From
these two assays, it was shown that at a species level, both V. parahaemolyticus and V.
vulnificus appeared to have greater biofilm biomass and CFU concentrations at all
temperatures tested on all combined plastic types compared to GL (Figure 1). V.

parahaemolyticus formed greater biofilms and had slightly greater biofilm CFU
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concentrations at 30°C and 35°C on all combined plastic types, while V. vulnificus
formed greater biofilm biomass at 25°C, but had slightly greater biofilm CFU
concentrations at 30°C and 35°C. The comparison of biofilm biomass between Vibrio
species revealed high biomass variability between substrate surface composition types
(glass vs. plastic) at different temperatures, as indicated by high standard deviation bars.
Comparison of biofilm biomass between combined species isolate types (human, animal,
water) also revealed high biomass variability between all substrate surfaces at different
temperatures (Supplemental Figure A.4). However, these high standard deviation bars are
due to high variability between species and strain types.
Surface Material and Temperature Influences V. parahaemolyticus and V. vulnificus
Biofilm Formation

Examining biofilm formation on individual plastic types of LDPE, PP and PS at
different temperatures (25, 30 35°C) revealed that as a species V. parahaemolyticus
appeared to form the greatest biofilms, on average, on LDPE and PP at 30°C and 35°C
and had higher CFU concentrations across all plastics compared to GL (Figure 1.2). V.
parahaemolyticus biofilm formation on PS was only marginally higher than GL at all
temperatures yet still had an overall higher CFU concentration compared to GL. V.
parahaemolyticus formed the greatest biofilms across all temperatures on LDPE and PP,
which have a specific density lower than seawater (~1.02), compared to PS and GL
which have a higher specific density than seawater. Comparatively, as a species V.
vulnificus appeared to form greater biofilms, on average, on all plastic types at 25°C.
Also, compared to V. parahaemolyticus, V. vulnificus biofilm formation was greatest on

PS at 25°C. V. vulnificus formed greater biofilms on LDPE at 35°C compared to 30°C,
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but this trend was opposite for PS as biofilm formation was greater at 30°C than 35°C. V.
vulnificus biofilm biomass and CFU concentrations on LDPE and PS were also higher
than GL across all temperatures. V. vulnificus biofilm formation on PP was only slightly
higher than GL at higher temperatures (30, 35°C), and had lower biofilm biomass at 25°C
and lower CFU concentrations on PP at 25 and 30°C compared to GL.

ANOVA revealed certain significant differences (o = 0.05) in the amount of
biofilm formation on each plastic type compared to glass at the species level (Figure 1.2,
Supplemental Tables A.3 — A.5, A.8 — A.10). V. parahaemolyticus did not produce
significantly more biofilm or significantly more CFUs on any plastic surface (p = 0.99)
compared to GL. Temperature was also not a significant factor in contributing to V.
parahaemolyticus biofilm biomass (30° p = 0.99, 35°C p = 0.99) or CFUs (30°C p =
0.99, 35°C p = 0.99). However, V. vulnificus produced significantly more biofilm, but not
CFUs, on PS (p < 0.05) compared to GL. V. vulnificus biofilm biomass production was
also significantly enhanced at 25°C compared to 30° (p < 0.01) and 35°C (p < 0.01).
Strain Type Influences V. parahaemolyticus and V. vulnificus Colonization and Biofilm
Biomass and Cell Viability

At a strain level, the highest biofilm formation with a mean ODs7o per mm?
(ODs70/ 405mm?) of 5.92E-03 was obtained on LDPE and PP by V. parahaemolyticus
strain ATCC17802 at 30°C, and the lowest biofilm formation with a mean ODs7g per
mm? of 7.41E-05 was obtained on PP by V. parahaemolyticus strain vpC12 at 30°C. This
further highlights the variability of biofilm formation between different strains of the
same species (Figure 1.3A, Table A.1). All strains of both Vibrio species also had high

concentrations of biofilm CFUs on GL and the three types of plastic over 24 hours and
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under all temperature conditions. The highest CFU concentration was obtained on LDPE
by V. vulnificus strain vv155 at 35°C, while the lowest CFU concentration was obtained
on GL by V. vulnificus strain ATCC33147 at 30°C (Figure 1.3B, Supplemental Table
A.6). Further comparison of the individual strains revealed significant differences (p <
0.05) in biofilm formation and CFUs between strains on different surfaces and
temperatures (Figure 1.3A, B, Supplemental Table A.1, A.6).

V. parahaemolyticus animal isolate (ATCC43996) and seawater isolate vpC12
produced significantly lower biofilm biomass (p < 0.001) and CFUs (p < 0.01) than
human isolate ATCC17802 (Supplemental Table A.2, A.7). Human isolated strain
ATCC17802 had significantly greater biofilm formation (p < 0.05) and CFU
concentrations (p < 0.01) on all plastic surfaces compared to glass. This strain also
produced significantly greater biofilms and had greater CFU concentrations at 30 and
35°C (p < 0.05) compared to 25°C. Animal isolated strain ATCC43996 also had
significantly greater (p < 0.01) biofilm formation on all plastic surfaces compared to GL.
However, elevated temperatures (30, 35°C) significantly decreased (p < 0.01) the amount
of overall biofilm produced by this strain compared to 25°C, but an increase in
temperature had no significant effect (30°C, p =0.2; 35°, p =0.12) on CFU
concentrations. Seawater isolate strain vpC12 did not have significantly greater (p > 0.05)
biofilm biomass or CFU concentrations on any plastic surface compared to GL, however
elevated temperature (30°C) did lead to a significant decrease (p < 0.05) in overall
biofilm production compared to 25°C.

V. vulnificus animal isolate ATCC33147 had no significant differences in biofilm

biomass (p = 0.99) or CFU concentrations (p = 0.99) compared to human isolate
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ATCC27562 (Supplemental Table A.2, A.7). However, water isolate vv155 surprisingly
produced significantly greater biofilm biomass (p < 0.001) and had significantly higher
CFU concentrations (p < 0.05) than ATCC27562. Human isolated strain ATCC27562 did
not have significantly greater (p > 0.05) biofilm biomass or CFU concentrations on any
plastic surface compared to GL, however elevated temperature (30, 35°C) did lead to a
significant decrease (p < 0.01) in overall biofilm production. Animal isolated strain
ATCC33147 had significantly greater (p < 0.05) biofilm formation on PS compared to
GL, and significantly greater (p < 0.05) CFUs on LDPE compared to GL. However,
elevated temperature (30, 35°C) also led to a significant decrease (p < 0.05) in overall
biofilm production, but not in CFU concentrations, compared to 25°C. Seawater isolated
strain vv155 had significantly greater (p < 0.05) biofilm formation on PS compared to
GL, but an increase in temperature had no significant effect (p > 0.05) on overall biofilm
biomass and CFU concentrations.

Comparison of biofilm biomass between combined species isolate sources
(human, animal, water) revealed high biomass and CFU variability between surface types
at different temperatures as indicated by high standard deviations (Supplemental Figure
A.3). While it appeared human isolated strains tended to produce, on average, greater
biofilms and CFUs on LDPE and PP at higher temperatures (30, 35°C), V.
parahaemolyticus strain ATCC17802 mainly accounted for this high biofilm mean due to
it being the greatest biofilm former at higher temperatures compared to V. vulnificus
strain ATCC27562 that formed greater biofilms at 25°C across all surface types (Figure

1.3A, B, Supplemental Table A.1, A.6). The other strain sources (animal and water) of
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both species formed greater biofilms, on average, at 25°C across all surface types than at
higher temperatures (30, 35°C).

Comparison of biofilm biomass between isolates and plastic surface types
revealed differences in mean percent change compared to GL (Table 1.3). 41/54 total
means of biofilm biomass on plastic across all temperatures had a mean positive percent
change in biofilm biomass compared to GL. The greatest mean positive percent change
compared to GL was observed with strain ATCC17802 on LDPE and PP at 25°C and
30°C. Strains vpC12 and ATCC27562 accounted for 9/12 of the negative mean percent
changes in biomass across all temperatures, meaning they formed greater biofilms on GL,
on average, compared to plastic in these cases. However, most of these negative percent
changes were attributed to LDPE and PP compared to GL, as both strains had a mean
positive percent change on PS compared to GL.

Comparison of biofilm CFU concentrations between isolates and plastic surface
types at all temperatures tested revealed differences in % change compared to GL (Table
1.4). 42/54 total means of biofilm CFU concentrations on plastic across all temperatures
had a mean positive % change in biofilm CFU concentrations compared to GL. The
greatest mean positive % change compared to GL was observed with strain ATCC33137
at 30°C on LDPE. Strains vpC12 and ATCC27562 accounted for 8/12 of the negative
mean % changes in biofilm CFUs across all temperatures, meaning they had greater mean
biofilm CFUs on GL compared to specific plastic types in these cases. However, strain
vpC12 had a mean positive % change in CFU concentrations at 25°C on all plastic types

and strain ATCC27562 had a mean positive % change in CFU concentrations at 35°C on
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all plastic types. At 35°C, 5/6 strains had a mean positive % change in biofilm CFUs on
all plastic types compared to glass and lower temperatures.

Differences in Substrate Type Affect Biofilm Cell and Extracellular Polymeric Substance
Concentration and Composition

Across all strains, V. parahaemolyticus strain ATCC17802 and V. vulnificus strain
vv155 had the highest mean combined biomass per mm? of all plastics at 30°C (ODs7o/
405mm? ~ 4.17E-03). These strains were chosen to be further analyzed for cell and EPS
weight and EPS biochemical characterization. Comparison of ATCC17802 and vv155
strains combined total dry biomass on glass compared to plastic revealed significantly
greater total dry biomass weights on all plastic types compared to glass (p < 0.01) (Table
1.5). Further comparison revealed a moderately positive Pearson correlation coefficient (r
= 0.58) between mean total dry biofilm biomass weights (mg) and mean biofilm biomass
from crystal violet staining (ODszo) of all surfaces of both strains.

Biochemical characterization of both Vibrio species EPS revealed that
extracellular proteins were the main component of the EPS, followed by carbohydrates
and eDNA on all plastic types (Figure 1.4, Supplemental Table A.11). V.
parahaemolyticus extracellular proteins accounted for 75, 77, 76% of total EPS mass on
LDPE, PP, and PS respectively. V. parahaemolyticus extracellular carbohydrates made
up 16, 21, 18% of total EPS mass on LDPE, PP, and PS respectively, and eDNA made up
~1% of total EPS mass on each plastic type. V. vulnificus extracellular proteins accounted
for 80, 83, 70% of total EPS mass on LDPE, PP, and PS respectively. V. vulnificus
extracellular carbohydrates accounted for 17, 13, 26% of total EPS on LDPE, PP, and PS

respectively and eDNA also made up ~1% of total EPS mass on each plastic type.
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Temperature and Strain Variability Influences Planktonic Cell Hydrophobicity

The MATH method, which is based on the degree of adherence to the
hydrocarbon-p-xylene interface, showed that all strains were moderately (values > 30%)
to strongly (values > 70%) adhesive to p-xylene, and thus considered hydrophobic, at all
temperatures tested (Figure 1.5). Raw mean hydrophobicity data are presented in Table
A.12 in the Supplementary Data. Most strains (5/6) became slightly less hydrophobic as
temperature increased from 25°C to 35°C. V. parahaemolyticus strain ATCC43996 was
highly hydrophobic at 25 and 30°C while all V. vulnificus strains were highly
hydrophobic at 25°C, with strain ATCC33147 also being highly hydrophobic at 30 and
35°C. At a species level, V. vulnificus was, on average, more hydrophobic than V.
parahaemolyticus at all temperatures tested, especially at 30 and 35°C (19% and 16%
more hydrophobic, respectively; Supplemental Table A.13).
1.5 Discussion

While plastic pollution in the marine environment remains a global concern, their
role as substrates for microbial habitats and subsequently vectors for the dispersion of
pathogenic or non-pathogenic bacteria must be further evaluated, especially under
evolving climate change scenarios (Zettler, Mincer & Amaral-Zettler, 2013; Kirstein et
al., 2016). V. parahaemolyticus and V. vulnificus are potential pathogenic bacteria that
can infect both marine animals and humans. In past decades, Vibrio habitat range has
increased and coincided with an increase in plastic production and growth. This
expansion of Vibrio coupled with their potential to colonize and live on numerous plastic
types will increase the potential risk of both marine animal and human exposure to Vibrio

species. To better understand the emerging environmental and public health risks
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associated with bacterial colonization of plastic particles, studies are needed to determine
how this process is affected by different substrate types under different environmental
conditions, such as temperature. This study focused on how different bacterial strains
from distinct isolation sources of both V. parahaemolyticus and V. vulnificus interact with
common marine plastics, such as low-density polyethylene, polypropylene, and
polystyrene, under different temperatures.

Bacterial cells have been shown to attach quicker and to grow and develop
biofilms more rapidly on hydrophobic surfaces like plastics compared with hydrophilic
surfaces like glass (Donlan, 2002). Our study further suggests this as plastic was found to
be a more favorable substrate on average than glass for both Vibrio species at all
temperatures tested under 24 hours in vitro (Figure 1.1). Our study also indicates and
further strengthens the assumption that Vibrio are early colonizers of plastics, especially
LDPE, PP and PS, as both V. parahaemolyticus and V. vulnificus were able to colonize
and develop biofilms on these plastics within 24 hours (Harrison et al., 2014; Kesy et al.,
2021). Interestingly, most individual isolates besides V. parahaemolyticus ATCC17802
produced greater biofilm formation at lower temperature (25°C) compared to higher
temperatures (30, 35°C). This is in accordance with studies that have reported both V.
parahaemolyticus and V. vulnificus biofilm growth in 96-well microplates under different
temperature conditions (Han et al., 2016; Cam, Brinkmeyer & Schwarz, 2019; Billaud et
al., 2022). This suggests that Vibrio may produce greater amounts of biofilm as a survival
mechanism in response to lower temperatures in the marine environment. However, when
environmental conditions become more suitable and warmer, cells might be dispersing

from these biofilms and contributing to higher planktonic cell concentrations (Townsley
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& Yildiz, 2015; Guilhen, Forestier & Balestrino, 2017; Sheikh et al., 2022). In the
context of climate change and public health, warming waters could be contributing to
potentially higher exposure risk by this increased Vibrio biofilm dispersal leading to
higher planktonic cell concentrations (Deeb et al., 2018).

The genus Vibrio has been reported to have “feast or famine” growth strategies,
and the introduction of a new surface into a marine environment may provide a
colonization opportunity niche which Vibrio rapidly respond to (Gilbert et al., 2012;
Takemura, Chien & Polz, 2014; Westrich et al., 2016). However, while it did appear from
our study that specific surface type could influence the colonization and biofilm
development over a 24-hour period, our study only observed V. parahaemolyticus and V.
vulnificus colonization and biofilm development over 24-hours on each individual plastic,
so this process might be more undirected and driven by the colonization opportunity of a
new surface. As there were visually observed differences in substrate flotation behavior
and the substrates tested were confirmed to be different in specific density (Table 1.2),
floatation behavior could also influence the adhesion of Vibrio species and, consequently,
the production of biofilm on these substrates, especially in the context of in situ marine
environments. This is important to note, as many studies have focused mainly on lower
specific density plastics on the surface of marine environments as these plastic types are
more easily observed, and not on plastics with higher specific density properties or on
plastics that have lost buoyancy due to biofouling that are found at greater depths and in
sediment (Zettler, Mincer & Amaral-Zettler, 2013; Cézar et al., 2014; Van Sebille et al.,
2015 Kirstein et al., 2016; Laverty et al., 2020; Delacuvellerie et al., 2022). While these

two Vibrio species have been found in the ‘Plastisphere’ on the commonly occurring
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marine plastics assessed in the present study, studies on other Vibrio species colonization
and biofilm development on different plastics, synthetic and organic polymers, and other
substrate surfaces are still lacking both in vitro and in vivo.

There is high strain variability within Vibrio species in growth and biofilm
formation. Strain variability has not been closely examined in plastic colonization
(Whiting & Golden, 2002; Han et al., 2016; Odeyemi & Ahmad, 2017; Song et al., 2017,
Cam & Brinkmeyer, 2020). V. parahaemolyticus human isolated strain ATCC17802 had
the significantly greatest (p < 0.01) biofilm formation on LDPE and PP compared to GL
and compared to the other V. parahaemolyticus strains tested, especially at 30 and 35°C.
Song et al., 2017 has also reported that pathogenic strains of V. parahaemolyticus form
greater biofilms than non-pathogenic strains. This strain is positive for the trh gene, a
known virulence factor, signifying that known V. parahaemolyticus human pathogenic
strains can adequately colonize, and have considerable biofilm formation on plastics in a
24-hour period, especially in warmer temperatures. Interestingly, without adjusting the
CFUs per mm? of surface type, it was also found that all V. parahaemolyticus isolates’
CFU concentrations on all plastic types had above the threshold dose needed to be
infectious in humans (> 10° CFUs) at all temperatures tested (Marx, Hockberger & Walls,
2013).

V. vulnificus seawater isolated strain vv155 had the highest biofilm formation on
all plastics at 25°C and was significantly greater on PS compared to GL and compared to
the other V. vulnificus strains tested. While seawater isolates are expected to be strong
biofilm producers to survive harsh marine environmental conditions, the result that V.

vulnificus human isolate ATCC27562 was not the highest biofilm former was surprising.
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It was expected that human isolates would have the highest biofilm production between
all isolate sources due to being isolated from the more stressful environment of the
human host. However, research conducted by Cam & Brinkmeyer, 2020 revealed that
both clinical and environmental strains of V. vulnificus formed greater biofilms at lower
temperatures. While the V. vulnificus human isolated strain ATCC27562 did not have the
highest biofilm formation on plastics compared to this V. vulnificus water isolate, it
cannot be ruled out that potential human pathogenic strains have higher colonization
ability of plastic materials. This is especially apparent as the vv155 strain has a 16S
rRNA designated type B genotype, which has a strong association with clinical strains,
meaning it may have a high level of virulence in humans (Nilsson et al., 2003). While
type A strains are more environmentally associated, infections in humans from type A
have still been reported, and been shown to be more virulent in mice (LDso= 10° -
108 CFU) when compared to type B strains (LDso= 108 CFU) (Amaro, 1992; Amaro &
Biosca, 1996; Nilsson et al., 2003; Drake, DePaola & Jaykus, 2007; Jones & Oliver,
2009; Cam, Brinkmeyer & Schwarz, 2019; Wu et al., 2022). Only the V. vulnificus
ATCC33147 type B strain CFUs on LDPE and PS had above the considered threshold
L Dso dose of 10° - 108 CFUs (without adjusting the CFUs per mm? of surface type)
needed to be lethal in animals at all temperatures tested (Amaro & Biosca, 1996; Jeong &
Satchell, 2012; Marx, Hockberger & Walls, 2013).

Biofilm biomass on substrate surfaces consists of the bacteria cells and their self-
secreted extracellular polymeric substances (EPS) which are mainly comprised of
biopolymers such as polysaccharides, proteins, and extracellular DNA (eDNA)

(Flemming, 2016; Decho & Gutierrez, 2017). These three major components of the EPS
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matrix contribute specific roles in biofilm formation, such as attachment and structural
integrity (Drago$ & Kovacs, 2017). The biofilm component dry mass, biochemical
characteristics and concentrations of EPS varies depending on the bacterial species and
the environment in which the biofilm was grown/formed (Vu et al., 2009; Wagner et al.,
2009; Villeneuve, Bouchez & Montuelle, 2011; Kavita, Mishra & Jha, 2013). It is
important to note that the dry cell and crude EPS mass and EPS biochemical
concentrations obtained in this study might be underestimations of the total amount on
the substrates tested, as portions of the weights and concentrations obtained from
substrates might be lost during processing, and largely depend on the biofilm removal
method, its removal efficiency, and EPS biochemical characterization treatments.
Regardless, our study still observed a moderately positive correlation between the mean
pooled dry biofilm biomass weight recovered from slide coupons and biofilm biomass
from crystal violet staining of disc coupons, strengthening the assumption that crystal
violet staining is an accurate method in estimating total biofilm biomass on substrates.
Understanding the role of biochemical components in EPS may provide a further
understanding of biofilm formation mechanisms of V. parahaemolyticus and V. vulnificus
in their attachment to plastic substrates.

The quantitative analysis of the EPS from V. parahaemolyticus and V.
vulnificus showed that extracellular proteins were the main component of EPS by mass of
the mature biofilms on all plastic types, followed by carbohydrates then eDNA (Figure
1.4). These results suggested that extracellular proteins and carbohydrates were the main
key components of the biofilm matrix of both species on plastics. These results are

consistent with Li et al., 2020, which found extracellular proteins and carbohydrates were
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the main components of mature V. parahaemolyticus biofilms. To the best of our
knowledge, this is one of the first studies to quantify and characterize V. vulnificus EPS
and its overall biochemical characteristics, especially on plastics, compared to previous
studies that focused more on genes that were correlated with biofilm formation (Joseph &
Wright, 2004; Grau et al., 2008; Kim et al., 2011; Lee et al., 2013). However, as these
three biochemical components did not quite equal 100% of the dry EPS mass of both
species across all substrate types, there might be other smaller components that may be
part of the EPS like metals, and further analysis is needed to confirm this in addition to
identifying specific proteins and carbohydrates that make up both species EPS on plastics
(Jiao et al., 2010).

The hydrophobicity of bacteria may differ between the strains of a species and
may change in response to changes in environmental conditions (temperature, nutrient
availability, etc.), growth phases and growth state (planktonic vs biofilm) (Nwanyanwu et
al., 2012). The present results also indicate this, as both V. parahaemolyticus and V.
vulnificus strains possess wide differences in their hydrophobicity in the planktonic state
at different temperatures. Both Vibrio species were considered hydrophobic, with V.
vulnificus being more hydrophobic than V. parahaemolyticus at all temperatures tested,
especially at 30 and 35°C (19% and 16% more hydrophobic, respectively) based on their
adhesion to p-xylene, a hydrocarbon (Supplemental Table A.6). All individual strains
were considered hydrophobic at all temperatures tested (Figure 1.5). Only one V.
parahaemolyticus strain (ATCC43996) had strong adhesion to p-xylene and thus was
considered highly hydrophobic at 25 and 30°C, while all V. vulnificus strains had strong

adhesion to p-xylene at 25°C, and V. vulnificus strain ATCC33147 exhibited strong
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adhesion to hydrocarbons at all temperatures tested (Figure 1.5). These results confirm
the high variability of the hydrophobicity of Vibrio species and strains’ planktonic cells,
and that different temperatures can influence the degree of hydrophobicity (Lee & Yii,
1996; Wong & Chang, 2005; Mizan et al., 2016). The development of specific adaptive
mechanisms of Vibrio to the toxicity and low bioavailability of these plastic substrates
could contribute to the modification of its cell surface hydrophobicity to permit direct
hydrophobic-hydrophobic interactions with these plastic substrates in initial colonization.
This could lead to potential biodegradation of plastics as it has been reported that
adequate hydrophobic/hydrophilic properties of bacteria can contribute to degradation of
hydrocarbons (Krasowska & Sigler, 2014.

Taken together, these results indicate that different strain types of V.
parahaemolyticus V. vulnificus can rapidly and adequately form biofilms with high viable
cell concentrations on different plastic material types in vitro. However, this colonization
process is highly variable and depends on species, strain, and plastic type, especially
under different temperatures. Further studies are needed to compare these Vibrio in vitro
plastic colonization processes to those found in the natural marine environment. While
seawater surface temperature is monitored as it is predictive for Vibrio growth, this
monitoring only accounts for planktonic cell growth and biofilms must also be included
in monitoring. Seafood is already screened and tested for potential Vibrio contamination,
but additional screening for plastic particles in seafood must also be considered as
humans are likely being frequently exposed to plastics particles as they been found in
high concentrations in commercially harvested seafood (Wu et al., 2019; Curren et al.,

2020; Nicole, 2021). The present results highlight the ability of Vibrio species to form
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biofilms on plastics, and may need to be incorporated into forecast models for Vibrio risk
to better predict potential human exposure to pathogenic Vibrios, especially under climate
change scenarios (Jacobs et al., 2014; Deeb et al., 2018; Ferchichi et al., 2021). Lastly, as
both V. parahaemolyticus and V. vulnificus have been demonstrated to rapidly colonize
plastics, their ability to utilize and degrade LDPE, PP, and PS also needs to be further
explored (Obuekwe, Al-Jadi & Al-Saleh, 2009; Heipieper, Cornelissen & Pepi, 2010;
Harrison et al., 2014; Raghul et al., 2014).
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Table 1.1 Vibrio strains used in this study.

Isolation
Species Source Strain ID Isolate Origin Characteristics

V. parahaemolyticus ATCC ATCC17802 Human tih / trh
V. parahaemolyticus ATCC ATCC43996 Mollusk tih / tdh
V. parahaemolyticus UofSC vpC12 Seawater tlh

V. vulnificus ATCC ATCC27562 Human 16S Type B

V. vulnificus ATCC ATCC33147 Eel 16S Type A

V. vulnificus NOAA vv155 Seawater 16S Type B

Table 1.2 Coupon types and characteristics used in this study.

Chemical Diameter or Surface
Coupon Type Formula Density Length/Thickness Area Usage

Disc coupon  Laboratory

Disc coupon - Disc coupon - 5 )
. 2.19 glcm? 12.7mm/3.8mm —405mm2 - and kitchen
Borosilicate . glassware,
Glass BHeNaO;SI : . Slide industrial
Slide coupon Slide coupon - coupon systems
_ 3 - [}
2.48 gfem 75mm/imm 2460mm? electronics
Disc coupon - Disc coupon - D_'S:O%Orﬁfngn plsf)?_c ::ES’
. 0.89 g/cm? 12.7mm/3.8mm P
Low-Density (CaHL) rings,
2H14)n . -
Polyethylene slide coupon Slide Coupon — Slide _packagmg
~ 0.86 a/cm? Z3mm/L.6mm coupon — film, bottles,
©0 4 ' 2501mm? netting
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Polypropylene (CsHe)n

Polystyrene (CgHs)n

Disc coupon -
0.87 g/cm3

Slide coupon
-0.83 g/cm?

Disc coupon -
1.05 g/cm?®

Slide coupon
—1.18 g/cm?

Disc coupon -
12.7mm/3.8mm

Slide coupon -
75mm/1.6mm

Disc coupon -
12.7mm/3.8mm

Slide coupon -
77mm/0.6mm

Disc coupon
—405mm?

Slide
coupon —
2569mm?

Disc coupon
—405mm?

Slide
coupon —
2451mm?

Rope, bottle
caps,
packaging
film, netting

Plastic
utensils, food
containers

Table 1.3 Summary of biofilm biomass showing percent change (%) between all V.
parahaemolyticus and V. vulnificus strains and plastic types at different temperatures

compared to glass controls.

Strain Plastic Type 25°C 30°C 35°C
ATCC17802 LDPE* 663% T74% 337%
PP* 457% 782% 343%
pPS* 117% 195% -13%
ATCC43996 LDPE* 220% 177% 236%
PP* 118% 30% 83%
pPS* 148% 224% 234%
vpC12 LDPE 161% -48% -8%
PP 83% -74% -23%
PS 192% 42% 0%
ATCC27562 LDPE -10% -38% 116%
PP -17% -69% -18%
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PS 59% 60% 138%

ATCC33147 LDPE 2% 199% 378%
PP -40% 83% 35%

pPS* 104% 295% 318%

vv155 LDPE 61% 175% 121%
PP -22% 133% 21%
pS* 75% 284% 62%

Green = (+), red = (-), yellow = no change. * = significantly greater overall biofilm
formation on this surface compared to glass.

Table 1.4 Summary of biofilm CFUs showing percent change (%) between all V.
parahaemolyticus and V. vulnificus strains and plastic types at different temperatures
compared to glass controls.

Strain Plastic Type 25°C 30°C 35°C
ATCC17802 LDPE* 97% 97% 93%
PP* 91% 97% 93%
pPS* 94% 97% 81%
ATCC43996 LDPE 84% 42% 83%
PP 65% 55% 78%
PS 83% -196% 30%
vpC12 LDPE 96% 70% -116%
PP 92% -43% -499%
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PS 94% 69% -116%

ATCC27562 LDPE -418% -147% 94%
PP -164% -622% 93%

PS 8% 20% 87%

ATCC33147 LDPE* 93% 99% 95%
PP -1551% 3% 52%

PS 91% 95% 95%

vv155 LDPE -19% 13% 87%

PP 74% -324% 82%

PS 6% 62% 80%

Green = (+), red = (-). * = significantly greater overall CFUs on this surface compared to
glass.

Table 1.5 Estimated pooled cell and crude extracellular polymeric substance mean dry
weight per slide coupon at 30°C after 48 hours.

Mean

Mean Dry Mean Total Biofilm

Coupon Mean Dry Cell Crude EPS Dry Biomass Biomass

Strain Type Weight (mg) Weight (mg) Weight (mg) (ODs70)
ATCC17802 GL 0.03 0.04 0.07 0.27
LDPE 0.09 0.09 0.18 2.42
PP 0.07 0.1 0.17 2.44
PS 0.04 0.05 0.09 0.81
vv155 GL 0.01 0.03 0.04 0.47
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LDPE
PP
PS
Significance
().

Correlation (r)

0.21

0.12

0.15

0.07

0.07

0.18

0.28 131

0.19 1.11
0.33 1.83
p<0.01 r=058

Significance (p) was calculated by comparison of the mean total dry biomass weight
between glass and all plastics combined. Correlation (r) was calculated by comparison of
mean total dry biomass weights to respective mean biofilm biomass ODs7o values.
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Figure 1.1 Plastics enhance V. parahaemolyticus and V. vulnificus biofilm formation
compared to glass. Effect of temperature (°C) on mean biofilm biomass and CFUs
(means = SD) by V. parahaemolyticus and V. vulnificus between glass and all plastics
after 24 hours (means of all biological triplicates and three independent experiments).
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Figure 1.2 Surface material and temperature influences V. parahaemolyticus and V.
vulnificus biofilm formation. Comparison of biofilm biomass and CFUs (means £ SD) by
both V. parahaemolyticus and V. vulnificus between substate surface type at different
temperatures after 24 hours (means of all experiments). * = Significantly greater biofilm
biomass compared to GL, t = significantly less overall biofilm biomass compared to 25°C
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Figure 1.3 Strain type influences V. parahaemolyticus and V. vulnificus colonization and
biofilm biomass and cell viability. Comparison of biofilm biomass and CFUs (means £
SD) by V. parahaemolyticus strains (A) and V. vulnificus strains (B) between glass and
all plastic types at different temperatures after 24 hours (means of all biological
triplicates and three independent experiments).* = significantly greater biofilm biomass
compared to GL, a = significantly greater CFUs compared to GL, T = significantly
greater overall biofilm biomass compared to 25°C, ¢ = significantly less overall biofilm
biomass compared to 25°C, C = significantly greater overall CFUs compared to 25°C.
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Figure 1.4 Proteins are the main component of V. parahaemolyticus and V. vulnificus
extracellular polymeric substances on plastics. % EPS by weight of biochemical
characteristics of V. parahaemolyticus (ATCC17802) and V. vulnificus (vv155) on all
plastic types. % EPS by weight was calculated by standardization of each mean
concentration of proteins, carbohydrates and eDNA to pug/mL, then divided by total
starting weight of pooled crude EPS from 10 samples.
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Figure 1.5 Lower temperatures increase Vibrio hydrophobicity. V. parahaemolyticus and
V. vulnificus individual strain adherence (means + SD) to p-xylene (%) at different
temperatures (means of all biological triplicates and three independent experiments).
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highly hydrophobic (70% adherence).

59



CHAPTER 2
VIBRIO PARAHAEMOLYTICUS AND VIBRIO VULNIFICUS IN VITRO

BIOFILM DISPERSAL FROM MICROPLASTICS INFLUENCED BY

SIMULATED HUMAN ENVIRONMENT!

! Leighton RE, Xiong L, Anderson GK, Astarita GM, Cai G, Norman RS and Decho AW
(2023). Vibrio parahaemolyticus and Vibrio vulnificus In Vitro Biofilm Dispersal from

Microplastics Influenced by Simulated Human Environment. Submitted to Frontiers in
Microbiology.
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2.1 Abstract

Growing concerns exist regarding human ingestion of contaminated seafood that contains
Vibrio biofilms on microplastics (MPs). One of the mechanisms enhancing biofilm
related infections in humans is due to biofilm dispersion, a process that triggers release of
bacteria from biofilms into the surrounding environment, such as the gastrointestinal tract
of human hosts. Dispersal of cells from biofilms can occur in response to environmental
conditions such as sudden changes in temperature, pH and nutrient conditions, as the
bacteria leave the biofilm to find a more stable environment to colonize. This study
evaluated how brief exposures to nutrient starvation, elevated temperature, different pH
levels and simulated human media affect V. parahaemolyticus and V. vulnificus biofilm
dispersal and processes on and from low-density polyethylene (LDPE), polypropylene
(PP), and polystyrene (PS) MPs. Both species were able to adequately disperse from all
types of plastics under most exposure conditions. V. parahaemolyticus was able to
tolerate and survive the low pH that resembles the gastric environment compared to V.
vulnificus. pH had a significantly (p < 0.05) positive effect on overall V.
parahaemolyticus biofilm production in microplates and cell colonization from PP and
PS. pH also had a positive effect on V. vulnificus cell colonization from LDPE and PP.
However, most biofilm biomass, biofilm cell and dispersal cell densities of both species
greatly varied after exposure to elevated temperature, pH and nutrient starvation. It was
also found that certain exposures to simulated human media affected both V.
parahaemolyticus and V. vulnificus biofilm biomass and biofilm cell densities on LDPE,
PP and PS compared to exposure to traditional media of similar pH. Cyclic-di-GMP was

higher in biofilm cells compared to dispersal cells, but exposure to more stressful
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conditions significantly increased signal concentrations in both biofilm and dispersal
states. Taken together, this study suggests that human pathogenic strains of V.
parahaemolyticus and V. vulnificus can rapidly disperse with high cell densities from
different plastic types in vitro. However, the biofilm dispersal process is highly variable,
species specific and dependent on plastic type, especially under different human body
related environmental exposures.
2.2 Introduction

Vibrio parahaemolyticus and Vibrio vulnificus are two known pathogenic species
that naturally exist in the marine environment and can infect both marine animals and
humans. These Gram-negative pathogens commonly infect humans through consumption
of contaminated raw seafood (Elmahdi et al., 2018). While human infections are rare,
symptoms of both V. parahaemolyticus and V. vulnificus infections can include cramps,
nausea, fever, and bloody diarrhea. V. vulnificus foodborne infections can be more
severe, and is considered one of the most fatal foodborne pathogens in the United States,
with a fatality rate of around 50% in susceptible human hosts (Jones & Oliver, 2009;
Oliver, 2015; Control & Prevention, 2019). V. vulnificus can also infect humans and
cause deadly skin infections through marine water contact with open wounds (Oliver et
al., 2012). Both V. parahaemolyticus and V. vulnificus often exist in biofilms, which are
bacterial communities enclosed in a protective, self-secreted matrix of extracellular
polymeric substances (EPS). Both species have been found attached to biotic or abiotic
surfaces, which can include carapaces, algae, and specifically microplastics (MPs)
(Donlan, 2002; Zettler et al., 2013; Zettler, Mincer & Amaral-Zettler, 2013; De Tender et

al., 2015; Dang & Lovell, 2016; Kirstein et al., 2016; Lage & Graca, 2016; Decho &
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Gutierrez, 2017; de Carvalho, 2018; Lami, 2019). A biofilm’s natural lifecycle consists of
cell attachment to a surface, followed by growth and biofilm development, and lastly
periodic detachment of cells, called passive dispersion (Flemming et al., 2007; Kaplan,
2010). Biofilms contribute to over 75% of microbial infections (Davies, 2003; Guilhen,
Forestier & Balestrino, 2017). One of the mechanisms of biofilm related infections can be
influenced by the environment, called active environmentally induced biofilm dispersion,
which triggers the release of bacteria from biofilms into the hosts’ body environment
(Flemming, Neu & Wozniak, 2007; Wang et al., 2011; Marks et al., 2013 Jamal et al.,
2018; Rumbaugh & Sauer, 2020).

Dispersion is often referred to as “seeding dispersal,” which facilitates the transfer
of bacteria to new sites for colonization to repeat their biofilm lifecycle (Purevdorj-Gage,
Costerton & Stoodley, 2005). Active seeding dispersal of cells from biofilms can occur in
response to detecting changes in environmental conditions such as sudden changes in
temperature, pH and nutrient conditions. In such cases, the bacteria leave the biofilm to
find a more stable environment to colonize (McDougald et al., 2012). Dispersed cells
have a phenotype between that of biofilm and planktonic cells, and have been found to
display higher matility, virulence, adherence, and altered antibiotic resistance compared
to their own biofilm and planktonic cells (Chua et al., 2014; Rumbaugh & Sauer, 2020).
Biofilm dispersal can be a major mechanism of ingested foodborne and waterborne
bacterial infections in humans (Abdallah et al., 2014). This likely occurs as potential
persister cells embedded in biofilms survive the sudden changes in temperature and pH in
a new environment like the human gastrointestinal tract. When environmental conditions

are more favorable, the cells become metabolically active and disperse from the
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consumed abiotic or biotic surface, and lead to colonization of the gastrointestinal
surfaces (Motta et al., 2021; Xiong et al., 2022). One of these abiotic surfaces can be
MPs, and since Vibrio biofilms have been abundantly found on MPs, one implication is
that MPs could act as transport vectors of pathogenic Vibrio species to marine animals
that coincidently or selectively ingest biofilm-associated MP particles instead of food
particles. Consequently, consumption of raw seafood contaminated with Vibrio that
dispersed from, or living on MPs could lead to higher human exposure to potential
pathogenic Vibrio species and thus higher infection rates (Goldstein et al., 2014; Reisser
et al., 2014; Kirstein et al., 2016; Virsek et al., 2017).

MPs are considered plastics that are less than 5 millimeters in size. They enter
marine environments through direct introduction from runoff or wastewater that contains
the particles or generated from the weathering or degradation of macroplastics in the
environment (Barnes et al., 2009; Lambert et al., 2014). Primary MPs are defined as MPs
that are produced by industry and are released directly into the environment. Secondary
MPs are those that have fragmented from macroplastics due to degradation factors, with
the majority of macroplastic pollution in marine environments being generated from land
(Koelmans et al., 2014; GESAMP, 2016). Potential sources of primary MPs include
exfoliants for personal care products like hand cleaners and facial cleansers. Secondary
MPs include synthetic textile fibers and tire abrasion particles (Browne et al., 2011,
Dubaish & Liebezeit, 2013; Lassen et al., 2015; Duis & Coors, 2016).

However, it is difficult to determine and quantify the sources, and thus reliable
estimates of MP particles. One conservative model has suggested there are at least 5.25

trillion plastic particles in the oceans, weighing 243,978 metric tons (Eriksen et al.,

64



2014). Since this is a conservative estimate, there could be many more plastic particles in
the ocean, causing high levels of exposure on marine life from plastic particle ingestion
(Hollman et al., 2013; Wright et al., 2013). MPs have been found in several seafood
species including clams and shrimp, with fiber, film and sphere MPs being some of the
most abundant types, and concentrations as high as an average of 7,000 particles per
shrimp and low as 5 particles per gram of clams (Davidson & Dudas, 2016; Waite,
Donnelly & Walters, 2018; Curren et al., 2020) Recent studies conducted in marine
environments have found bacterial communities, including V. parahaemolyticus and V.
vulnificus, associate and live on MP surfaces. This could have serious implications for
both marine life and human health, as MPs could be contributing to higher pathogenic
Vibrio concentrations in contaminated raw seafood and thus increased exposure to
humans by ingestion, or increased exposure by physical contact with biofilm-associated
MPs in marine environments (Ward & Kach, 2009; Zettler, Mincer & Amaral-Zettler,
2013; Keswani et al., 2016; Kesy et al., 2021).

Vibrio biofilms on MPs and their sudden response to conditions likely
encountered in the human host by ingestion such as elevated temperature, nutrient
starvation and decreased pH is not well understood (Reidl & Klose, 2002;
Oberbeckmann, Lder & Labrenz, 2015; Hernandez-Cabanyero et al., 2019). However, to
better assess potential changes in bacterial responses to the human environment, the use
of simulated human-like media also needs to be implemented in non-invasive studies and
models. This mimics components of the digestive system like simulated gastric fluid
(SGF) and simulated intestinal fluid (SIF), and simulated components of the circulatory

system like Human Plasma-Like Medium (HPLM).
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Synthetic human-like media have been recently developed to better model the human
environment. Exposing different bacteria to these medias can improve our understanding
of how pathogens respond to these simulated human conditions as a proxy for in vivo
studies. For example, use of simulated gastric fluids (SGF) and simulated intestinal fluids
(SIF) can improve our understanding of how pathogenic Vibrio may survive aspects of
human digestion and then colonize the human host (Wang et al., 2019). Blood
media/agar, which has consisted of some percentage of animal blood like sheep, horse or
bovine, has been previously used as a model in culturing Vibrio species from infected
patients to examine effects like potential hemolysis (Collins, 1967; Davis et al., 1980;
Kaysner, DePaola & Jones, 2004; Egwuatu et al., 2014; Public Health England, 2015;
Wong & Griffin, 2018; Bonnet et al., 2019). However, this blood “media” does not have
the same reported salts, nutrients, or metabolites as human blood (Cantor et al., 2017;
Cantor, 2019). HPLM was recently synthesized to closely mimic an adult human’s
metabolic and salt profile and content (Cantor et al., 2017). HPLM has been used for
several studies that have examined specific human cell types in the medium and
determined effects on cell growth and metabolism. The results of these studies have
shown that HPLM improved the effects on cells compared to traditional human cell
culture media (Cantor et al., 2017; Cantor, 2019; Leney-Greene, et al., 2020; Rossiter et
al., 2021). While HPLM has been reported in a few studies that examined specific human
cell type culture and shows promise in becoming a standard media for human cell culture,
using this HPLM for assessing human bacterial pathogens has not yet been reported
(Cantor, 2019; Leney-Greene, et al., 2020; Rossiter et al., 2021). Using HPLM to assess

pathogenic Vibrio species in vitro biofilm response to conditions that mimic human
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plasma and body temperature could lead to better optimization of noninvasive studies and
models, especially in clinical settings. Human environmental factors can influence
biofilm growth and viability, and can also affect intracellular communication, with
signaling molecules like cyclic-di-GMP playing roles in Vibrio dispersion, pathogenicity,
and virulence in human hosts.

Active, environmentally induced dispersion occurs due to sensing of intracellular
dispersion cues. This is accomplished by a membrane-associated protein complex that
relays signals via a series of post-transcriptional modifications that can change the
concentration of the intracellular signaling molecule cyclic-di-GMP (c-di-GMP)
(Rumbaugh & Sauer, 2020). C-di-GMP can control and trigger the motile and sessile
forms of the biofilm cell lifecycle (Galperin, 2004; Flemming et al., 2007; Rémling,
Galperin & Gomelsky, 2013; Lami, 2019). Different concentrations of c-di-GMP in the
cell lead to different actions, with high concentrations leading to biofilm formation and
low concentrations leading to dispersion (Valentini & Filloux, 2016). Some of the
mechanistic actions and cellular responses include: type 1V pili retraction, surface
adhesin, EPS production and biofilm dispersion, all of which can be major factors in
potential pathogenicity and virulence (Yildiz, 2008; Kaplan, 2010; Rémling, Galperin &
Gomelsky, 2013). As mentioned previously, the biofilm lifecycle is considered a
developmental process that consists of attachment to a surface, bacterial growth and
maturation and then periodic dispersal of cells (O'Toole, Kaplan & Kolter, 2000; Chua et
al., 2014; Sauer et al., 2022). C-di-GMP is likely a checkpoint in this development that
enables cells to either reach further biofilm maturation, or revert to a previous stage in the

biofilm lifecycle if certain conditions change (Hengge, 2009; Rémling, Galperin &
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Gomelsky, 2013). This type of cellular communication can determine a biofilm’s growth
and lifecycle on surfaces like MPs that are potentially ingested by the human host. There
is an underlying knowledge gap regarding how sudden changes that mimic the human
environment affect V. parahaemolyticus and V. vulnificus biofilm biomass and dispersal
processes, especially on and from low-density polyethylene, polypropylene, and
polystyrene MPs.

In this study, we examined the effect of temperature, pH, nutrient availability, and
media composition on in vitro biofilm dispersal processes by human
isolated V. parahaemolyticus and V. vulnificus. We evaluated overall biofilm dispersal
and viability in microplates, and then dispersal from low-density polyethylene (LDPE),
polypropylene (PP), and polystyrene (PS) MPs. We also examined how c-di-GMP
production and concentration were impacted by media composition and cell state (biofilm
vs dispersed cells). We hypothesized that both Vibrio species would have overall
decreased biofilm formation and cell dispersion in microplates when suddenly exposed to
lower pHs and higher temperatures, especially in nutrient starved conditions due to stress.
We also hypothesized both Vibrio species would have greater overall biofilm formation
and cell dispersion in microplates when suddenly exposed to higher pH and temperature
as conditions become more favorable. Both Vibrio species should also disperse from all
MP types tested when exposed to these same favorable conditions. We also hypothesized
that both human isolated strains would produce greater amounts of biofilm when exposed
to HPLM compared to traditional media and have increased cell dispersal as their
infection response to simulated human conditions. Exposure to SGF should lead to

decreased cell dispersion due to low pH while exposure to SIF should lead to increased
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cell dispersion due to higher pH. C-di-GMP concentrations should be higher in the
biofilm state compared to dispersal state, with higher concentrations in dispersal cells in
more stressful conditions.

2.3 Materials and Methods

Bacterial Strains and Growth Conditions

Two clinical strains (one of V. parahaemolyticus, one of V. vulnificus) were
obtained from the American Type Culture Collection (Table 1, ATCC, Manassas, VA,
United States). V. parahaemolyticus strains are commonly classified by their species
marker (tlh) and capacity to infect humans through production of thermostable direct
hemolysin (tdh) or thermostable direct hemolysin-related hemolysin (trh) virulence
factors (Honda & lida, 1993; Broberg, Calder & Orth, 2011). In our study, human
isolated strain ATCC17802 contained tlh and trh and its human estimated threshold mean
infective dose (IDsp) is listed in Table 1. While V. vulnificus strains can also be classified
by virulence factors, V. vulnificus can also be classified by 16S rRNA typing, which
reveals if they are more clinically- (type B, higher possible human infectivity) or more
environmentally- (type A, higher possible marine vertebrate infectivity) associated. In our
study, the human isolate strain ATCC27562 is type B and its human estimated threshold
mean infective dose (IDso) is also listed in Table 1.

The two clinical strains were tested for biofilm formation and dispersal after
exposure to different temperatures, pHs and nutrients and media compositions. All strains
were maintained in 25% (vol/vol) glycerol at —80°C to be used in further experiments. A
single colony of each bacteria was inoculated in 5 mL unadjusted modified seawater with

yeast extract (MSYE, ATCC medium 804, Oliver & Colwell, 1973) broth supplemented
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with calcium chloride (1.8 g/L), as calcium chloride contributes to biofilm formation
(Tischler et al., 2018), and incubated overnight at 30°C with shaking at 180
revolutions/minute (rpm). After incubation, the broth culture was adjusted to 107 cells
(ODe0o) using a SpectraMax M3 plate reader after calibrating the instrument’s absorbance
values to cell counts from spread plating (Molecular Devices, San Jose, CA, United
States), which was used for subsequent experiments. The pH of MSYE and MSYE
without peptone and yeast extract (MS), was adjusted using 1M hydrochloric acid and
1M sodium hydroxide using a SevenExcellence™ pH probe (Mettler-Toledo, Columbus,
OH, USA) after pH standard calibration. HPLM was obtained from Thermo Fisher
(Waltham, USA) while SGF (supplemented with pepsin) and SIF (supplemented with
trypsin and pancreatin) were obtained from Biochemazone™ (Ontario, Canada).
Biofilm Formation in Microplates

Biofilm formation experiments in microplates were adapted from O'Toole, 2011.
In summary, adjusted cell densities (107 cells) were diluted 1:100 in fresh MSYE
supplemented with calcium chloride media to reach a final density of 10° cells. Then
150uL of the diluted culture was pipetted into clear tissue-culture treated 96-well
polystyrene microplates (Costar®, Corning, NY, United States) for ODeoo and ODs7o
readings or black walled, clear bottom tissue-culture treated 96-well polystyrene
microplates for fluorescence readings. Then, the 96-well plates were incubated at 25°C
with low shaking (125 rpm) for 24 hours to form biofilms. Wells containing MSYE
supplemented with calcium chloride without inoculation were used as blank and group
controls. Low shaking conditions, instead of static, were chosen to introduce shear stress

to the biofilms, to better resemble the marine and human environments in all microplate
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biofilm formation and dispersal experiments. All plates in biofilm formation and
dispersal experiments were sealed with Parafilm™ (Bemis, Neenah, W1, United States)
to prevent evaporation of media.
Biofilm Dispersal Microplate Assay

Biofilms of both V. parahaemolyticus and V. vulnificus were dispersed according
to Gjermansen et al., 2005 and Barraud et al., 2014 with some modifications. Briefly,
after 24-hours planktonic cells were removed from the 96-well microplates before
washing with 175uL 1X phosphate buffer saline (PBS, Molecular Biologicals
International, Irvine, CA, United States) gently three times. Wells were then refilled (150
pL) with media and incubated under conditions outlined in Table 2. Wells containing
media without inoculation were used as blank and group controls. The optical density of
each well was measured at A= 600nm using a SpectraMax M3 plate reader (Molecular
Devices, San Jose, CA, United States) every 15 minutes for 2 hours at 25 or 37°C.
Crystal Violet Staining Microplate Assay

Biofilms of both V. parahaemolyticus and V. vulnificus in microplates were
quantified by crystal violet staining according to O'Toole, 2011 and Valquier-Flynn et al.,
2017 with some modifications. Following 2-hour exposures, planktonic cells were
removed and then each well was gently washed with 175uL 1X phosphate buffer saline
(PBS, Molecular Biologicals International, Irvine, CA, United States) three times. 175uL
of 100% methanol (Sigma-Aldrich, St. Louis, MO, United States) was then added to the
plates to fix the biofilms to the plates at room temperature for 20 minutes. Then, the
methanol was removed, and residual methanol allowed to evaporate from plates in fume

hood. Biofilms were stained with 150uL of 0.1% (wt/vol) crystal violet (Sigma-Aldrich,
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St. Louis, MO, United States) for 15 minutes at room temperature. Staining solution was
removed via pipette, and then 175uL 1X PBS was used to remove the non-bound dye
three times. The stained and washed biofilms were air dried overnight in a fume hood,
then 150uL of 30% acetic acid (Fisher Scientific, Hampton, NH, United States) was
added to dissolve the bound crystal violet for 15 minutes. 125uL of the solubilized crystal
violet acetic acid solution was then transferred to a new 96-well clear polystyrene
microplate, and optical densities of each well were measured by absorbance (570 nm)
using a SpectraMax M3 plate reader (Molecular Devices).
Biofilm Formation on MPs

Biofilm formation experiments on MPs were adapted from O'Toole, 2011,
Hamanaka et al., 2012, Valquier-Flynn et al., 2017 and Leighton et al., 2023. In
summary, MPs were generated from slide coupons of low-density polyethylene (LDPE),
polypropylene (PP), and polystyrene (PS) (BioSurface Technologies, Boseman, MT,
United States) by cutting the coupons to dimensions of 4mm x 1mm. Plastics were
chemically sterilized (70% ethanol for PP, 70% isopropanol for LDPE and PS) for 24
hours and were then placed in sterile petri dishes in a biosafety cabinet until residual
alcohol evaporated. Chemically sterilized MPs were then placed in 96-well sterile non-
treated microplates (Costar®, Corning, NY, United States) and then adjusted cell
densities (107 cells) were diluted 1:100 in fresh MSYE with calcium chloride media to
reach a final density of 10° cells. Microplates containing MPs were filled with 150 pL of
inoculum, then then microplates were incubated at 25°C with low shaking (125 rpm) to
form biofilms in 24 hours. Wells containing media without inoculation and with MPs

were used as blank and group controls.
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Biofilm Dispersal Microplastic Assay

Biofilm dispersal experiments were adapted from Hamanaka et al., 2012 and
Valquier-Flynn et al., 2017 with slight modifications. Following 24-hour incubation, MPs
were washed three times with 175uL 1X PBS, and then MPs were transferred to new
wells containing 150 uL media and incubated in conditions in Table 2. Wells containing
media without inoculation were used as blank and group controls.
Crystal Violet Staining Microplastic Assay

Biofilms of both V. parahaemolyticus and V. vulnificus on MPs were quantified
by crystal violet staining according to Leighton et al., 2023 with some modifications.
After the remainder of the planktonic cells were removed, the MPs were gently washed
three times in 175 pL 1X PBS, and then 175 pL of 100% methanol (Sigma-Aldrich, St.
Louis, MO, United States) was added per well to fix the biofilms and incubated at room
temperature for 20 minutes. Then, the methanol was removed, and residual methanol
allowed to evaporate off MP surfaces in fume hood. The biofilms were stained with 150
pL of 0.1% (wt/vol) crystal violet (Sigma-Aldrich, St. Louis, MO, United States) for 15
minutes at room temperature. The staining solution was removed, and then 1X PBS was
used to remove the non-bound dye three times. The MPs were then transferred to a new
96-well non-treated microplate and the stained and washed biofilms on both MPs and
their respective microplates were air dried overnight in fume hood. Lastly, 150 pL of
30% acetic acid (Fisher Scientific, Hampton, NH, United States) was added to dissolve
the bound crystal violet and incubated at room temperature for 15 minutes. The optical
density of each well was measured at a wavelength of 570 nm using a SpectraMax M3

plate reader (Molecular Devices, San Jose, CA, United States). Mean ODs7o values were
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then divided by the surface area (24 mm? - PP & LDPE, 14 mm? - PS) of the plastics
tested to obtain final biofilm biomass values per mm of the surface type.
Determination of Dispersed Biofilm Cell Densities from MPs

Total dispersed biofilm cell densities were determined after biofilms on MPs were
exposed to different pHs, temperatures, nutrient availability, and media compositions.
After incubation, 100 pL of each well was either taken and serially diluted (102 to 107)
in 900 pL 1X PBS in microcentrifuge tubes, or directly spread plated (10) onto
prewarmed MSYE supplemented with calcium chloride agar plates for determination of
number of dispersed cells. Plates were incubated at 37°C for 20-24 hours. Biofilm
dispersed cells were determined in terms of colony forming units (CFU) per MP and then
log transformed to obtain final values.
Biofilm Removal and Determination of Colony Counts

Total colony counts were determined from biofilm suspensions according to
Bjerkan, Witsg & Bergh, 2009, Portillo et al., 2013 and Leighton et al., 2023 with some
modifications. Following 24-hour incubation, planktonic cells were removed from the 96-
well non-treated microplate wells before washing MPs with 175 uL 1X PBS gently, three
times. Then, plastics were placed individually in 1 mL 1X PBS in sterile borosilicate
culture tubes (VWR International, Radnor, PA, USA) with a rubber cap and vortexed
using a Vortex Genie 2® (Fisher Sci.) at the highest setting for 1 minute. The borosilicate
glass tubes containing the plastics and 1X PBS solution were then placed in a Branson
M2800 ultrasonication water bath (Branson Ultrasonics, Brookfield, CT, USA) and
sonicated for 5 minutes at 40 kHZ. The glass tubes were vortexed again for 1 minute.

Lastly, the biofilm suspension in 1X PBS was serially diluted in 1X PBS in
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microcentrifuge tubes and 10 to 107 serial dilutions were spread onto
prewarmed MSYE supplemented with calcium chloride agar plates. Plates were
incubated at 37°C for 20-24 hours. The viability of cells was determined as CFUs per
MP. The biofilm cell densities of each plastic group had biological triplicates and each
experiment was conducted three times independently. Mean CFU values were then
divided by the surface area (24 mm? - PP & LDPE, 14 mm? - PS) of the plastics tested to
obtain CFU values per mm of the surface type. CFU values were then log-transformed to
obtain final values.
Resazurin Viability Assay

The viability of both V. parahaemolyticus and V. vulnificus biofilms were
examined after being exposed to different conditions (Table 2) by a resazurin metabolic
assay according to Riss et al., 2004 with some modifications. After 24-hours, planktonic
cells were removed from the black walled, clear bottom 96-well microplates before
washing with 175uL 1X phosphate buffer saline (PBS, Molecular Biologicals
International, Irvine, CA, United States) gently three times. Then, wells were refilled
(150 pL) with media and incubated in conditions in Table 2 at 37°C. After incubation, the
planktonic cells were removed and then each well was washed with 175uL 1X phosphate
buffer saline (PBS, Molecular Biologicals International, Irvine, CA, United States) gently
three times. Then each well was refilled with 150 pL of unadjusted MSYE supplemented
with calcium chloride and 30 pL of filter sterilized resazurin (0.15 mg/mL in 1x PBS)
was also added to each well. Fluorescence was read (excit/emiss =560/590nm) every 15

minutes for 4 hours at 37°C. Final RFU values were then normalized against their
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corresponding ODsgoo Values after exposure. Wells containing media without inoculation
were used as blank and group controls.
Cyclic-di-GMP Assay

Estimation of c-di-GMP levels of both V. parahaemolyticus and V. vulnificus
were examined after being exposed to MSYE, SIF and HPLM at 37°C for 2 hours by a
cyclic-di-GMP assay kit (Lucerna, Brooklyn, NY, United States) according to
manufacturer’s instructions with some modifications. Briefly, after environmental
exposure 100 pL of dispersed cells were diluted 1:10 in RNase-free water. Sterilized
swabs were used to collect biofilms, then swabs were submerged and vortexed in 150 puL
of RNase-free water, and 100 pL of biofilm cells were diluted 1:10 in RNase-free water.
Then, 50 pL of diluted culture along with assay reagents and serially diluted c-di-GMP
standards were set up for the assay, and then the c-di-GMP concentration was calculated
according to the standard calibration curve. Appropriate sample dilution factors were
multiplied to get the final c-di-GMP concentrations (in picograms per microliter).
Statistical Analyses

The experimental data for biofilm biomass, biofilm CFUs, cell colonization,
dispersal CFUs and c-di-GMP concentrations were expressed as the mean + standard
deviation. Experimental data for biofilm viability were expressed as the mean and then
normalized against corresponding mean ODegoo values. Two-way analysis of variance
(ANOVA) models were calculated using Rstudio software to compare value differences
(o= 0.05) in biofilm biomass, biofilm CFUs, cell colonization and dispersal CFUs. For
the first set of models, temperature, pH and nutrient content were the variables in

examining value differences between nutrient rich and nutrient starved conditions at
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different temperature and pH intraspecies. 25°C was selected as the reference
temperature, MSYE as the reference media and pH as a continuous variable for all
analyses. For the second set of models, temperature and media composition were the
variables in examining value differences between simulated human medias and MSYE
intraspecies, and Vibrio species was a variable for examining value differences
interspecies. 25°C was selected as the reference temperature, MSYE with similar pH to
simulated human medias as the reference medias, and V. parahaemolyticus as the
reference species for all analyses. One-way ANOVAS (o = 0.05) were calculated for
comparison between c-di-GMP levels within and between biofilm and dispersal cells
after exposure to different medias using Excel’s data analysis toolpak. Bonferroni
corrections were calculated and applied to all p-values to control for type 1 errors.
2.4 Results

Experiments and statistical analyses were conducted to test the effect and
differences in temperature (25, 37°C), pH (3, 4, 5, 6, 7, 7.4, 8.1), nutrient availability
(MS) and simulated human media composition (HPLM, SGF, SIF) after 2-hour exposure
on overall biofilm biomass, cell viability, dispersal and c-di-GMP concentrations in
microplates and biofilm biomass, cell viability, dispersal and colonization on/from
LDPE, PP and PS MPs by human isolated strains of V. parahaemolyticus and V.
vulnificus. All raw means and statistical data are presented in Supplemental Tables S1 —
S61.

The crystal violet staining assays reflected total bacterial biomass (expressed as
ODs70 values) on microplates, MP surface types, and subsequent microplate colonization

from dispersal of these MP surfaces. Cell concentration assays reflected cell dispersal in
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microplates (expressed as ODeoo values), and biofilm cell and biofilm dispersal cell
densities (expressed as colony forming units, CFUs) on/from the substate surface types.
Resazurin metabolic assays reflected biofilm cell viability (expressed as RFUs). C-di-
GMP assays reflected biofilm and cell dispersal state signaling molecule concentrations
(expressed as pg/uL).

Elevated temperature, changes in pH, and nutrient starvation influence overall V.
parahaemolyticus and V. vulnificus biofilm formation, cell dispersal and biofilm viability
in microplates.

Overall, both V. parahaemolyticus and V. vulnificus appeared to have differences
in their biofilm biomass and cell dispersal concentrations after being exposed to elevated
temperatures, different pH levels and nutrient starvation (Figure 1; Supplemental Table
S1, S2). Regarding V. parahaemolyticus in nutrient rich media, exposure to elevated
temperature (37°C) had variable effects on biofilm biomass, but increased cell dispersal
concentrations. However, in nutrient starved media, exposure to elevated temperature
appeared to increase biofilm biomass but decrease cell dispersal concentrations, except at
lower pH levels of 3 and 4 where cell dispersal concentrations increased. Exposure to
lower pHs (3, 4) led to a decrease in biofilm biomass in both nutrient rich and nutrient
starved conditions, with a greater negative effect on cell dispersal concentrations in
nutrient rich conditions. Regarding V. vulnificus in nutrient rich media, exposure to
elevated temperature (37°C) had variable effects on biofilm biomass, but increased cell
dispersal concentrations. This same phenomenon was observed in nutrient starved media,
with variable effects on biofilm biomass, but increased cell dispersal. However, V.

vulnificus was greatly affected by nutrient starvation, as this led to a decrease in biofilm
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biomass across all pHs at both 25 and 37°C compared to nutrient rich conditions.
Exposure to lower pHs (3, 4) led to a greater decrease in biofilm biomass in nutrient rich
conditions compared to nutrient starved.

ANOVA revealed certain significant differences (p < 0.05) in the amount of
biofilm biomass and cell dispersal concentrations in microplates. Regarding V.
parahaemolyticus, there was a significant positive effect of pH on V. parahaemolyticus
overall biofilm biomass (p < 0.05) and cell dispersal concentrations (p < 0.001) in
microplates (Supplemental Table S5). Meaning, when pH increased there was a
significant increase in both V. parahaemolyticus biofilm biomass and cell dispersal
concentrations in a short time (2 hours). However, temperature and nutrient starvation
were not significant factors on either biofilm biomass or cell dispersal concentrations
(Supplemental Table S3, S4). Regarding V. vulnificus, elevated temperature, pH, and
nutrient starvation were not significant factors in either biofilm biomass or cell dispersal
concentrations in microplates (Supplemental Table S3 — S5).

Biofilms of both V. parahaemolyticus and V. vulnificus were able to tolerate and
survive in both nutrient rich and starved conditions at pH 4 — 8.1 for 2 hours, with similar
metabolism characteristics across these conditions within both species (Figure 2;
Supplemental Table S10, S11). Biofilm viability was impacted in pH of 3 and noticeably
decreased for both species. However, V. parahaemolyticus biofilms still tolerated and
survived a pH of 3 in both nutrient rich and starved conditions and biofilms recovered in
growth once exposed to non-stressed conditions. Comparatively V. vulnificus was able to
survive pH of 3 in nutrient rich conditions but did not recover as well and did not survive

pH of 3 in nutrient starved conditions.
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Elevated temperature, changes in pH and nutrient starvation influence V.
parahaemolyticus biofilm biomass, biofilm cell concentrations, cell dispersal and cell
colonization on and from LDPE, PP and PS Microplastics

Exposure to elevated temperature (37°C) had variable effects on V.
parahaemolyticus biofilm biomass and biofilm cell concentrations on LDPE in nutrient
rich conditions, (Figure 3, 1A; Supplemental Table S12, S13). However, biofilm biomass
on LDPE was greater in nutrient rich compared to nutrient starved conditions across all
pH levels and elevated temperature. In nutrient starved conditions, exposure to elevated
temperature appeared to have variable effects on LDPE biofilm biomass, but elevated
temperature decreased biofilm cell concentrations across all pH levels. Cell dispersal
concentrations from LDPE were roughly the same at medium to higher pH (5 — 8.1) both
in nutrient rich and nutrient starved conditions (Figure 3, 1B; Supplemental Table S14,
S15). While small concentrations of biofilm cells survived at the lowest pH of 3 in both
nutrient rich and starved conditions, no dispersal cells were detected at pH 3. Cell
colonization was noticeably higher in nutrient rich conditions compared to nutrient
starved. Elevated temperature contributed to greater cell colonization in nutrient rich
conditions but decreased cell colonization in nutrient starved. ANOVA revealed certain
significant differences (p < 0.05) in the amount of biofilm biomass on LDPE. There was
a significant positive effect of pH (p < 0.01) on V. parahaemolyticus biofilm biomass on
LDPE, meaning when pH increased, biofilm biomass on LDPE significantly increased
(Supplemental Table S26).

Elevated temperature largely decreased V. parahaemolyticus biofilm biomass

(except at pH 3) and biofilm cell concentrations (except at pH 7) on PP in nutrient rich

80



conditions (Figure 3, 2A; Supplemental Table S16, S17). In nutrient starved conditions,
exposure to elevated temperature appeared to have variable effects on PP biofilm
biomass, with little changes in biofilm cell concentrations except slight decreases in cell
concentrations at pH of 4 and 8.1. Cell dispersal concentrations from PP were roughly the
same at higher pH (7 — 8.1), in that cell dispersal in nutrient rich conditions was slightly
higher at both 25°C and 37°C compared to nutrient starved (Figure 3, 2B; Supplemental
Table S18, S19). Cell colonization was noticeably higher in nutrient rich conditions
compared to nutrient starved, especially at elevated temperature (37°C) and at pH of 6 —
8.1. While small concentrations of biofilm cells survived at the lowest pH of 3 in nutrient
rich conditions, no dispersal cells were detected at pH 3. ANOVA revealed certain
significant differences (p < 0.05) in the amount of cell dispersal and colonization from
PP. There was a significant positive effect of pH (p < 0.05) on V. parahaemolyticus cell
dispersal from PP, meaning as pH increased, cell dispersal also significantly increased
(Supplemental Table S26). There was also a significant positive effect of pH alone (p <
0.01) and a significant synergistic positive effect of pH and elevated temperature (p <
0.001) on V. parahaemolyticus cell colonization from dispersal of PP (Supplemental
Table S26, S28). This means when just pH and a combination of pH and temperature
increased, cell colonization also significantly increased. However, a combination of pH,
elevated temperature and nutrient starvation led to a significant synergistic negative
effect (p <0.01) on V. parahaemolyticus cell colonization from dispersal of PP
(Supplemental Table S30).

Elevated temperature decreased V. parahaemolyticus biofilm biomass but had

variable effects on biofilm cell concentrations across all pH levels on PS in nutrient rich
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conditions (Figure 3, 3A; Supplemental Table S20, S21). In nutrient starved conditions,
exposure to elevated temperatures decreased biofilm biomass across all pH levels (except
pH of 4), and decreased biofilm cell concentrations at pH 4 — 7. An increase in
temperature increased cell dispersal concentrations from PS at pH 5 — 8.1 (Figure 3, 3B;
Supplemental Table S22, S23). Cell colonization was noticeably higher in nutrient rich
conditions compared to nutrient starved, especially at elevated temperature (37°C) and at
pH 6 — 8.1. No concentrations of biofilm cells or dispersal cells were detected at pH 3.
ANOVA revealed certain significant differences (p < 0.05) in the amount of cell
colonization from PS. There was a significant positive effect of pH alone (p < 0.05) and a
significant synergistic positive effect of pH and elevated temperature (p <0.01) on V.
parahaemolyticus cell colonization from dispersal of PS (Supplemental Tale S26, S28).
This means when just pH and a combination of pH and temperature increased, cell
colonization also significantly increased. However, a combination of pH, elevated
temperature and nutrient starvation led to a significant synergistic negative effect (p <
0.05) on V. parahaemolyticus cell colonization from dispersal of PS (Supplemental Table
S30).
Elevated temperature, changes in pH and nutrient starvation influence V. vulnificus
biofilm biomass, biofilm cell concentrations, cell dispersal and cell colonization on and
from LDPE, PP and PS Microplastics.

Exposure to elevated temperature (37°C) had variable effects on V. vulnificus
biofilm biomass across all pH levels but decreased biofilm cell concentrations on LDPE
in nutrient rich conditions at pH 6 — 8.1 (Figure 4, 1A; Supplemental Table S12, S13). In

nutrient starved conditions, exposure to elevated temperature increased biofilm biomass
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at pH 6 — 7.4 but had variable effects on biofilm cell concentrations on LDPE. An
increase in temperature increased cell dispersal concentrations from LDPE at pH 5 - 8.1
in nutrient rich media (Figure 4, 2A; Supplemental Table S14, S15). While elevated
temperature had variable effects on cell colonization from LDPE in nutrient rich media,
colonization was noticeably higher compared to nutrient starved conditions. No
concentrations of biofilm cells or dispersal cells were detected at pH 3. ANOVA revealed
certain significant differences (p < 0.05) in the amount of cell colonization from LDPE.
There was a significant positive effect of pH on V. vulnificus cell colonization from
LDPE (p < 0.05) (Supplemental Table S26). This means as pH increased, there was a
significant increase in the amount of cell colonization from LDPE.

Exposure to elevated temperature (37°C) increased V. vulnificus biofilm biomass
at pH 6 — 7.4 but had variable effects on biofilm cell concentrations on PP in nutrient rich
conditions (Figure 4, 1B; Supplemental Table S16, S17). Biofilm biomass on PP was
greater in nutrient rich compared to nutrient starved conditions across all pH levels. In
nutrient starved conditions, exposure to elevated temperature had variable effects on both
biofilm biomass and cell concentrations. However, at pH of 4 biofilm cell concentrations
were noticeably higher at 25°C and especially 37°C in nutrient starved conditions
compared to nutrient rich. An increase in temperature increased cell dispersal
concentrations from PP at pH 6 — 8.1 and increased cell colonization from PP at pH 5 —
7.4 in nutrient rich media (Figure 4, 2B; Supplemental Table S18, S19). Cell colonization
was noticeably higher in nutrient rich conditions compared to nutrient starved, especially
at elevated temperature (37°C) and at pH 6 — 7.4. However, at pH of 4 cell dispersal were

noticeably higher at 25°C and especially 37°C in nutrient starved conditions compared to
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nutrient rich. No concentrations of biofilm cells or dispersal cells were detected at pH 3.
ANOVA revealed certain significant differences (p < 0.05) in the amount of cell
colonization from PP. There was a significant positive effect of pH on V. vulnificus cell
colonization from PP (p < 0.05) (Supplemental Table S26). This means as pH increased,
there was a significant increase in the amount of cell colonization from PP.

Exposure to elevated temperature (37°C) had variable effects on V. vulnificus
biofilm biomass across all pH levels, but increased cell biofilm concentrations on PS in
nutrient rich conditions at pH 5 — 7.4 (Figure 4, 1C; Supplemental Table S20, S21). In
nutrient starved conditions, exposure to elevated temperature increased biofilm biomass
at pH 3 — 7.4, especially at pH 5 and 6 as biofilm biomass was greater at these pH levels
in nutrient starved conditions compared to nutrient rich. However, elevated temperature
decreased biofilm cell concentrations at pH 5 — 7.4 in nutrient starved conditions. An
increase in temperature increased cell dispersal concentrations from PS at pH 5 - 8.1,
with noticeable increases in cell colonization at pH 6 and 7.4 in nutrient rich media
(Figure 4, 2C; Supplemental Table S22, S23). Cell colonization was noticeably higher in
most pH levels (except pH of 4 and 6) in nutrient rich conditions compared to nutrient
starved. An increase in temperature decreased cell dispersal at pH 6 — 8.1 in nutrient
starved media. No concentrations of biofilm cells or dispersal cells were detected at pH 3.
Elevated temperature and simulated human medias influence overall V. parahaemolyticus
and V. vulnificus biofilm biomass, cell dispersal and biofilm viability in microplates.

Overall, both V. parahaemolyticus and V. vulnificus appeared to have differences
in their biofilm biomass and cell dispersal concentrations after being exposed to elevated

temperatures and simulated human media (Figure 5; Supplemental Table S31, S32).
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Regarding V. parahaemolyticus in simulated human media, exposure to elevated
temperature (37°C) decreased biofilm biomass in SIF and HPLM, but increased biofilm
biomass in SGF. Elevated temperature also decreased cell dispersal concentrations in
HPLM. V. parahaemolyticus biofilm biomass and cell dispersal concentrations were
greatest in HPLM across all three simulated human medias. Biofilm biomass was lowest
after exposure to SGF, with cell dispersal concentrations being mostly undetected in SGF
and SIF. Regarding V. vulnificus in simulated human media, exposure to elevated
temperature (37°C) increased biofilm biomass in SGF, SIF and HPLM. Elevated
temperature also increased cell dispersal concentrations in HPLM. V. vulnificus biofilm
biomass and cell dispersal concentrations were greatest in HPLM across all three
simulated human medias. Biofilm biomass was comparable after exposure to SGF and
SIF, with cell dispersal concentrations being mostly undetected.

Results of ANOVAs revealed certain significant differences (p < 0.05) in the
amount of biofilm biomass concentrations in microplates. Regarding V.
parahaemolyticus, there were no significant effects of temperature on biofilm biomass or
cell dispersal concentrations in SGF, SIF or HPLM (Supplemental Table S33). There
were also no significant effects on media composition on V. parahaemolyticus biofilm
biomass or cell dispersal compared to similar pH MSYE (Supplemental Table S34).
Regarding V. vulnificus, there were no significant effects of temperature on biofilm
biomass or cell dispersal concentrations in SGF, SIF or HPLM (Supplemental Table
S33). However, HPLM significantly enhanced V. vulnificus biofilm biomass (p < 0.05)
compared to similar pH MSYE (Supplemental Table S34). There were no significant

effects of SGF or SIF on biofilm biomass or cell dispersal concentrations compared to
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similar pH MSYE (Supplemental Table S34). V. vulnificus had significantly less biofilm
biomass after exposure to SGF (p <0.01), SIF (p <0.01), and HPLM (p <0.01),
compared to V. parahaemolyticus (Supplemental Table S36).

Biofilms of both V. parahaemolyticus and V. vulnificus were able to tolerate and
survive in both HPLM and SIF for 2 hours (Figure 6, Supplemental Table S40). V.
parahaemolyticus had similar metabolic characteristics after exposure to HPLM and SIF
(Figure 6, A), but V. vulnificus biofilm cell metabolism was higher after exposure to
HPLM compared to SIF (Figure 6, B). Biofilm viability was impacted in SGF and
noticeably decreased for both species. However, V. parahaemolyticus biofilms still
tolerated and survived exposure to SGF and biofilms recovered in growth once exposed
to non-stressed conditions. Comparatively V. vulnificus was not able to survive exposure
to SGF.

Elevated temperature and simulated human medias influence V. parahaemolyticus and V.
vulnificus biofilm biomass, biofilm cell concentrations, cell dispersal and cell
colonization on and from LDPE, PP and PS Microplastics

Exposure to elevated temperature decreased V. parahaemolyticus biofilm biomass
and biofilm cell concentrations on LDPE in SGF, SIF and HPLM (Figure 7, 1A,
Supplemental Table S41, S42). V. parahaemolyticus biofilm biomass on LDPE was
greatest at both 25°C and 37°C in SIF compared to SGF and HPLM, but biofilm cell
concentrations were greatest at both 25°C and 37°C in HPLM compared to SIF and SGF.
Elevated temperature decreased V. parahaemolyticus cell dispersal concentrations from
LDPE in SIF, but increased cell dispersal in HPLM (Figure 7, 2A, Supplemental Table

S43, S44). This trend was opposite for cell colonization, as elevated temperature
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increased cell colonization from LDPE in SIF but decreased cell colonization in HPLM.
While no concentrations of biofilm cells or dispersal cells were detected after exposure to
SGF, biofilm biomass and cell colonization was higher at both 25°C and 37°C compared
to HPLM. Exposure to elevated temperature did not have noticeable effects on V.
vulnificus biofilm biomass or biofilm cell concentrations on LDPE in SGF or SIF (Figure
7, 1A; Supplemental Table S41, S42). However, elevated temperature did increase
biofilm biomass but slightly decreased biofilm cell concentrations in HPLM. Both
biofilm biomass and biofilm cell concentrations were greatest in HPLM compared to
SGF and SIF. Again, exposure to elevated temperature did not have detectable effects on
V. vulnificus cell dispersal from LDPE in SGF or SIF (Figure 7, 2A; Supplemental Table
S43, S44). However, elevated temperature did increase cell colonization from LDPE in
SGF, SIF and HPLM, with slightly higher cell dispersal concentrations in HPLM. Both
cell colonization and cell dispersal concentrations were greatest in HPLM compared to
SGF and SIF. No detectable concentrations of V. vulnificus biofilm cells or dispersal cells
were observed after exposures to SGF or SIF. ANOVA revealed certain significant
differences (p < 0.05) in the amount of V. vulnificus biofilm cell concentrations on LDPE.
HPLM significantly enhanced V. vulnificus biofilm cell concentrations on LDPE (p <
0.05) when compared to MSYE at a similar pH (Supplemental Table S53).

Exposure to elevated temperature decreased V. parahaemolyticus biofilm biomass
on PP in SGF, SIF and HPLM (Figure 7, 1B; Supplemental Table S45, S46). V.
parahaemolyticus biofilm biomass on PP was greatest at 25°C in SIF and 37°C in HPLM,
but biofilm cell concentrations were greatest at both 25°C and 37°C in HPLM compared

to SIF and SGF. An increase in temperature increased V. parahaemolyticus cell dispersal
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concentrations from PP in HPLM, and SIF but decreased cell dispersal in SIF (Figure 7,
2B; Supplemental Table S47, S48). This trend was opposite for cell colonization, as
elevated temperature increased cell colonization from PP in SIF but decreased cell
colonization in HPLM. While no concentrations of V. parahaemolyticus biofilm cells or
dispersal cells were detected after exposure to SGF, cell colonization was about the same
at both 25°C and 37°C compared to HPLM. Exposure to elevated temperature did not
have noticeable effects on V. vulnificus biofilm biomass or biofilm cell concentrations on
PP in SGF or SIF (Figure 7, 1B, Supplemental Table S45, S46). However, elevated
temperature did increase biofilm biomass and slightly increased biofilm cell
concentrations in HPLM. Both biofilm biomass and biofilm cell concentrations were
greatest in HPLM compared to SGF and SIF. Exposure to elevated temperature did not
have noticeable effects on V. vulnificus cell dispersal from PP in SGF or SIF (Figure 7,
2A; Supplemental Table S47, S48). However, elevated temperature did increase cell
colonization from PP in SGF, SIF and HPLM, with slightly greater cell dispersal
concentrations in HPLM. Both cell colonization and cell dispersal concentrations were
greatest in HPLM compared to SGF and SIF. No concentrations of V. vulnificus biofilm
cells or dispersal cells were detected after exposure to SGF or SIF. ANOVA revealed
certain significant differences (p < 0.05) in the amount of V. vulnificus biofilm biomass
on PP. V. vulnificus had significantly less biofilm biomass on PP after exposure to SGF
(p <0.05), SIF (p <0.05), and HPLM (p < 0.05), compared to V. parahaemolyticus
(Supplemental Table S56).

Exposure to elevated temperature increased V. parahaemolyticus biofilm biomass

on PS in SGF and SIF, but decreased biofilm biomass in HPLM (Figure 7, 1C;
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Supplemental Table S49, S50). V. parahaemolyticus biofilm biomass and biofilm cell
concentrations on PS were greatest at both 25°C and 37°C in HPLM compared to SIF and
SGF. An increase in temperature decreased V. parahaemolyticus cell dispersal
concentrations from PS in HPLM and SIF (Figure 7, 2C; Supplemental Table S51, S52).
This trend was opposite for cell colonization, as elevated temperature increased cell
colonization from PS in SIF and HPLM. While no concentrations of V. parahaemolyticus
biofilm cells or dispersal cells were detected after exposure to SGF, cell colonization was
about the same at both 25°C and 37°C compared to SIF. ANOVA revealed certain
significant differences (p < 0.05) in the amount of V. parahaemolyticus biofilm biomass
on PS. HPLM significantly enhanced V. parahaemolyticus biofilm biomass on PS (<0.01)
compared to MSYE with similar pH (Supplemental Table S53). Exposure to elevated
temperature increased V. vulnificus biofilm biomass on PS in SIF and HPLM, but
decreased biofilm biomass in SGF (Figure 7, 1C; Supplemental Table S49, S50). An
increase in temperature increased biofilm cell concentrations in HPLM but decreased
biofilm cell concentrations in SIF. Both biofilm biomass and biofilm cell concentrations
were greatest in HPLM at elevated temperature compared to SGF and SIF. Exposure to
elevated temperature did not have noticeable effects on V. vulnificus cell dispersal from
PS in SGF or SIF (Figure 7, 2C; Supplemental Table S51, S52). However, elevated
temperature did increase cell colonization from PS in SGF, SIF and HPLM, with slightly
greater cell dispersal concentrations in HPLM. Both cell colonization and cell dispersal
concentrations were greatest in HPLM compared to SGF and SIF. No concentrations of
V. vulnificus biofilm cells or dispersal cells were detected after exposure to SGF or SIF.

ANOVA revealed certain significant differences (p < 0.05) in the amount of V. vulnificus
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biofilm biomass and biofilm cells on PS. HPLM (p < 0.05), SGF (p <0.01) and SIF
(<0.01) significantly enhanced V. vulnificus biofilm biomass on PS compared to MSYE
with similar pHs (Supplemental Table S53). Exposure to elevated temperature also
significantly enhanced V. vulnificus biofilm biomass (p < 0.001) and biofilm cells (<0.01)
on PS in HPLM and significantly enhanced biofilm biomass on PS in SIF (p < 0.05)
compared to MSYE of similar pHs (Supplemental Table S55). V. vulnificus had
significantly less biofilm biomass on PS after exposure to HPLM (p < 0.001) compared
to V. parahaemolyticus (Supplemental Table S58). There was also a significant
synergistic effect of HPLM and elevated temperature on V. vulnificus biofilm biomass
and cell concentrations (p < 0.05) on PS compared to V. parahaemolyticus (Supplemental
Table S59).
Simulated human media and cell state influence V. parahaemolyticus and V. vulnificus c-
di-GMP concentrations

Overall, both V. parahaemolyticus and V. vulnificus appeared to have differences
in their c-di-GMP concentrations in both the biofilm and dispersal state after being
exposed to MSYE, SIF and HPLM (Figure 8, Supplemental Table S60). There were
greater c-di-GMP concentrations in V. parahaemolyticus biofilm state in MSYE, SIF and
HPLM compared to dispersal state. Exposure to SIF led to greater c-di-GMP
concentrations in both biofilm and dispersal states compared to exposure to MSYE and
HPLM. ANOVA revealed certain significant differences (p < 0.05) in the concentrations
of V. parahaemolyticus c-di-GMP concentrations between different media exposures. V.
parahaemolyticus biofilm cells exposed to SIF had significantly enhanced c-di-GMP

concentrations compared to biofilms exposed to MSYE (p <0.01) and HPLM p (< 0.01)
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(Supplemental Table S61). There were no significant differences in V. parahaemolyticus
dispersal cell c-di-GMP concentrations in different medias (Supplemental Table S61).
There were also no significant differences between the biofilm and dispersal state of V.
parahaemolyticus cells after exposure to MSYE, SIF and HPLM (Supplemental Table
S62). Regarding V. vulnificus, there were greater c-di-GMP concentrations in biofilm
cells exposed to MSYE and HPLM. However, exposure to SIF led to greater
concentrations of c-di-GMP in dispersal cells compared to biofilm cells. Exposure to SIF
led to greater c-di-GMP concentrations in both biofilm and dispersal states compared to
exposure to MSYE and HPLM. ANOVA revealed certain significant differences (p <
0.05) in the concentrations of V. vulnificus c-di-GMP concentrations between different
media exposures and between biofilm and dispersal cell states. V. vulnificus biofilm and
dispersal cells exposed to SIF had significantly enhanced c-di-GMP concentrations
compared to their counterparts exposed to MSYE (p <0.01) and HPLM (p <0.01)
(Supplemental Table S61). V. vulnificus biofilm cells also had significantly greater c-di-
GMP concentrations compared to dispersal cells in MSYE (p < 0.05) and HPLM (p <
0.001), but there was no significant difference in biofilm and dispersal cell states when
exposed to SIF (p = 1.00) (Supplemental Table S62).
2.5 Discussion

Biofilm formation facilitates the ability of pathogenic bacteria like Vibrio to
colonize most environmental niches like MPs, which consequently enables the bacteria
embedded in the biofilm to be translocated to marine animals, and then vectored to
humans due to biofilm dispersal from MPs to animal tissues or the biofilms on MPs

themselves by ingestion (Austin, 2010; Kaplan, 2010; Yang et al., 2020; Bowley et al.,
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2021; Fabra et al., 2021). MPs’ role as substrates for microbial habitats and subsequently
vectors of pathogenic Vibrio to humans must be further evaluated, especially during the
human ingestion process (Zettler, Mincer & Amaral-Zettler, 2013; Kirstein et al., 2016).
Vibrio’s habitat range has increased likely due to climate change providing more optimal
growth conditions, which has coincided with an increase in plastic production (Froelich
& Daines, 2020; Maquart, Froehlich & Boyer, 2022). At the same time, an increase in
temperature and carbon and nitrogen pollution has led to increased prevalence of
cyanobacterial harmful algal blooms (HABS) (O’Neil et al., 2012; Visser et al., 2016). As
HAB outbreaks have also been suggested to enhance V. parahaemolyticus and V.
vulnificus growth, understanding how an increase in temperature and the presence of
nutrients may affect Vibrio biofilm growth is also of importance (Greenfield et al., 2017).
This expansion of Vibrio coupled with their inherent propensity to colonize, persist, and
disperse from numerous plastic types will increase the future potential infection risks to
humans, especially by ingestion of contaminated seafood (Keswani et al., 2016; Bowley
et al., 2021; Cverenkarova et al., 2021). To better understand the emerging public health
risks associated with bacterial dispersal from plastic particles, studies are needed to
determine how this process on different substrate types is affected by human
environmental conditions, such as simulated human body pH, temperature, nutrient
availability, and fluid composition. This study focused on how both V. parahaemolyticus
and V. vulnificus disperse from common marine plastics, such as low-density
polyethylene, polypropylene, and polystyrene, under different simulated human body

conditions, especially those related to digestion.
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There were observable differences in substrate flotation behavior and the
substrates tested were confirmed to differ in their specific densities (Table 2). Floatation
behaviors could also influence the adhesion of Vibrio species and, consequently, the
production and dispersal of biofilms on these substrates, especially in the context of in
situ human environments (Gaylarde et al., 2023). While these two Vibrio species have
been found in the ‘plastisphere’ of the commonly occurring marine plastics that were
assessed in the present study, in vitro and in vivo studies on the colonization of other
Vibrio species and their dispersal onto and off of different plastics, synthetic and organic
polymers, and other substrate surfaces are still lacking (Tavelli et al., 2022). While Vibrio
have been found to be a major community member on marine MPs, Vibrio concentrations
are lower on these surfaces compared to natural marine particles (Bryant et al., 2016;
Curren & Leong, 2019; Amaral-Zettler, Zettler & Mincer, 2020). In the context of
climate change and public health, warming waters will likely contribute to higher
bacterial contamination of seafood, which in turn will increase Vibrio exposure risks to
humans through ingestion of contaminated seafood products. As Vibrio have been found
to colonize and live on plastics, the development of specific adaptive mechanisms of
Vibrio to the toxicity and low bioavailability of these plastic substrates could contribute
to the modifications of its cell surface hydrophobicity to permit direct hydrophobic-
hydrophobic interactions with these plastic substrates in initial colonization (Krasowska
& Sigler, 2014). This could lead to potential priming of the colonization of the host as it
has been reported that adequate hydrophobic/hydrophilic properties of bacteria can
contribute to colonization of the mucosal membranes in the small intestine and lead to

human infection (Qin et al., 2008; Krasowska & Sigler, 2014; de Wouters et al., 2015).
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This could explain the rapid colonization of microplates from dispersed Vibrio cells from
MPs, especially at elevated temperature. This rapid microplate colonization can also be
explained by dispersal cells having short term increased motility and adherence
phenotypes compared to their biofilm and planktonic counterparts (Chua et al., 2014;
Uppuluri et al., 2018; Rumbaugh & Sauer, 2020).

Cell colonization and dispersal depend on microbiological, surface
physiochemical and environmental factors (Alotaibi & Bukhari, 2021). The Vibrio
species and strains’ cells in this study have been found to have hydrophobic properties
from a previous study, which plays a role in their attachment and biofilm formation on
hydrophobic surfaces like plastics (Leighton et al., 2023). Factors such as nutrient levels,
pH, temperature and liquid composition have been shown to influence both cell
attachment and biofilm dispersal from a variety of species (Karatan & Watnick, 2009;
McDougald et al., 2012; Pagan & Garcia-Gonzalo, 2015; Toyofuku et al., 2016). Cell
colonization can be increased with increasing flow, temperature or nutrient
concentrations (Prakash, Veeregowda & Krishnappa, 2003; Alotaibi & Bukhari, 2021).
Conditions likely to be encountered by V. parahaemolyticus and V. vulnificus biofilms on
MPs as they transition to the human intestinal environment by ingestion include increases
in temperature, decreases in pH and nutrient availability, changes in fluid composition.

Vibrio must detect and respond to changes in their environment to successfully
survive and colonize their host (Gode-Potratz et al., 2011; Billaud et al., 2022). Our study
supports this as both species rapidly responded to changes in temperature, pH, nutrient
availability, and fluid composition as evident by changes in their biofilm biomass and cell

dispersal from MPs and subsequent microplate surface colonization. Several studies have
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shown that sudden changes in nutrient availability can induce biofilm dispersal (Hunt et
al., 2004; Sauer et al., 2004; Petrova & Sauer, 2016). Our study further suggests this as
adding or removing the carbon and nitrogen sources (here, peptone and yeast extract)
resulted in specific biofilm dispersal responses, which is also in accordance with Singh et
al., 2017 who found a similar response in V. cholerae. In our study, V. vulnificus was
more sensitive to nutrient starvation when compared to V. parahaemolyticus. A strong
dispersal response occurred in V. vulnificus as determined by changes in its overall
biofilm biomass, and specific biofilm biomasses on LDPE and PP when exposed to
nutrient starved conditions. V. parahaemolyticus biofilms only showed a strong dispersal
response from LDPE surfaces following nutrient starvation conditions. These dispersal
responses likely occur as cells embedded in the biofilm detach to find other suitable
surfaces to colonize to repeat their lifecycle, or to escape stressful nutrient scarce
conditions (Kaplan, 2010; Barraud, Kjelleberg & Rice Scott, 2015).

Biofilm biomass, biofilm cell viability and cell dispersal of both V.
parahaemolyticus and V. vulnificus decreased at lower pHs (pH 3, 4) on MPs. This is in
accordance with Koo, DePaola & Marshall, 2000 and Wang et al., 2019 as they also
found pH levels < 4 led to a decrease in cell viability in both V. parahaemolyticus and V.
vulnificus. While V. parahaemolyticus did have decreased biofilm cell viability and cell
dispersal at acidic (pH = 4) conditions compared to higher pHs, it was still able to tolerate
this acidic pH for >2 hours, which was consistent with results of Wang et al., 2019 and
Wang et al., 2020. There was also a decrease in biofilm cell viability and cell dispersal of
both species after exposure to SGF, which more closely resembles the gastric liquid

composition in the stomach’s environment. This suggests that acidic pH’s, which
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resemble the stomach environment, are effective in eradicating active viable potential
pathogenic Vibrio on MPs. While the acidic conditions resembling the human digestive
system, especially those found in the stomach, seem to do an effective job in killing
viable Vibrio cells, it is important to note that Vibrio are likely co-ingested with
contaminated seafood, which alters the environmental conditions during digestion.
Vibrio biofilms on MPs are likely to be co-ingested with seafood, and since
seafood consumption temporarily and significantly increases the pH level of gastric fluid
in the stomach, this consequently can provide a protective effect and enable V.
parahaemolyticus and V. vulnificus to survive exposure to these harsh digestion
conditions (Conway, Gorbach & Goldin, 1987; Koo, DePaola & Marshall, 2000; Wang et
al., 2019; Cam & Brinkmeyer, 2020). As conditions become more favorable in the small
intestine and provide an optimal growth environment for both species, Vibrio may
potentially leave their protective biofilm bunker on MPs and disperse and subsequently
colonize the human intestinal tract (Tang et al., 2015). Our study supports this as higher
pHs like those found in the small intestine led to higher cell dispersal from MPs and
subsequent microplate colonization of both species, signifying that potentially ingested
Vibrio on MPs can adequately disperse and potentially colonize the surfaces of the
intestinal tract. This is further supported by an increase in biofilm cell viability and cell
dispersal of both species after exposure to SIF, which closely resembles the intestinal
fluid composition found in the intestinal environment. While environmental exposure
time was capped after 2 hours to better reflect human digestion processes and to target
dispersed rather than planktonic cells, the exposure time to these environmental factors

likely had major impact on biofilm dispersal, and longer or shorter exposure times to the
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same or different environmental conditions tested may lead to different biofilm responses
(Marks et al., 2013; Barraud et al., 2014; Singh et al., 2017; Nair et al., 2021).
Temperature was found to not be a major factor in influencing biofilm biomass in
comparing MSYE and MS. This likely is due to the short exposure time of 2 hours and
the media was not prewarmed at 37°C prior to exposure. There were also little significant
differences in cell concentrations, cell colonization and cell dispersal on and from plastics
when exposed to SGF, SIF and HPLM compared to MSYE with similar pHs. This could
mean exposure to pH, rather than the media composition, is more of a major determining
factor of these biofilm processes on these surfaces.

In our study, V. parahaemolyticus was previously isolated from the human enteric
system, so this strain has likely adapted to survive and colonize the intestinal tract. Our
study supports this as it did show resistance to conditions that resemble the human
gastrointestinal environment such as in SGF and SIF at 37°C. Interestingly, it also
showed greater resistance to these conditions compared to V. vulnificus, which was
isolated from blood. This confirms that strain isolation source matters and is crucial when
examining specific responses in human exposure studies. This is further supported by the
resazurin metabolic assay which revealed that V. parahaemolyticus biofilm cells were
able to survive exposure to media with low pH (3) and in SGF which had a pH of 1.5 for
2 hours, but V. vulnificus did not recover as well or survive. However, this survival could
be due to the presence of persister cells, as these cells were able to survive the stressors,
and once the stressor was removed, were able to become metabolically active again and
the biofilms recover in growth and development (Xiong et al., 2022). V.

parahaemolyticus, while not being isolated from blood, still had high amounts of biofilm
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biomass, biofilm cell concentrations, cell colonization and dispersal in HPLM at 25°C
and 37°C. HPLM contains all the amino acids, vitamins, salts, sugars, and acids found in
actual human blood, but without the immune response cells. Our study confirms HPLM
might be a better alternative in human exposure studies and models compared to
conventionally used media.

Also to be noted is that in our study, one of our V. vulnificus isolates, that was
from human blood, has likely adapted to colonize wounds and blood serum (Cam &
Brinkmeyer, 2020). Our study supports this as exposure to HPLM increased biofilm
biomass and cell viability, especially at human body temperature (37°C). This further
confirms that HPLM represents a favorable media for growth and exposure studies with
human bloodborne pathogens compared to conventional media currently used to resemble
pathogen responses in human systems. V. vulnificus at 37°C produced more biofilm, had
greater concentrations of biofilm cells, greater colonization, and cell dispersal
concentrations on and from every plastic type in HPLM in almost every exposure
scenario compared to V. parahaemolyticus, which was isolated from the human enteric
system. This further confirms that strain isolation source matters and is crucial when
examining specific human exposure responses. In some cases, rapid changes in
temperature from 25°C to 37°C also contributed to increases in biofilm biomass and cell
colonization by V. vulnificus on LDPE, PP and PS in simulated human media. This
suggests that V. vulnificus may produce greater amounts of biofilm on MPs as a survival
mechanism in response to higher temperatures in the human environment.

C-di-GMP signaling and concentration levels within cells can fluctuate in

response to environmental cues, specifically those related to human host stressors
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(Koestler & Waters, 2014; Chua et al., 2015; Khan et al., 2016). C-di-GMP concentration
levels dictate different mechanistic actions, as high concentrations lead to biofilm
formation and low concentrations lead to dispersion (Valentini & Filloux, 2016;
Andersen et al., 2021). Our study supports both the environment and cell state having
impacts on c-di-GMP production, as both V. parahaemolyticus and V. vulnificus had
higher levels of c-di-GMP in the biofilm state compared to dispersal state after MSYE
and HPLM exposure at 37°C. Both species had high viability and biofilm biomass and
cell concentrations in these medias, and coincidently lower c-di-GMP levels compared to
SIF. Both species produced significantly more c-di-GMP in SIF in the biofilm state
compared to HPLM and MSYE. Both species also had high levels of c-di-GMP in the
dispersal state after exposure to SIF, potentially signifying a stress response in both
biofilm and dispersal states. Compared to MSYE and HPLM, SIF contains bile salts,
which have been found to induce stress and increase c-di-GMP concentrations in V.
cholerae, another intestinal pathogen of the same genus (Koestler & Waters, 2014). Our
study supports this notion that stressors related to digestion (i.e. bile salts) may impact
and increase intracellular c-di-GMP concentrations in Vibrio. Intestinal pathogens like V.
parahaemolyticus and V. vulnificus may also experience changes in temperature and
nutrient starvation in the digestive system as they transition environments by ingestion
(Hooper, Midtvedt & Gordon, 2002; Purcell et al., 2017). Temperature and nutrient
starvation have been found and speculated to impact intracellular c-di-GMP levels
concentrations in these species, and further studies are needed to confirm this after

exposure to elevated temperature under these conditions (Gjermansen et al., 2010;
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Bharati et al., 2012; Townsley & Yildiz, 2015; Song et al., 2017; Chodur Daniel et al.,
2018).

Finally, these results indicate that human pathogenic strains of V.
parahaemolyticus and V. vulnificus can rapidly respond to different marine and simulated
human environmental conditions by dispersing high viable cell concentrations from
biofilms on different MP material types in vitro. However, this dispersal process is highly
variable, and while natural variability exists in nature from species to species, strain to
strain, and even cell to cell, the variability observed in this study also depended on plastic
type and environmental exposures like pH, temperature, nutrient availability, and media
composition. Further studies are needed to compare these human isolated Vibrio strains
biofilm processes to marine animal and environmentally isolated strains. Studies are also
needed to compare these Vibrio in vitro plastic dispersal processes under simulated
human conditions to those found more closely in the natural human environment, which a
continuous model system would provide with consecutive exposures to different elements
of the human digestive environment (Wang et al., 2019). More studies are needed to
examine the environmental signals that regulate c-di-GMP levels and biofilm formation
in response to these changing environmental conditions. The present results highlight the
ability of Vibrio species to disperse from MPs under simulated human conditions and
may need to be incorporated into simulated human models to better predict potential
bacterial interactions with human hosts. However, further studies are needed to examine
bacterial response on MPs in consumed seafood to better predict exposure risk. Also, as
Vibrio are in close proximity to each other on MPs, there is a high chance of horizontal

gene transfer, which could transfer antibiotic resistance and virulence genes, so
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examining transcriptomic profiles of these bacteria attached to MPs after exposure to
human environmental cues will provide more information on potential virulence and
antibiotic resistance gene regulation (Hu, Zhao & Xu, 2022). Finally, further studies are
needed to examine the interactions of Vibrio on MPs with the human intestinal
environment and surface, as it has been shown that the presence of MPs and pathogens
both separately and together in marine animal intestinal systems can change and damage
gut microbiota and intestinal mucosa (Kamada et al., 2013; Yan et al., 2021; Hu, Zhao &
Xu, 2022).
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Table 2.1 Vibrio strains used in this study.

Estimated
. Isolation . Isolate - Human!
Species Source Strain ID Origin Characteristics Threshold
IDso
V. Human 105- 108
parahaemolyticus ATCC ATCC17802 (enteric) th/th CFUs234
V. vulnificus ATCC ATCC27562 '('t';l‘(r)r(‘)‘g; 16SType B 103 CFUs*S

1Susceptible, usually with pre-existing, underlying health conditions
2Marx, Hockberger & Walls (2013).

3Food and Drug Administration (2010).

*Food and Drug Administration (2012).

SWorld Health Organization (2005).
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Table 2.2. Environmental conditions used in this study.

Shaking Speed
Media Type pH Temperature (°C) Exposure Time (hours) (rpm)
Modified Seawater Yeast
Extract (MSYE) 3,4,5,6,7,74,8.1 25, 37 2 125
Modified Seawater (MS)  3,4,5,6,7,7.4,8.1 25,37 2 125
Simulated Gastric Fluid
w/ pepsin (SGF) 15 25, 37 2 125
Simulated Intestinal Fluid
w/ trypsin and pancreatin 6.8 25,37 2 125
(SIF)
Human Plasma-Like
Media (HPLM) 7.4 25, 37 2 125
Table 2.3. Coupon types and characteristics used in this study.
Chemical Surface
Coupon Type Formula Density Length/Thickness Area Usage
Plastic
bags, six-
pack
Low-Density 3 2 rings,
Polyethylene (C2Ha)n 0.96g/cm 4mm/1.6mm 24mm packaging
film,
bottles,
netting
Rope,
Polypropylene (C3He)n 0.93g/cm3 4mm/1.6mm 24mm? bottle
caps,
packaging
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film,
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Figure 2.1. Exposure to elevated temperature, changes in pH, and nutrient starvation
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influences overall V. parahaemolyticus and V. vulnificus biofilm biomass and cell
dispersal in microplates. Comparison of overall biofilm biomass and cell dispersal
(values represent X = SD, n = 3 replicate samples from three independent experiments) of
V. parahaemolyticus (A) and V. vulnificus (B) between different pH, temperature, and
nutrient availability (means of all biological triplicates and three independent experiments
after 2-hour exposure.
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Figure 2.2. Exposure to nutrient starvation and changes in pH influences overall V.
parahaemolyticus and V. vulnificus biofilm viability in microplates. Comparison of
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ich (1B) and nutrient starved (2B) conditions at different pH at 37°C.
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Figure 2.3. Exposure to elevated temperature, changes in pH, and nutrient starvation
influences V. parahaemolyticus biofilm processes on and from LDPE, PP, and PS MPs.
Comparison of biofilm biomass and CFUs (values represent X = SD, n=3 replicate
samples from three independent experiments) on LDPE (1A), PP (1B), and PS (1C) and
subsequent biofilm cell dispersal CFUs and microplate colonization biofilm biomass
(values represent X = SD, n = 3 replicate samples from three independent experiments)
from LDPE (2A), PP (2B), and PS (2C) after 2-hour exposure to different pH,

temperature and nutrient availability.
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Figure 2.4. Exposure to elevated temperature, changes in pH and nutrient starvation
influences V. vulnificus biofilm processes on and from LDPE, PP, and PS MPs.
Comparison of biofilm biomass and CFUs (values represent X = SD, n = 3 replicate
samples from three independent experiments) on LDPE (1A), PP (1B), and PS (1C) and
subsequent biofilm cell dispersal CFUs and microplate colonization biofilm biomass
(values represent X = SD, n = 3 replicate samples from three independent experiments)
from LDPE (2A), PP (2B), and PS (2C) after 2-hour exposure to different pH,
temperature and nutrient availability.
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Figure 2.5. Exposure to different simulated human medias influences overall V.
parahaemolyticus and V. vulnificus biofilm biomass and cell dispersal in microplates.
Comparison of overall biofilm biomass and cell dispersal (values represent X = SD, n = 3
replicate samples from three independent experiments) between different simulated
human medias at different temperatures after 2-hour exposure). * = significantly greater
biofilm biomass compared to similar pH MSYE, 6 = significantly less biofilm biomass
compared to V. parahaemolyticus in same type of media.

128



A 1.E+06

1.E+05
[
o o o
P o o o o o
o——oo—*
o
1.E+04 o
o
(]
S
g
Q 1LE+03 0o 0 SGF
=]
= e
= " o0 O O SIF
—@—HPLM
(o}
LE+02 o o & o
o
O
1.LE+01
o
1.E+00 O O0——0 T T T T T T T T T T T T 3
0 15 30 45 60 75 92 105 120 135 150 165 180 195 210 225 240
Minutes

o o o o o
1L.E+04 4 e "
§
a o
Q 1.E+03 4
=)
1<)
[~
1E+02 -
1.E+01 -
LE+)) +¥———0——0 0 0 0 O O O

0 15 30 45 60 75 90 105 120 135
Minutes

O
150

o-
165

B 1.E+06 i
_— M
<

o—o0—0—o

O~ SGF
O SIF
=@—HPLM

O O o - 2]
180 195 210 225 240
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hour exposure to simulated human medias at 37°C.
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Figure 2.7. Exposure to different simulated human medias influences V.
parahaemolyticus and V. vulnificus biofilm processes on and from LDPE, PP and PS
MPs. Comparison of biofilm biomass and CFUs (values represent X £ SD, n = 3 replicate
samples from three independent experiments) on LDPE (1A), PP (1B), and PS (1C) and
subsequent biofilm cell dispersal CFUs and microplate colonization biofilm biomass
(values represent X = SD, n = 3 replicate samples from three independent experiments)
from LDPE (2A), PP (2B), and PS (2C) after 2-hour exposure to different simulated
human medias at different temperatures. * = significantly greater biofilm biomass
compared to similar pH MSYE, C = significantly greater biofilm cell density compared to
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similar pH MSYE, 6 = significantly less biofilm biomass compared to V.
parahaemolyticus in same type of media, T = significantly greater biofilm biomass
compared to 25°C, a = significantly greater biofilm cell density compared to 25°C.
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Figure 2.8. Exposure to different media compositions and cell states influences V.
parahaemolyticus and V. vulnificus c-di-GMP concentrations. Comparison of estimated
c-di-GMP concentrations (values represent X £ SD, n = 3 replicate samples from three
independent experiments) produced by V. parahaemolyticus and V. vulnificus biofilm and
dispersed cells after 2-hour exposure to MSYE, SIF, and HPLM at 37°C. A =
significantly greater c-di-GMP concentration compared to MSYE and HPLM, $ =
significantly greater c-di-GMP concentration compared to dispersal state in same media.
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CONCLUSION

Plastic pollution in the marine environment remains a global concern, and their
role as substrates for microbial habitats and subsequently vectors for the dispersion of
pathogenic or non-pathogenic bacteria must be further evaluated, especially under
evolving climate change scenarios (Zettler, Mincer & Amaral-Zettler, 2013; Kirstein et
al., 2016). V. parahaemolyticus and V. vulnificus are potential pathogenic bacteria that
can infect both marine animals and humans (Johnson et al., 2012). In past decades, Vibrio
habitat range has increased and coincided with an increase in plastic production and
growth (Laverty et al., 2020). This expansion of Vibrio coupled with their potential to
colonize and live on numerous plastic types will increase the potential risk of both marine
animal and human exposure to Vibrio species (Pedrotti et al., 2022). To better understand
the emerging environmental and public health risks associated with bacterial colonization
of plastic particles, studies are needed to determine how these cell processes are affected
by different marine and human environmental conditions, especially on different plastic
types.

Temperature and pH are primary environmental variables that influence Vibrio
planktonic and biofilm lifecycles, and contribute greatly to growth and habitat range
(Gilbert et al., 2012; Tiruvayipati & Bhassu, 2016; Ward et al., 2017; Hernandez-
Cabanyero et al., 2020). Most cases of vibriosis occur during summer months due to

warmer sea surface temperatures in which the bacteria thrive. However, V.
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parahaemolyticus and V. vulnificus infections are increasing in prevalence due to climate
change contributing to rising seawater temperatures and extending the length of time of
warm sea surface temperatures (Parry et al., 2007; Whitehead et al., 2009; Baker-Austin
et al., 2013; Baker-Austin et al., 2016; Vezzulli et al., 2016; Deeb et al., 2018; Control &
Prevention, 2019). At the same time, increased nutrient pollution and elevated dissolved
CO2 concentrations have led to increased prevalence of cyanobacterial harmful algal
blooms (HABS) (O’Neil et al., 2012; Visser et al., 2016). HAB metabolism can rapidly
change pH in marine environments ranging from acidic (pH < 6) to alkaline levels

(pH > 9) (Raven, Gobler & Hansen, 2020). HAB outbreaks have also been suggested to
enhance V. parahaemolyticus and V. vulnificus growth (Greenfield et al., 2017). Since
these two Vibrio species are known to form biofilms and have been shown to be early
colonizers of plastic surfaces, this presents a possibility that bacterial cells enclosed in the
biofilm matrix on plastic surfaces may be responding to these environmental changes by
exhibiting different growth and activity patterns compared to their planktonic
counterparts (Guzman-Soto et al., 2021; Kesy et al., 2021; Tavelli et al., 2022). These
environmental changes could be contributing to higher Vibrio concentrations in
contaminated seafood via plastics, ultimately leading to increased levels of Vibrio
exposure to humans if consumed raw (Keswani et al., 2016; Kesy et al., 2021).

Recent studies conducted in marine environments have found microbial
communities associate and live on plastic surfaces. These plastic-associated communities
have been termed the “Plastisphere,” and has raised serious implications for both marine
life and human health (Ward & Kach, 2009; Zettler, Mincer & Amaral-Zettler, 2013).

Vibrio have been found to be a major community member on marine plastics, but Vibrio
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concentrations on plastic surfaces have appeared lower compared to natural marine
particles (Bryant et al., 2016; Amaral-Zettler, Zettler & Mincer, 2020; Curren et al.,
2020). However, since Vibrio biofilms have still been found on numerous macro and
microplastic substate surface types in several marine surface waters, this implies that
plastic particles could act as transport vectors of potentially pathogenic Vibrio to new
areas outside of their native range and to marine animals that may accidently or
selectively ingest the biofilm-associated plastic particles coincidently with food particles
(Goldstein, Carson & Eriksen, 2014; Reisser et al., 2014; Kirstein et al., 2016; VirSek et
al., 2017; Bowley et al., 2021). In addition, since these bacteria are in close proximity to
each other in biofilms on plastics, there is high potential for horizontal transfer of
antibiotic-resistance genes, compounding the exposure risk to both marine and human
health (Arias-Andres et al., 2018; Laverty et al., 2020).

Due to expansion and intensification of aquaculture to keep up with global
demand, there has consequently been an increase in infections and diseases affecting
numerous aquaculture species, including V. parahaemolyticus and V. vulnificus
(Karunasagar et al., 1994; Austin & Zhang, 2006; Chiu et al., 2007; Gillett, 2008; Moffitt
& Cajas-Cano, 2014). The overuse of antibiotics in aquaculture to try to combat these
pathogens and maintain aquaculture health is associated with increased bacterial
antibiotic resistance (Matyar, 2012). This makes screening, treatment, and control of
pathogens in these stocks more difficult as planktonic V. parahaemolyticus and V.
vulnificus cells can be more easily controlled by antibiotics compared to cells in the
biofilm state (Costerton, Stewart & Greenberg, 1999; Stewart & William Costerton,

2001). As aquacultural systems have rapidly changed as demand has increased, the
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technologies and materials to support aquaculture facilities have also advanced. The
materials that have been used to build and maintain the aquaculture systems have
coincided with the development of synthetic organic polymers, plastics. There are several
types of plastic, which include polyethylene (PE), polypropylene (PP), polystyrene (PS),
poly(ethylene terephthalate) (PET), and poly(vinyl chloride) (PVC) (Andrady, 2003).
Due to their usage and production, these types are more likely to end up in aquaculture,
especially the more degradable, buoyant plastics like PE (high and low density), PP and
PS (Brien, 2007; Andrady, 2011). Environmental processes and conditions can degrade
macroplastics into smaller pieces, and those small enough (being less than 5 millimeters
in size) have been classified as microplastics (MPs) (Gregory & Andrady, 2003; Betts,
2008; Arthur, Baker & Bamford, 2009). V. parahaemolyticus and V. vulnificus’ ability to
attain a biofilm state on both macro and MPs can present a significant problem for marine
animal health due to potentially increasing the risk of physical contact with these
pathogens, which consequently can increase the exposure risk to humans by consumption
of raw seafood.

The expansion of Vibrio coupled with their potential to colonize, live, and
disperse from numerous plastic types will increase the potential infection risk of human
exposure, especially by ingestion of contaminated seafood (Keswani et al., 2016; Bowley
et al., 2021; Cverenkarova et al., 2021). Biofilm formation plays a key role in the ability
of pathogenic bacteria like Vibrio to colonize most environmental niches like MPs, and
biofilm dispersal enables the bacteria embedded in the biofilm to be translocated to their
human hosts (Austin, 2010; Kaplan, 2010; Yang et al., 2020). MPs’ role as substrates for

microbial habitats and subsequently vectors of pathogenic Vibrio to humans must be
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further evaluated, especially during human ingestion scenarios (Zettler, Mincer &
Amaral-Zettler, 2013; Kirstein et al., 2016). Biofilms contribute to most microbial
infections, accounting for over 75% of human microbial infections (Davies, 2003;
Guilhen, Forestier & Balestrino, 2017). One of these mechanisms of biofilm related
infections can be influenced by the environment, called active environmentally induced
biofilm dispersion, which triggers the release of bacteria from biofilms into the hosts’
body environment (Flemming, Neu & Wozniak, 2007; Wang et al., 2011; Marks et al.,
2013 Jamal et al., 2018; Rumbaugh & Sauer, 2020). Active seeding dispersal of cells
from biofilms can occur in response to detecting changes in environmental conditions
such as sudden changes in temperature, pH and nutrient conditions, as the bacteria leave
the biofilm to find a more stable environment to colonize (McDougald et al., 2012).
Biofilm dispersal can be a major mechanism of foodborne and waterborne Vibrio
infections in humans by ingestion (Abdallah et al., 2014). Symptoms of both V.
parahaemolyticus and V. vulnificus bacterial infections can include cramps, nausea, fever,
and bloody diarrhea. V. vulnificus infections can be more severe and cause deadly skin
infections if an open wound encounters salt or brackish water in the environment
(Control & Prevention, 2019). Mitigating the severity of Vibrio infections has become
more difficult due to widespread antibiotic resistance, so potential alternatives are being
explored to better combat these pathogens like quorum sensing exploitation.
Microbiological factors like quorum sensing (QS) greatly contribute to changes in
bacteria growth, survivability, and virulence (Rutherford & Bassler, 2012). In using QS,
bacteria produce, detect, and respond to extracellular signaling chemicals classified as

autoinducers (Al), which allows the bacteria to monitor cell population density and
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collectively change gene expression (Rutherford & Bassler, 2012). QS and its
exploitation by quorum sensing inhibiors (QSIs) is being explored as alternatives in
pathogen treatment (LaSarre & Federle, 2013). QSlIs function by shutting down signal
synthesis, directly degrading the signal molecule, inhibiting the signal molecule by
preventing binding to its receptor, or inhibiting the signal transduction cascade
(Brackman & Coenye, 2015). Since these QSlIs can disrupt QS signaling systems, and
potentially disrupt pathogenicity, there is an increasing interest in developing new types
of these compounds to combat pathogens. This means that QSIs in combination with
antibiotics could prove to have a synergistic effect than antibiotic treatment alone on
influencing V. parahaemolyticus and V. vulnificus biofilm dispersal and eradication,
which could lead to therapeutic uses in alternative contamination or infection treatment
(Zeng et al., 2008; Kalia, 2013).

Future studies are needed to assess simulated climate change and human
environmental conditions and how these stressors may influence Vibrio pathogenicity and
their biofilm processes on microplastics, which may ultimately lead to alternatives for
plastic usage and infection controls. Vibrio biofilm processes on different types of
surfaces like plastics remains largely unexplored but is key to understanding their
survival and persistence in marine and human environmental conditions. The knowledge
gap regarding the responses of these bacteria to changing environmental factors, which
may alter growth, viability, chemical communication, and pathogenicity is important to
address in developing better models to protect both marine and human health. Studies are
needed to examine how seasonality may affect Vibrio biofilm growth on MPs, as Vibrio

may be hiding out in biofilms on different surfaces such as MPs during fall and winter,
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but when conditions become more favorable and warmer, they disperse from the biofilm,
which may contribute to the increased planktonic cell concentrations observed during the
summer. Further studies are needed to compare different strains and species of Vibrio in
vitro biofilm processes and responses to those found in vivo in marine and human
environments, including the use of molecular methods for pathogenic gene screening,
identification, and examining transcriptomic profiles for potential virulence and antibiotic
resistance gene regulation. Studies are also needed to examine interactions between
Vibrio and different bacteria and algal species on MPs, as these interactions have been
found to occur in the natural marine environment. Additional screening for MPs in
seafood must also be considered as humans are likely being frequently exposed to MPs,
and the bacterial response on MPs in consumed seafood needs to be further studied to
better predict exposure risk. Understanding the processes in which Vibrio respond to
marine and human environmental cues (especially on MPs) will provide more data to be
used in the assessment of other zoonotic pathogens. Further research may lead to the
development and implementation of plastic and antibiotic alternatives like QSlIs, which
may ultimately lead to increased seafood quality and policy changes for better protection
of One Health.

Our studies focused on how different bacterial strains from distinct isolation
sources of both V. parahaemolyticus and V. vulnificus planktonic, biofilm and dispersal
states are affected by exposure to different marine and human environmental conditions
such as temperature, pH, nutrients, and media composition. Our results suggest that
different strain types of V. parahaemolyticus and V. vulnificus can adapt to temperature

and pH changes that resemble those under climate change scenarios in coastal
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environments by switching between planktonic and biofilm state, ultimately increasing
their potential to survive under these stressful, changing environmental conditions. These
results also suggest that temperature can affect different strain types of V.
parahaemolyticus and V. vulnificus in their ability to colonize and form biofilms on
different plastic types in vitro. Lastly, our results indicate that human pathogenic strains
of V. parahaemolyticus and V. vulnificus can rapidly respond to different environmental
conditions that resemble the human gastrointestinal environment by dispersing from
biofilms on different MP material types in vitro. While our studies mainly focused on
bacterial interaction with plastics, they did not focus on the plastics themselves, or the
surrounding environment’s effect on the plastics.

The main limitations of these studies are the different plastic types themselves
were not examined in how their own characteristics (including toxicity) contributed to
colonization, and how these characteristics (like hydrophobicity or surface topography)
changed after bacterial colonization. However, there are other studies that have addressed
these specific limitations. Studies have found that increases in surface roughness
contribute to increased colonization, and this colonization can lead to decreased
hydrophobicity of the plastics themselves (Michels et al., 2018; Ganesan et al., 2022).
The environment’s interaction with the plastics was also not examined, as conditioning
films, which are formed by absorption of available biomolecules in the surrounding
environment, can greatly contribute to bacterial colonization. This has also been
addressed by other studies that examined marine conditioning films on plastics preceding
bacterial attachment by microscopy and mass spectrometry (Bhagwat et al., 2021;

Rummel et al., 2021). Plastics themselves were not examined in how they contributed to
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potential stress to the bacteria, as plastics are known to potentially contain many harmful
chemicals and additives and may also leach these chemicals into the surrounding
environment (Bolgar et al., 2015; Groh & Muncke, 2017). However, other studies have
examined this by measuring potential toxicity of organic and inorganic plastic additives
to bacteria, including Vibrio species (Zimmermann et al., 2019; Tetu, Sarker & Moore,
2020). Further studies will need to address these specific issues on how the characteristics
of different types of plastics affect Vibrio colonization, biofilm maturation, cell viability
and dispersal. Regardless of the limitations in our studies, we still addressed some of the
mentioned knowledge gaps by examining V. parahaemolyticus and V. vulnificus
responses, especially on plastics, to changing environmental conditions.

Taken together, we have gained an improved understanding how different strain
types of V. parahaemolyticus and V. vulnificus can rapidly grow and respond to different
changes in marine and human environmental conditions such as temperature, pH, nutrient
availability and simulated human medias in vitro, especially on different plastic material
types. However, these growth, colonization and dispersal processes are highly variable
and depends on species, strain and plastic type, especially under different environmental
exposures. While further studies are needed to examine and compare these Vibrio
responses found in vitro to those found in vivo, these data can still be used for further
examining other marine animal and human pathogenic species in their phenotype and
genotype responses, and modeling Vibrio exposure risk to both marine animals and
humans. By better understanding the interactions between Vibrio and plastics in various
environmental conditions, this may ultimately lead to better protection of One Health by

development of more accurate exposure risk models, new pathogen treatments and policy
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changes aimed at both limiting plastics and implementation of potential plastic

alternatives.
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Supplementary Data
Bacterial Isolation and Identification

V. vulnificus strain vv155 was isolated from seawater samples from a past study and was
provided as a gift from NOAA to be used as the V. vulnificus environmental strain in this
study. Seawater samples were collected in 1L sterile, polypropylene containers and
diluted and filtered through 0.22um nitrocellulose membrane filter. Filters were then
placed on two types of selective media, CPC+ and CHROMagar™ Vibrio. Presumptive
V. vulnificus strains were then identified by species using a TagMan based real-time PCR
targeting the hemolysin A gene (vvhA). The characterization of each isolate as type A
(environmental), Type B (clinical) or Type AB was performed using gPCR according to a
protocol developed by Vickery et al., 2007. Dr. Joanna Mort (James Madison

University), Dr. Jerold Dickerson (James Madison University) and Dr. Janet Moore

(NOAA) all contributed to this past isolation and characterization study.

V. parahaemolyticus strain vpC12 was isolated from seawater samples to be used as the
V. parahaemolyticus environmental strain for this study. Water samples (800 mL) were
collected using an ISCO 6700 autosampler (ISCO, Lincoln, NE, USA) for 24 hours
during low and high tides at the Oyster Landing Dock at the Baruch Marine Research
Laboratory, Georgetown, SC (33°20'58" N 79°11'20™ W). Water samples from each tidal
period were combined and homogenized. One liter of the combined sample was filtered

through a 0.22um polyethersulfone (PES) membrane filter (Thermo Sci., Waltham, MA,
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USA) to concentrate the microbial community in the 0.22um filter. The microbial
community collected in the filter was reconstituted in 20 mL of the unfiltered combined
samples. The reconstituted sample was diluted using serial dilutions. From each dilution,
550uL of the sample was grown in selective and differential media, thiosulfate citrate
bile sucrose (TCBS, Sigma-Aldrich, St. Louis, MO, USA), and CHROMagar™ Vibrio
(Kanto Chemical, Chuo-Ku, Tokyo, Japan). The green colonies in TCBS and the
purple/mauve colonies in CHROMagar™ Vibrio were identified as presumptive Vibrio.
All presumptive Vibrio strains then were identified by species using multiplex
polymerase chain reaction (PCR) using primers developed by Kim et al., 2015 to identify

the tlh species marker gene. [Accession number: OP912877]

Table A.1 Effect of temperature on mean biofilm production! per mm? on different
plastic surface types? by V. parahaemolyticus and V. vulnificus individual strains
compared to glass and 25°C.

Species Strain Surface 25°C (#spb) 30°C (xspD)  35°C (+SD) Surface p-

Type value
V. 3.35E-04 6.84E-04 1.32E-03
parahaemolyticus  A\T CC17802 GL (1.58E-04) (2.35E-04) (6.67E-04)

2.56E-03* 5.98E-03*$  5.75E-03*$

LDPE (1.95E-03) (1.36E-03) (7.23E-04) =0.01

PP 1.87E-03* 6.04E-03*$  5.83E-03*$ <0.01
(1.84E-03) (8.07E-04) (4.71E-04)
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PS 7.27E-04*  202E-03* 1ISE03* g c

(6.91E-04) (3.14E-04) (3.86E-04)
vt <00t <o
oy ATCCRSSS GL GO BEESY EOE
e ESY THEN STEUS om
P e aeew . Gaey 00
pS 1.01E-03* 8.46E-04*x  6.84E-04*x <0.01
(9.21E-04) (2.07E-04) (2.84E-04) -
i <o <o
parahae\r/ﬁolyticus vpCl2 GL ?2%2502)4 3225091)4 gggEEOa?
e BUESHASEOM SOEX 0w
RN JEER WEN o
o BN MM Y o
Temperature <0.05 0.84

p-value
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V. vulnificus ATCC27562

Temperature
p-value

V. vulnificus ATCC33147

Temperature
p-value

V. vulnificus vv155

GL

LDPE

PP

PS

GL

LDPE

PP

PS

GL

LDPE

2.31E-03
(5.94E-04)

2.08E-03
(2.05E-03)

1.93E-03
(1.52E-03)

3.67E-03
(1.09E-03)

1.96E-03
(5.28E-04)

2.01E-03
(1.63E-03)

1.18E-03
(8.50E-04)

4.00E-03*
(1.31E-03)

2.90E-03
(3.80E-04)

4.66E-03
(1.68E-03)

179

1.37E-03
(8.01E-04)

8.49E-04x
(6.25E-04)

4.23E-04x
(2.13E-04)

2.18E-03x
(6.19E-04)

<0.05

4.02E-04
(1.30E-04)

1.20E-03x
(5.12E-04)

7.34E-04x
(4.99E-04)

1.59E-03*x
(3.53E-04)

<0.05

1.18E-03
(4.33E-04)

3.25E-03
(5.19€-04)

6.41E-04
(2.23E-04)

1.38E-03x
(6.46E-04)

5.24E-04x
(3.12E-04)

1.53E-03x
(1.94E-04)

<0.05

2.59E-04
(8.0E-05)

1.24E-03x
(3.13E-04)

3.49E-04x
(2.81E-04)

1.08E-03*x
(4.40E-04)

<0.01

1.95E-03
(3.33E-04)

4.31E-03
(7.55E-04)

0.99

0.46

0.31

0.09

0.99

<0.05

0.06



PP 2.27E-03 2.75E-03 2.35E-03

(1.17E-03) (1.60E-03) (1.75E-04) 0.99
5.09E-03* 4.54E-03* 3.15E-03*
PS (1.62E-03) (1.14E-03) (2.43E-04) <0.05
Temperature 0.34 0.54

p-value

1Optical density at 570 nm

?Biomass values divided by total coupon surface area (405 mm?)

(= SD) Standard deviation

(*) Significant increase of biofilm production on plastic surface type compared to glass
($) Significant increase of biofilm production on surface at this temperature compared to
25°C

(x) Significant decrease of biofilm production on surface at this temperature compared to
25°C

Table A.2 Statistical comparison of V. parahaemolyticus and V. vulnificus animal and
seawater isolates’ biofilm production compared to human isolated strains

Species Isolation Source Strain Coefficient p

\Y

S Animal ATCC43996 -0.89* <0.001
parahaemolyticus

Seawater vpC12 -0.94* <0.001
V. vulnificus Animal ATCC33147 -0.09 0.99
Seawater vv155 0.65* <0.001

*Significant increase (+) /decrease (-) in biofilm production
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Table A.3 Statistical comparison of V. parahaemolyticus biofilm production on different
surface types compared to glass.

Species Surface Type Coefficient p
V. parahaemolyticus LDPE 0.63 0.29
PP 0.53 0.72
PS 0.17 0.99

*Significant increase (+) /decrease (-) in biofilm production

Table A.4 Statistical comparison of V. vulnificus biofilm production on different surface
types compared to glass.

Species Surface Type Coefficient p
V. vulnificus LDPE 0.35 0.14
PP -0.02 0.99
PS 0.62* <0.001

*Significant increase (+) /decrease (-) in biofilm production

Table A.5 Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
production at higher temperatures (30, 35°C) compared to lower temperature (25°C).

Species Temperature Coefficient p
V. parahaemolyticus 30°C 0.20 0.99
35°C 0.23 0.99
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V. vulnificus

30°C

35°C

-0.48*

-0.51*

<0.01

<0.01

*Significant increase (+) /decrease (-) in biofilm production

Table A.6 Effect of temperature on V. parahaemolyticus and V. vulnificus individual
strain CFUs® per mm? on different plastic surface types? by compared to glass and 25°C.

Species Strain S#;fgge 25°C (+5D)  30°C (+5D)  35°C (x D) S“\g‘i‘sg p-
parahaonolyticus  ATCC17802 GL 231 (142 42301  3.16 (241)
LDPE 3.81* (2.24) 4.23*$(3.05) 4.31*$ (3.21) <0.001
PP 3.36% (1.79)  4.18*$ (3.09) 4.31*$ (3.59) <0.001
PS 3.56* (2.15)  3.05*$ 3.35) 3.88*% (2.87) <0.01
Temperature <0.05 <0.01
sarahsemolyticus  ATCCA43996 GL 297 (185  3.28(240)  2.60 (156)
LDPE 3.76 241)  3.39 (244)  3.36 (2.06) 0.19
PP 3.43(272)  257(239)  3.26 (2.39) 0.35
PS 3.73(306)  2.55(148)  2.75 (1.66) 0.99
Rotral 0.20 0.12
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\

parahaemolyticus vpC12 GL 2.54 (1.43) 3.06 (1.50) 3.31 (2.37)
LDPE 3.98 (3.40) 2.39 (2.53) 2.97 (2.23) 0.76
PP 3.65 (2.58) 3.06 (1.51) 2.53 (1.12) 0.99
PS 3.73 (2.54) 4.23 (1.90) 2.97 (2.23) 0.99
Te’;‘_ﬁ’,grlﬁteure 0.13 0.29
V. vulnificus ATCC27562 GL 4.16 (3.22) 3.98 (3.31) 2.78 (1.78)
LDPE 3.44 2.77) 3.59 (2.88) 4.02 (3.42) 0.99
PP 3.73 (2.82) 3.12 (1.94) 3.95 (3.21) 0.99
PS 4.19 (358) 4.08 (2.63) 3.67 (3.05) 0.99
Te?_sgﬁgure 0.99 0.96
V. vulnificus ATCC33147 GL 3.53 (2.53) 2.27 (1.54) 2.45 (1.64)
LDPE 4.71* (3.37) 4.49* (3.93) 3.75% (2.37) <0.05
PP 2.31 (1.03) 2.28 (1.71) 2.78 (1.80) 0.99
PS 4.56 (3.65) 3.57 (2.56) 3.72 (278) 0.06
Teg‘_ﬁg‘jﬁ?re 0.18 0.18
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V. vulnificus vv155 GL

LDPE

PP

PS

Temperature
p-value

3.50 (3.29)

3.42 (3.16)

4.07 (3.15)

3.52 (363)

4.34 (3.49)

4.40 (3.32)

3.71 (2.:30)

4.76 (3.38)

0.13

3.87 (3.55)

4.75 (3.79)

4.61 (367)

4.57 (4.25)

0.07

0.99

0.99

0.99

1CFU values were log transformed

2CFU values divided by total coupon surface area (405 mm?)

(x SD) Standard deviation

(*) Significant increase of CFUs on plastic surface type compared to glass
(%) Significant increase of CFUs on this surface at this temperature compared to 25°C

Table A.7 Statistical comparison of V. parahaemolyticus and V. vulnificus animal and
water isolates” CFUs compared to human isolated strains.

Species Isolation Source Strain Coefficient p
parahae\r/r.lolyticus Animal ATCC43996 -2.90E+06* <0.01
Seawater vpC12 -2.85E+06* <0.01
V. vulnificus Animal ATCC33147 1.63E+06 0.99
Seawater vv155 6.18E+06* <0.05

*Significant increase (+) /decrease (-) in CFU concentration
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Table A.8 Statistical comparison of V. parahaemolyticus CFUs on different surface types
compared to glass.

Species Surface Type Coefficient p
V. parahaemolyticus LDPE 2.61E+06 0.14
PP 1.98E+06 0.13
PS 1.48E+06 0.42

Table A.9 Statistical comparison of V. vulnificus CFUs on different surface types
compared to glass.

Species Surface Type Coefficient p
V. vulnificus LDPE 5.78E+06 0.99
PP 5.96E+05 0.99
PS 5.16E+06 0.99

Table A.10 Statistical comparison of V. parahaemolyticus and V. vulnificus CFUs at
higher temperatures (30, 35°C) compared to lower temperature (25°C).

Species Temperature Coefficient p
V. parahaemolyticus 30°C 3.70E+05 0.99
35°C 3.97E+05 0.99
V. vulnificus 30°C 7.25E+05 0.99
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35°C 9.55E+05 0.99

Table A.11 V. parahaemolyticus and V. vulnificus extracellular polymeric substance
biochemical concentrations (ug/mL) and corresponding starting EPS weight (ug) from 10
pooled samples.

Surface EP Carbohydrat EP EP

Species Strain Type Protein S es S eDNA S
parahae\r/ﬁolyticus ATCELS  LopE 150 200 145 900 094 100
PP 153 200 146 700 1.25 100
PS 151 200 18 100 0.36 100
V. vulnificus vv155 LDPE 80 100 17 100 1.26 100
PP 83 100 26 300 0.89 100
PS 140 200 52 200 0.94 100

Table A.12 V. parahaemolyticus and V. vulnificus individual strain mean adherence to p-
xylene (%) at different temperatures.

Species Strain 25°C (+ SD) 30°C (+ sb) 35°C (+ sSD)
V. parahaemolyticus ATCC17802 55% (5) 49% (4) 49% (6)
ATCC43996 83% (2) 72% (2) 64% (4)
vpC12 58% (4) 36% (8) 36% (6)
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Correlation between

total plastic surface 0.19 -0.06 -0.04
biofilm biomass (r)
V. vulnificus ATCC27562 73% (5) 69% (3) 62% (2)
ATCC33147 76% (10) 77% (1) 70% (8)
w155 71% (1) 66% (4) 66% (2)
Correlation between 047 0.60 0.08

total plastic surface
biofilm biomass (r)

(x SD) Standard deviation

Table A.13 V. parahaemolyticus and V. vulnificus species mean adherence to p-xylene
(%) at different temperatures.

Species 25°C 30°C 35°C

V. o . .
parahaemolyticus 65% 52% 50%
V. vulnificus 73% 71% 66%
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Supplementary Figures and Tables
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Figure A.1 Assessment of mean V. vulnificus (vv155) biofilm biomass removal by vortex
& sonication method of combined surface types. * = significant removal of biofilm (o =
0.05) as calculated by t-test.
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Figure A.2 Assessment of mean V. vulnificus (vv155) biofilm biomass removal by vortex
and sonication method of individual surface types.
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Table A.14 Assessment of vortex and sonication biofilm biomass! removal method.

Mean Combined
Biofilm Biomass

GL (+sD) LDPE (+spb) PP @sb) PS (+sD) (= SD) p
Control 1.52 (0.25) 2.74 (0.07) 0.95(0.2) 2.02(0.13) 1.81 (0.76)
Vortex & Sonication  0.24 (0.5) 0.39 0.04) 0.32(0.07) 0.02 (0.07) 0.24 (0.16) <0.05
Percent Removal 84% 86% 66% 97% 86%

1Optical density at 570 nm
(x SD) Standard deviation

16

14

12

10

Log,,(Mean CFUs)
=]

Vortex Only Vortex & Sonication

Figure A.3 Assessment of sonication on V. vulnificus (vv155) cell viability.
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Table A.15 Confirmation that sonication has no significant effect on cell viability.

Vortex Vortex & p
Only Sonication
(= SD) (= SD)
Mean 2.30E+07 2.62E+07 0.07
CFUs (2.09E+06) (1.29E+06)
10.0 - - 8.0E-03
b L 7.0E-03
8.0 - gf:
_— L 6.0E-03 e
g =
g 6.0 - F SOE-03 £ mBiofilm CFUs (25°C)
@
3] é B Biofilm CFUs (30°C)
g 507 1 " A:0E-03 S @Biofilm CFUs (35°C)
U O
= J e OBiofilm Biomass (25°C)
2 40 £
7 il il i L 3.0E-03 = ) ) i
& | “ ” 3 OBiofilm Biomass (30°C)
= 301 ” ” Y || HHH . 20m:03 ‘: OBiofilm Biomass (35°C)
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Figure A.4 Comparison of the effect of temperature on biofilm production on different

plastic surface types by different Vibrio isolation sources.
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APPENDIX B:
CHAPTER 2 SUPPLEMENTARY MATERIAL
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Supplementary Data

Table B.1. Effect of pH, temperature, and nutrient availability on mean overall biofilm
biomass! in microplates by V. parahaemolyticus and V. vulnificus.

. ) . ) . Nutrient
Nutrient Rich Nutrient Rich Nutrient SE rler:j
Species pH (25°C) (37°C) Starved alrve
(+ SD) (+ SD) (25°C) (2 SD) (3755)) *
V. 3 0.95 1.11 0.81 1.13
parahaemolyticus*
0.29 0.14 0.13 0.13
4 1.14 1.01 1.04 1.34
0.36 0.23 0.12 0.11
5 1.68 1.57 1.50 1.74
0.17 0.23 0.17 0.04
6 1.69 1.81 1.40 1.49
0.08 0.37 0.22 0.10
7 1.82 1.78 1.30 1.60
0.62 0.33 0.15 0.13
7.4 1.76 1.75 1.15 1.53
0.25 0.55 0.02 0.08
8.1 1.55 1.65 1.29 1.60
0.40 0.40 0.15 0.20
V. vulnificus 3 0.09 0.14 0.06 0.02
0.05 0.10 0.00 0.00
4 0.08 0.10 0.03 0.02
0.05 0.09 0.00 0.00
5 0.26 0.17 0.03 0.04
0.13 0.053 0.01 0.01
6 0.23 0.24 0.03 0.04
0.110 0.044 0.002 0.02
7 0.09 0.18 0.06 0.05
0.09 0.11 0.02 0.03
7.4 0.16 0.26 0.04 0.05
0.02 0.06 0.01 0.01
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8.1 0.23 0.22 0.07 0.07

0.03 0.08 0.01 0.00

!Optical density at 570 nm
(= SD) Standard deviation
(*) Significant (+) effect of pH on biofilm biomass

Table B.2. Effect of pH, temperature, and nutrient availability on mean overall final® V.
parahaemolyticus and V. vulnificus dispersed cells?.

Nutrient  Nutrient Nutrient

Nutrient Rich .
utrient Ric Rich Starved  Starved

Species H 25°C
P P ((+ SD)) (37°C) (25°C) = (37°C) (=
B (+SD) SD) SD)
V. 3 0.001 0.012 0.000 0.009
parahaemolyticus*
0.001 0.002 0.000 0.001
4 0.000 0.005 0.007 0.010
0.001 0.003 0.005 0.003
5 0.054 0.092 0.012 0.011
0.001 0.007 0.010 0.003
6 0.065 0.088 0.013 0.012
0.004 0.009 0.004 0.005
7 0.065 0.105 0.012 0.009
0.005 0.005 0.003 0.004
7.4 0.069 0.087 0.014 0.008
0.003 0.012 0.004 0.007
8.1 0.083 0.087 0.018 0.008
0.003 0.006 0.018 0.008
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V. vulnificus 3 0.000 0.007 0.000 0.015

0.000 0.005 0.000 0.002

4 0.000 0.001 0.000 0.011
0.000 0.002 0.000 0.003

5 0.035 0.093 0.000 0.010
0.005 0.004 0.000 0.004

6 0.048 0.101 0.000 0.004
0.005 0.005 0.000 0.002

7 0.048 0.107 0.000 0.012
0.004 0.006 0.000 0.002

7.4 0.049 0.111 0.000 0.010
0.002 0.001 0.000 0.003

8.1 0.045 0.081 0.000 0.011
0.005 0.001 0.000 0.004

1Original starting values were subtracted from final values after exposure.
2QOptical density at 600 nm

(x SD) Standard deviation

(*) Significant (+) effect of pH on cell dispersal

Table B.3. Statistical comparison of V. parahaemolyticus and V. vulnificus overall
biofilm biomass® and cell dispersal® values in nutrient rich media compared to nutrient
starved.

Coefficient p
V. parahaemolyticus Biofilm Biomass 0.13 1.00
Cell Dispersal 0.04 1.00
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V. vulnificus Biofilm Biomass -0.03 1.00

Cell Dispersal 0.029 1.00

!Optical density at 570 nm
2QOptical density at 600 nm

Table B.4. Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
biomass! and cell dispersal? values at 37°C compared to 25°C.

Coefficient p
V. parahaemolyticus Biofilm Biomass -0.01 1.00
Cell Dispersal 0.01 1.00
V. vulnificus Biofilm Biomass -0.02 1.00
Cell Dispersal -0.02 1.00

1Optical density at 570 nm
2QOptical density at 600 nm

Table B.5. Statistical comparison of effect of pH on V. parahaemolyticus and V.
vulnificus overall biofilm biomass* and cell dispersal?.

Coefficient p
V. parahaemolyticus Biofilm Biomass 0.14* <0.05
Cell Dispersal 0.02* <0.001
V. vulnificus Biofilm Biomass 0.02 0.78
Cell Dispersal 0.01 0.06

1Optical density at 570 nm
2QOptical density at 600 nm
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*Significant increase (+) in biofilm biomass or cell dispersal

Table B.6. Statistical comparison of pH on V. parahaemolyticus and V. vulnificus overall
biofilm biomass® and cell dispersal® values in nutrient rich media compared to nutrient
starved.

Coefficient p
V. parahaemolyticus Biofilm Biomass -0.07 1.00
Cell Dispersal -0.01 0.051
V. vulnificus Biofilm Biomass -0.01 1.00
Cell Dispersal -0.01 1.00

1Optical density at 570 nm
2QOptical density at 600 nm

Table B.7. Statistical comparison of pH on V. parahaemolyticus and V. vulnificus overall
biofilm biomass* and cell dispersal? values at 37°C compared to 25°C.

Coefficient p
V. parahaemolyticus Biofilm Biomass 0.01 1.00
Cell Dispersal 0.001 1.00
V. vulnificus Biofilm Biomass 0.003 1.00
Cell Dispersal 0.01 1.00

1Optical density at 570 nm
2QOptical density at 600 nm
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Table B.8. Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
biomass* and cell dispersal? values at 37°C and nutrient starved media compared to 25°C
and nutrient rich media.

Coefficient p
V. parahaemolyticus Biofilm Biomass 0.23 1.00
Cell Dispersal 0.003 1.00
V. vulnificus Biofilm Biomass -0.01 1.00
Cell Dispersal 0.03 1.00

1Optical density at 570 nm
2QOptical density at 600 nm

Table B.9. Statistical comparison of pH on V. parahaemolyticus and V. vulnificus overall
biofilm biomass and cell dispersal values at 37°C and nutrient starved media compared to
25°C and nutrient rich media.

Coefficient p
V. parahaemolyticus Biofilm Biomass 0.001 1.00
Cell Dispersal -0.004 1.00
V. vulnificus Biofilm Biomass -0.002 1.00
Cell Dispersal -0.01 1.00

1Optical density at 570 nm
2QOptical density at 600 nm
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Table B.10. Effect of pH on V. parahaemolyticus and V. vulnificus overall biofilm

metabolic activity® in nutrient rich media.

Time

Species (mins) pH 3 pH 4 pH5 pH 6 pH 7 pH 7.4 pH 8.1
parahae\r/ﬁolyticus 0 465 133352 97380 92458 148801 129109 92084
15 286 934148 790664 679942 681085 640597 302071

30 513 1625459 773090 652453 581516 567817 393652

45 683 1797693 528793 476061 382226 415707 380048

60 1160 1758139 366432 372790 288373 318948 385735

75 1102 1532370 318165 333364 239621 267150 320372

90 1486 1314069 282378 298002 218032 233587 270520

105 1697 1094049 248619 270474 210938 212931 224025

120 1757 916987 222512 244677 198093 193906 190045

135 1778 731128 201113 222818 183718 178245 164855

150 1937 633560 185672 204646 170719 164692 147410

165 1909 514445 175203 192433 160585 153515 132661

180 2203 426426 165771 181720 149078 144249 120382

195 2789 358051 158575 172595 140166 136787 111248

210 3735 295963 151483 164874 132528 131289 103847

225 3664 255637 144267 156076 125214 124564 97966

198



240 4814 227748 138078 148832 118265 118960 93398
V. vulnificus 0 4039 525594 336034 195092 318675 293732 851461
15 1193 3561368 1818971 1151454 1441191 1821863 944692
30 4071 6194012 1996966 1593665 1714198 1987753 1175000
45 8179 8175410 1525409 1141948 1356433 1515855 915481
60 5884 10061465 1016654 742752 860864 1046205 628052
75 1498 9865254 687005 510502 594934 725676 430376
90 2665 11538569 537804 397441 466838 553671 351663
105 2679 10780104 440741 346739 388345 470112 311756
120 1798 12739924 372688 300674 335688 399467 271323
135 2272 12045019 307411 257531 292776 327634 230356
150 2084 13629684 256959 219224 249749 275453 201278
165 1 14269065 223923 190595 224930 240716 179840
180 864 13645904 194065 165031 204985 214506 165493
195 1 13131283 173206 145816 187554 194298 151565
210 1 11008931 157851 133663 174563 178435 141835
225 737 8998519 145951 125470 164181 165515 134865
240 374 6402889 134861 117178 153837 154681 128917
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'RFU values were divided by corresponding optical density at 600 nm values for

normalization.

Table B.11. Effect of pH on V. parahaemolyticus and V. vulnificus overall biofilm
metabolic activity! in nutrient starved media.

Species (Em; H3  pH4 pH 5 pH 6 pH7  pH74 pHS1
saraheonolyicus O 111042 72249 71617 82995 106526 85650 34317
15 1781 250117 254908 280957 352627 309581 286182

30 4694 373421 350576 385467 480384 434813 390175

45 8779 369668 337151 366928 449412 439934 385149

60 12974 345855 349603 392238 398267 403008 371770

75 17936 304757 320043 352108 334645 335753 345270

90 24938 272767 295077 332519 293595 294101 328365

105 32711 244896 265320 303065 252472 252502 297475

120 44415 211799 237287 267792 215067 212959 261436

135 61652 183651 207952 228523 187186 183341 225476

150 79779 163006 181258 195992 165219 161065 198448

165 108830 144724 158382 172457 145163 141955 174033

180 151690 130402 140683 151215 128924 126542 153125
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195 213151 118726 127421 135710 115922 112751 140541
210 259983 108407 116913 122839 103100 101359 131375
225 274535 99866 108102 115085 94890 94120 122166
240 270501 94115 101915 108195 88477 88119 113569
V. wulnificus 0 1 213789 531168 307942 1347714 1055601 262153
15 1 487114 856258 630045 1991611 2003535 2007300
30 1 576798 941143 792108 1794634 1696657 1829650
45 1 594632 818451 706894 1346586 1339767 1405968
60 1 522266 615717 460869 945798 913211 952219
75 1 410758 434206 342002 612217 601857 604524
90 1 344479 342958 278666 435925 457582 457580
105 1 290315 285935 249795 330647 365094 364821
120 1 259447 258910 235744 283586 317220 317516
135 1 230908 229131 216499 247836 272544 276344
150 1 204545 202038 193509 218007 234392 237808
165 1 177602 176419 164553 189141 199555 203905
180 1 156711 157408 148408 169433 174699 177719
195 1 141464 141739 133096 154635 156296 159311
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210 1 129729
225 1 119836
240 1 113545

0 1 213789

132140

121967

115870

531168

122313

113286

107821

307942

141701

130174

121816

1347714

143491

130883

121755

1055601

145510

133245

124107

262153

'RFU values were divided by corresponding optical density at 600 nm values for

normalization.

Table B.12. Effect of pH, temperature, and nutrient availability on mean biofilm biomass!
on LDPE? by V. parahaemolyticus and V. vulnificus.

. . Nutrient Nutrient Nutrient
Nutrient Rich Rich St d st d
Species pH (25°C) ic arve arve
(= SD) (37°C) (25°C) = (37°C) (=
. (+ SD) SD) SD)
V. 3 0.0046 0.0059 0.0037 0.0045
parahaemolyticus*
0.0050 0.0028 0.0008 0.0029
4 0.0065 0.0060 0.0040 0.0022
0.0051 0.0051 0.0031 0.0022
5 0.0139 0.0177 0.0047 0.0048
0.0075 0.0036 0.0023 0.0042
6 0.0187 0.0165 0.0057 0.0044
0.0056 0.0070 0.0030 0.0037
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7 0.0129 0.0152 0.0062 0.0026
0.0060 0.0034 0.0027 0.0020
7.4 0.0136 0.0134 0.0035 0.0043
0.0070 0.0030 0.0033 0.0038
8.1 0.0284 0.0127 0.0056 0.0046
0.0068 0.0018 0.0025 0.0046
V. vulnificus 3 0.0005 0.0012 0.0011
0.0003
0.0003 0.0010 0.0006
0.0003
4 0.0004 0.0003 0.0005 0.0007
0.0004 0.0000 0.0004 0.0001
5 0.0017 0.0018 0.0006 0.0006
0.0014 0.0016 0.0002 0.0001
6 0.0012 0.0028 0.0004 0.0005
0.0005 0.0019 0.0002 0.0001
7 0.0024 0.0032 0.0007 0.0008
0.0023 0.0041 0.0005 0.0003
7.4 0.0013 0.0013 0.0005 0.0006
0.0010 0.0008 0.0002 0.0005
8.1 0.0014 0.0003 0.0013 0.0005
0.0006 0.0003 0.0009 0.0001

1Optical density at 570 nm

2Biomass values divided by total microplastic surface area (24 mm?)

(= SD) Standard deviation

(*) Significant (+) effect of pH on biofilm biomass
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Table B.13. Effect of pH, temperature, and nutrient availability on V. parahaemolyticus
and V. vulnificus CFUs! on LDPE2,

Nutrient Nutrient

Nutrient Rich Nutrient Rich Starved Starved

Species pH (25°C) (37°C) o R
(+ SD) (+ SD) (25°C) =  (37°C) (=
SD) SD)
V. 3 0.0000 0.8148 1.5659 0.0000
parahaemolyticus

0.0000 0.5879 0.4331 0.0000

4 4.6451 2.3882 5.3602 2.8985

3.3655 1.0206 4.7049 1.8583

5 5.1112 5.1555 4.6519 3.8985

3.8583 45776 3.7792 3.2218

6 5.0969 4.8416 5.7315 4.8148

4.1594 4.2975 5.2358 4.3999

7 5.5708 4.2145 5.4731 4.9061

4.7962 3.7442 4.4952 3.8038

74 5.0292 5.3495 5.5283 4.1204

45027 4.3746 4.9526 3.2843

8.1 4.3522 4.6805 5.4327 4.7861

3.3434 4.0644 4.4649 4.1048

V. vulnificus 3 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000

4 2.6703 0.0000 2.3216 3.3782

1.1980 0.0000 1.5240 2.2843

5 3.2599 3.6051 3.7669 3.9280

2.8284 3.0005 2.7223 3.5977
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6 3.7382 3.5960 3.8485 3.5945

3.6091 3.3029 2.9796 2.6964

7 3.3413 2.1158 3.5576 3.8111
2.7303 1.6618 2.7833 3.2974

7.4 3.3955 2.9251 3.8587 3.7523
3.2345 2.0636 3.2943 2.9427

8.1 2.4987 2.1017 4.2465 3.7167
2.0178 1.4432 3.1269 2.5819

1CFU values were log transformed
2CFU values divided by total coupon surface area (24 mm?)
(x SD) Standard deviation

Table B.14. Effect of pH on mean cell colonization! on microplates from LDPE by V.
parahaemolyticus and V. vulnificus.

Nutrient Nutrient Nutrient Nutrient

Species pH Rich Rich Starved  Starved
(25°C) (37°C) (25°C) = (37°C) (=

(+SD) (+SD) SD) SD)

V. 3 0.137 0.132 0.030 0.017

parahaemolyticus

0.203 0.172 0.021 0.008

4 0.143 0.105 0.020 0.009

0.178 0.130 0.008 0.005

5 0.175 0.345 0.020 0.016

0.217 0.288 0.009 0.014

6 0.258 0.343 0.028 0.012

0.282 0.241 0.007 0.007
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7 0.251 0.325 0.018 0.009
0.209 0.098 0.007 0.007

7.4 0.138 0.343 0.016 0.013
0.035 0.248 0.011 0.009

8.1 0.129 0.320 0.018 0.014
0.014 0.031 0.009 0.016

V. vulnificus* 3 0.009 0.007 0.005 0.011
0.009 0.003 0.005 0.003

4 0.010 0.008 0.003 0.012
0.007 0.003 0.004 0.006

5 0.042 0.032 0.007 0.009
0.015 0.017 0.009 0.002

6 0.040 0.074 0.018 0.016
0.026 0.053 0.003 0.004

7 0.064 0.047 0.005 0.008
0.042 0.020 0.004 0.001

7.4 0.029 0.043 0.003 0.010
0.011 0.028 0.003 0.006

8.1 0.056 0.046 0.008 0.007
0.009 0.023 0.003 0.005

1Optical density at 570 nm
(= SD) Standard deviation

(*) Significant (+) effect of pH on biofilm biomass
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Table B.15. Effect of pH, temperature and nutrient availability on V. parahaemolyticus
and V. vulnificus CFUs! dispersed from LDPE.

Nutrient Rich  Nutrient Rich Nutrient I\Slijt”er:
Species pH (25°C) (37°C) Starved arve
( SD) ( SD) (25°C) (x SD) (3758) *
V. 3 0.0000 0.0000 0.0000 0.0000
parahaemolyticus
0.0000 0.0000 0.0000 0.0000
4 7.2050 2.1249 7.5141 6.0374
6.1868 2.1840 6.8234 5.2436
5 7.5185 8.1173 6.9138 7.6057
6.2386 7.1963 5.8997 6.6065
6 7.7297 7.6659 7.2041 7.5760
7.0402 6.5071 6.2386 6.8466
7 7.7533 7.1996 7.4150 7.5051
7.0113 6.5129 7.0187 6.6611
7.4 7.8084 7.5315 74771 7.4914
7.1868 6.9934 6.7782 6.6394
8.1 6.9294 7.6368 7.4094 7.5873
6.3356 6.9755 6.5782 6.8675
V. vulnificus 3 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000
4 4.3243 0.0000 4.1856 5.0427
3.9952 0.0000 3.4008 4.4519
5 5.5873 7.1996 5.8865 5.9085
47614 7.0451 5.0467 5.5024

207



6 5.0731 7.4430 5.5097 54771

4.9454 6.9397 4.7548 4.7955

7 4.9638 6.6690 5.3358 5.3802
4.8443 6.3118 4.6541 5.0246

7.4 5.5873 6.7243 5.7132 4.9853
45071 6.2944 4.9578 4.4008

8.1 5.6812 6.8573 5.6092 5.3358
5.1139 6.7300 4.8466 4.9755

1CFU values were log transformed
(x SD) Standard deviation

Table B.16. Effect of pH on mean biofilm biomass* on PP? by V. parahaemolyticus and
V. vulnificus.

Nutrient  Nutrient Nutrient Nutrient

Species pH Rich Rich Starved  Starved
(25°C) (37°C) (25°C) (= (37°C) =
(+ SD) (£ SD) SD) SD)
V. 3 0.0039 0.0070 0.0099 0.0095
parahaemolyticus
0.0015 0.0078 0.0049 0.0052
4 0.0067 0.0042 0.0085 0.0098
0.0052 0.0041 0.0021 0.0063
5 0.0207 0.0040 0.0084 0.0036
0.0129 0.0032 0.0017 0.0044
6 0.0149 0.0087 0.0090 0.0030
0.0068 0.0096 0.0033 0.0029

208



7 0.0126 0.0070 0.0131 0.0087
0.0088 0.0041 0.0077 0.0046

7.4 0.0089 0.0051 0.0086 0.0098
0.0021 0.0047 0.0027 0.0040

8.1 0.0151 0.0106 0.0093 0.0092
0.0032 0.0013 0.0062 0.0001

V. vulnificus 3 0.0003 0.0002 0.0002 0.0001
0.0004 0.0002 0.0002 0.0001

4 0.0004 0.0006 0.0001 0.0002
0.0003 0.0004 0.0000 0.0001

5 0.0011 0.0008 0.0001 0.0001
0.0012 0.0000 0.0001 0.0001

6 0.0007 0.0017 0.0001 0.0002
0.0002 0.0005 0.0000 0.0001

7 0.0007 0.0015 0.0001 0.0002
0.0007 0.0010 0.0001 0.0001

7.4 0.0003 0.0011 0.0001 0.0000
0.0001 0.0007 0.0001 0.0001

8.1 0.0008 0.0004 0.0001 0.0001
0.0005 0.0001 0.0001 0.0001

1Optical density at 570 nm

2Biomass values divided by total microplastic surface area (24 mm?)

(= SD) Standard deviation
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Table B.17. Effect of pH, temperature, and nutrient availability on V. parahaemolyticus
and V. vulnificus CFUs! on PP2.

Nutrient Nutrient Nutrient Nutrient
Species pH Rich (25°C) Rich (37°C) Starved Starved
(+ SD) (+ SD) (25°C) (zsb) (37°C) (= SD)
V. 3 1.8157 0.0000 0.0000 0.0000
parahaemolyti

cus 0.5740 0.0000 0.0000 0.0000

4 5.2326 1.7901 5.1761 4.7002
4.2218 0.8810 4.4039 3.7728

5 4.8248 4.3882 5.3522 5.2145
3.9694 3.5749 4.0423 4.4952

6 5.1680 4.0235 5.4237 5.4145
4.1653 3.7833 4.3999 46411

7 4.4480 5.6255 5.3010 5.4003
3.5879 45879 42218 45495

7.4 4.8822 4.6212 5.2290 5.1996
3.8985 3.8413 45776 3.6198

8.1 5.2255 4.2396 5.2533 46741
45101 3.4432 4.0969 3.8102

V. vulnificus 3 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000

4 0.0000 0.0000 3.1065 3.9351
0.0000 0.0000 23812 2.8657

5 2.9280 3.0474 3.2919 3.6612
2.4432 2.3878 2.6262 2.0969
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6 2.6638 2.1513 4.0000 3.8909

2.0936 2.0286 3.0423 2.6823

7 2.1427 1.5406 3.4751 3.9406
1.3216 0.3812 2.8259 25101

7.4 2.7638 3.0921 3.9001 3.7179
2.3620 2.3607 3.1064 3.1523

8.1 2.1721 1.9351 3.8073 3.7304
1.7478 1.4990 2.8591 3.1438

1CFU values were log transformed
2CFU values divided by total coupon surface area (24 mm?)
(x SD) Standard deviation

Table B.18. Effect of pH on mean cell colonization! on microplates from PP by V.
parahaemolyticus and V. vulnificus.

Nutrient Rich  Nutrient Rich Nutrient Nutrient
Species pH (25°C) (37°C) Starved Starved
(£ SD) (£ SD) (25°C) +sp)  (37°C) (+sD)
V. 3 0.021 0.044 0.012 0.015
parahaemolyticu
st 0.011 0.029 0.006 0.007
4 0.024 0.029 0.023 0.030
0.011 0.009 0.010 0.006
5 0.074 0.115 0.023 0.016
0.023 0.031 0.008 0.016
6 0.059 0.218 0.021 0.018
0.013 0.107 0.007 0.015
7 0.104 0.287 0.028 0.016
0.017 0.077 0.007 0.008
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7.4 0.089 0.232 0.029 0.029
0.004 0.057 0.004 0.010

8.1 0.111 0.263 0.026 0.029
0.045 0.026 0.006 0.008

V. vulnificus* 3 0.004 0.011 0.006 0.004
0.004 0.011 0.005 0.001

4 0.007 0.005 0.005 0.006
0.006 0.003 0.005 0.006

5 0.016 0.020 0.007 0.007
0.008 0.022 0.005 0.003

6 0.020 0.073 0.004 0.009
0.010 0.026 0.003 0.005

7 0.032 0.071 0.005 0.008
0.014 0.038 0.003 0.003

7.4 0.028 0.049 0.005 0.005
0.003 0.038 0.004 0.004

8.1 0.052 0.037 0.010 0.011
0.016 0.008 0.009 0.001

1Optical density at 570 nm
(x SD) Standard deviation

(*) Significant effect of pH on biofilm biomass

(#) Synergistic significant effect of pH, temperature, and nutrient content on biofilm

biomass
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Table B.19. Effect of pH, temperature, and nutrient availability on V. parahaemolyticus
and V. vulnificus CFUs? dispersed from PP.

Nutrient Nutrient  Nutrient Nutrient
Species pH Rich Rich Starved  Starved
(25°C) (37°C) (25°C) = (37°C) (=
(+SD) (+SD) SD) SD)
V. 3 0.0000 0.0000 0.0000 0.0000
parahaemolyticus
0.000 0.000 0.000 0.000
4 7.3754 3.3153 7.3617 7.5911
6.243 2.859 6.893 7.000
5 7.5399 7.7782 7.7508 7.5948
6.318 7.551 6.702 6.983
6 7.5523 7.6812 7.7104 7.7104
6.710 7.268 7.185 6.665
7 7.9226 7.8409 7.4037 7.6690
7.663 7.486 6.755 7.001
7.4 7.6402 7.9412 7.3010 7.5006
6.546 7.040 6.778 6.318
8.1 7.8751 7.9777 7.4150 7.3741
7.149 7.221 6.845 6.184
V. vulnificus 3 0.0000 0.0000 0.0000 0.0000
0.000 0.000 0.000 0.000
4 0.0000 0.0000 2.8239 5.3188
0.000 0.000 2.485 4703
5 6.4276 5.6368 5.7993 5.6990
5.838 5.001 5516 5.114
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7.4

8.1

5.1249

4.741

4.8939

4.288

5.8958

5.091

5.0792

4.984

6.2529

5.980

6.4314

6.168

6.3424

5.980

6.3153

5.363

5.6163

5.259

4.9226

4.411

5.5006

4.546

5.4960

4.768

5.5721

4.813

5.2711

3.761

4.9853

4.184

5.6021

4784

1CFU values were log transformed
(= SD) Standard deviation

Table B.20. Effect of pH on mean biofilm biomass! on PS? by V. parahaemolyticus and

V. vulnificus.

Nutrient Nutrient  Nutrient Nutrient
Species pH Rich Rich Starved  Starved
(25°C) (37°C) (25°C) = (37°C) =
(+SD) (+ SD) SD) SD)
V. 3 0.0013 0.0006 0.0038 0.0021
parahaemolyticus
0.0012 0.0007 0.0008 0.0017
4 0.0009 0.0000 0.0040 0.0068
0.0015 0.0000 0.0019 0.0073
5 0.0049 0.0015 0.0076 0.0046
0.0055 0.0025 0.0030 0.0037
6 0.0047 0.0023 0.0089 0.0064
0.0048 0.0037 0.0015 0.0106
7 0.0039 0.0016 0.0088 0.0016
0.0046 0.0021 0.0055 0.0011
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7.4 0.0053 0.0016 0.0048 0.0024

0.0051 0.0026 0.0014 0.0002

8.1 0.0084 0.0020 0.0047 0.0037
0.0030 0.0014 0.0019 0.0011

V. vulnificus 3 0.0017 0.0015 0.0001 0.0016
0.0021 0.0013 0.0002 0.0008

4 0.0004 0.0008 0.0001 0.0024
0.0003 0.0009 0.0001 0.0010

5 0.0031 0.0031 0.0003 0.0056
0.0038 0.0011 0.0004 0.0032

6 0.0013 0.0028 0.0021 0.0062
0.0000 0.0010 0.0019 0.0021

7 0.0027 0.0022 0.0004 0.0020
0.0047 0.0012 0.0003 0.0005

7.4 0.0020 0.0015 0.0012 0.0017
0.0017 0.0003 0.0019 0.0014

8.1 0.0058 0.0021 0.0010 0.0008
0.0004 0.0017 0.0007 0.0002

1Optical density at 570 nm
?Biomass values divided by total microplastic surface area (14 mm?)
(= SD) Standard deviation

Table B.21. Effect of pH, temperature, and nutrient availability on V. parahaemolyticus
and V. vulnificus CFUs on PS2.
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Nutrient Nutrient Nutrient  Nutrient
Species pH Rich Rich Starved Starved
(25°C) (37°C) (25°C) = (37°C) =
(= SD) (+SD) SD) SD)
V. 3 0.0000 0.0000 0.0000 0.0000
parahaemolyticus
0.0000 0.0000 0.0000 0.0000
4 4.3021 0.0000 4.6927 3.9208
3.1802 0.0000 3.7943 3.3143
5 4.3499 4.8953 5.9531 4.8255
3.9012 3.8539 4.9878 3.8830
6 3.9874 3.6842 4.6969 4.4907
3.1721 2.5948 4.0254 3.7048
7 3.9306 3.8539 4.8953 4.5643
2.9783 3.2764 4.1549 40754
7.4 3.8495 4.0202 47251 4.8466
2.9967 3.4604 3.3143 3.8063
8.1 47385 4.4559 4.3680 47251
3.9936 3.5150 3.4604 4.1039
V. vulnificus 3 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000
4 1.8081 0.0000 2.0395 2.3010
0.8539 0.0000 1.4733 1.2764
5 2.3768 3.7385 3.8081 3.7606
2.3610 3.1451 2.9678 3.1551
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7.4

8.1

3.7712

3.5106

2.3768

1.6153

3.6799

3.5404

2.4061

1.9819

4.2593

3.8719

2.9485

2.3686

3.9711

3.2440

2.2341

1.4108

4.1469

2.8546

3.9450

2.6153

3.9895

3.5080

3.9082

3.0379

3.9599

2.7331

3.3545

2.7614

3.9379

3.3674

4.0516

3.2702

1CFU values were log transformed

2CFU values divided by total coupon surface area (14 mm?)

(x SD) Standard deviation

Table B.22. Effect of pH on mean cell colonization! on microplates from PS by V.

parahaemolyticus and V. vulnificus.

Nutrient  Nutrient Nutrient Nutrient
Species pH Rich Rich Starved  Starved
(25°C) (37°C) (25°C) = (37°C) (=
(+SD) (+SD) SD) SD)
0.002 0.004 0.001 0.003
V. 3 0.007 0.007 0.000 0.007
parahaemolyticus# ' ' ‘ '
0.011 0.005 0.003 0.007
4 0.006 0.018 0.006 0.008
0.016 0.022 0.004 0.008
5 0.026 0.026 0.005 0.006
0.030 0.113 0.030 0.030
6 0.021 0.102 0.018 0.016
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0.026 0.026 0.004 0.003

7 0.013 0.056 0.002 0.006
0.024 0.071 0.002 0.008

74 0.045 0.061 0.000 0.001
0.058 0.030 0.006 0.007

8.1 0.006 0.032 0.011 0.003
0.007 0.010 0.000 0.009

V. vulnificus 3 0.004 0.005 0.001 0.000
0.006 0.019 0.003 0.015

4 0.009 0.005 0.005 0.001
0.032 0.033 0.005 0.009

5 0.019 0.013 0.004 0.000
0.035 0.152 0.016 0.013

6 0.004 0.039 0.041 0.008
0.041 0.123 0.007 0.006

! 0.007 0.020 0.006 0.001
0.065 0.131 0.000 0.012

.4 0.016 0.025 0.001 0.000
0.006 0.032 0.006 0.008

8.1 0.011 0.010 0.008 0.002

1Optical density at 570 nm
(x SD) Standard deviation

(#) Synergistic significant effect of pH, temperature, and nutrient content on biofilm

biomass
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Table B.23. Effect of pH, temperature, and nutrient availability on V. parahaemolyticus
and V. vulnificus CFUs! dispersed from PS.

Nutrient Rich  Nutrient Rich Nutrient Nutrient
Species pH (25°C) (37°C) Starved Starved
(+ SD) (+ SD) (25°C) (= sD) (37°C) (= sD)
V. 3 0.0000 0.0000 0.0000 0.0000
parahaemolyticu

S 0.000 0.0000 0.0000 0.0000

4 6.1184 0.0000 5.9927 6.6690
5.1338 0.0000 5.2765 5.7103

5 6.2625 7.5836 6.2553 6.4914
5.6069 6.3184 5.0000 5.7955

6 6.0768 7.3741 6.1249 6.7188
5.6568 7.0050 5.5782 6.0174

7 6.7351 7.5315 6.1563 6.1249
6.4167 6.8997 5.6541 6.0914

7.4 6.8633 7.4914 5.9700 6.5836
6.4496 6.8997 53184 5.8082

8.1 6.4367 7.4674 6.3680 6.1761
5.8234 6.7103 5.8234 5.5570

V. vulnificus 3 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000

4 2.8282 0.0000 3.2937 4.0531
2.8648 0.0000 2.7103 2.9542

5 4.9853 7.1663 4.3862 5.3490
4.4834 6.9687 3.8830 45071
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6 5.1139 5.2131 4.9868 4.8653

4.6484 4.8509 4.2893 4.4329

7 5.5643 6.5682 5.0000 3.8846
5.0559 6.1178 4.4225 3.3184

7.4 4.9260 7.2005 5.4094 5.3082
4.5695 6.7873 45071 4.7548

8.1 5.1461 7.4634 5.1357 5.0000
4.8167 6.5086 4.7410 4.2386

1CFU values were log transformed
(= SD) Standard deviation

Table B.24. Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
biomass?, biofilm cell?, cell colonization® and cell dispersal? values on/from LDPE3, PP3
and PS* in nutrient rich media compared to nutrient starved.

Surface Type Coefficient p
V. parahaemolyticus LDPE Biofilm Biomass 0.21 1.00
Biofilm Cells -3.5E04 1.00
Cell Colonization -0.11 1.00
Cell Dispersal 6.2E06 1.00
PP Biofilm Biomass 0.11 1.00
Biofilm Cells -1.3E03 1.00
Cell Colonization 0.04 1.00
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Cell Dispersal 5.1E07 0.98

PS Biofilm Biomass 0.92 0.64
Biofilm Cells 3.2E05 1.00

Cell Colonization 0.03 1.00

Cell Dispersal 2.6E06 1.00

V. vulnificus LDPE Biofilm Biomass 2.32E02 1.00
Biofilm Cells -8.8E03 0.76

Cell Colonization 2.02E-02 1.00

Cell Dispersal 1.2E04 1.00

PP Biofilm Biomass -0.004 1.00
Biofilm Cells -3.8E03 1.00

Cell Colonization 0.029 1.00

Cell Dispersal -6.6E05 1.00

PS Biofilm Biomass 0.006 1.00
Biofilm Cells -4.1E03 1.00

Cell Colonization 0.02 1.00

Cell Dispersal -2.72E-04 1.00

1Optical density at 570 nm

2CFU values were log transformed

3Biofilm biomass and CFU values on plastic divided by total coupon surface area (24
mm?)

“Biofilm biomass and CFU values on plastic divided by total coupon surface area (14
mm?)
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Table B.25. Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
biomass?, biofilm cell?, cell colonization® and cell dispersal? values on/from LDPE?, PP?
and PS* at 37°C compared to 25°C.

Surface Type Coefficient p
V. parahaemolyticus LDPE Biofilm Biomass 0.22 1.00
Biofilm Cells -7.2E02 1.00
Cell Colonization -0.13 1.00
Cell Dispersal 2.4E07 1.00
PP Biofilm Biomass -0.02 1.00
Biofilm Cells -1.2E05 1.00
Cell Colonization -0.1 0.17
Cell Dispersal -2.5E07 1.00
PS Biofilm Biomass 0.07 1.00
Biofilm Cells 1.9E04 1.00
Cell Colonization -0.06 0.29
Cell Dispersal -1.5E07 1.00
V. vulnificus LDPE Biofilm Biomass 1.47E-02 1.00
Biofilm Cells 1.3E02 1.00
Cell Colonization -1.11E-05 1.00
Cell Dispersal 2.2E06 1.00
PP Biofilm Biomass -0.003 1.00
Biofilm Cells -7.7E01 1.00
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Cell Colonization 0.005 1.00

Cell Dispersal -2.2E06 0.29

PS Biofilm Biomass 0.03 1.00
Biofilm Cells 1.4E03 1.00

Cell Colonization 0.006 1.00

Cell Dispersal -1.4E-07 0.78

10Optical density at 570 nm

2CFU values were log transformed

3Biofilm biomass and CFU values on plastic divided by total coupon surface area (24
mm?)

“Biofilm biomass and CFU values on plastic divided by total coupon surface area (14
mm?)

Table B.26. Statistical comparison of effect of pH on V. parahaemolyticus and V.
vulnificus biofilm biomass?, biofilm cell?, cell colonization® and cell dispersal? values
on/from LDPE?, PP? and PS*.

Surface Type Coefficient p
V. parahaemolyticus LDPE Biofilm Biomass 0.08* <0.01
Biofilm Cells 2.4E04 1.00
Cell Colonization 0.005 1.00
Cell Dispersal 7.1E06 1.00
PP Biofilm Biomass 0.03 0.74
Biofilm Cells 1.0E04 1.00
Cell Colonization 0.02* <0.01
Cell Dispersal 1.3E07* <0.05
PS Biofilm Biomass 0.02 0.09
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Biofilm Cells 4.6E03 1.00

Cell Colonization 0.01* <0.05

Cell Dispersal 1.0E06 1.00

V. vulnificus LDPE Biofilm Biomass 6.34E-03 0.87
Biofilm Cells 3.0E02 1.00

Cell Colonization 8.8E-03* <0.05

Cell Dispersal 7.2E04 1.00

PP Biofilm Biomass 0.001 1.00
Biofilm Cells 4.2E01 1.00

Cell Colonization 0.008* <0.05

Cell Dispersal -2.0E04 1.00

PS Biofilm Biomass 0.008 0.59
Biofilm Cells 4.5E02 1.00

Cell Colonization 0.008 0.71

Cell Dispersal 4.06E-04 1.00

1Optical density at 570 nm

2CFU values were log transformed

3Biofilm biomass and CFU values on plastic divided by total coupon surface area (24
mm?)

“Biofilm biomass and CFU values on plastic divided by total coupon surface area (14
mm?)

*Significant increase (+) /decrease (-) in biofilm biomass/cell colonization or cell
dispersal
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Table B.27. Statistical comparison of effect of pH on V. parahaemolyticus and V.
vulnificus biofilm biomass?, biofilm cell?, cell colonization® and cell dispersal® values
on/from LDPE?, PP and PS* in nutrient rich media compared to nutrient starved.

Surface Type Coefficient p
V. parahaemolyticus LDPE Biofilm Biomass -0.07 0.053
Biofilm Cells 3.2E04 1.00
Cell Colonization -0.007 1.00
Cell Dispersal -3.3E06 1.00
PP Biofilm Biomass -0.02 1.00
Biofilm Cells 1.5E04 1.00
Cell Colonization -0.01 0.27
Cell Dispersal -1.1E07 0.37
PS Biofilm Biomass -0.01 1.00
Biofilm Cells -3.0E04 1.00
Cell Colonization -0.01 0.23
Cell Dispersal -7.3E05 1.00
V. vulnificus LDPE Biofilm Biomass -6.41 1.00
Biofilm Cells 2.2E03 0.11
Cell Colonization -8.43 0.27
Cell Dispersal -2.6E03 1.00
PP Biofilm Biomass -0.001 1.00
Biofilm Cells 1.3E03 0.41
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Cell Colonization -0.008 0.28

Cell Dispersal 6.4E04 1.00

PS Biofilm Biomass -0.003 1.00
Biofilm Cells 1.3E03 1.00

Cell Colonization -0.007 1.00

Cell Dispersal -2.79E-02 1.00

10Optical density at 570 nm

2CFU values were log transformed

3Biofilm biomass and CFU values on plastic divided by total coupon surface area (24
mm?)

“Biofilm biomass and CFU values on plastic divided by total coupon surface area (14
mm?)

*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal

Table B.28. Statistical comparison of effect of pH on V. parahaemolyticus and V.
vulnificus biomass?, biofilm cell?, cell colonization® and cell dispersal? values on/from
LDPE?, PP® and PS* at 37°C compared to 25°C.

Surface Type Coefficient p

V. parahaemolyticus LDPE Biofilm Biomass -0.04 0.62
Biofilm Cells -6.1E03 1.00

Cell Colonization 0.04 0.11

Cell Dispersal -3.2E06 1.00

PP Biofilm Biomass -0.02 1.00

Biofilm Cells 1.8E04 1.00
Cell Colonization 0.03* <0.001

Cell Dispersal 5.9E06 1.00
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PS Biofilm Biomass -0.02 0.34

Biofilm Cells -3.1E03 1.00

Cell Colonization 0.02* <0.01

Cell Dispersal 5.3E06 0.07

V. vulnificus LDPE Biofilm Biomass -1.6E-03 1.00
Biofilm Cells -3.2E02 1.00

Cell Colonization 1.49E-04 1.00

Cell Dispersal 1.1E06 1.00

PP Biofilm Biomass 0.001 1.00
Biofilm Cells 2.4E01 1.00

Cell Colonization 0.001 1.00

Cell Dispersal 3.7E05 0.051

PS Biofilm Biomass -0.006 1.00
Biofilm Cells 3.1E02 1.00

Cell Colonization 0.001 1.00

Cell Dispersal 4.04E-06 0.06

1Optical density at 570 nm

2CFU values were log transformed

3Biofilm biomass and CFU values on plastic divided by total coupon surface area (24
mm?)

“Biofilm biomass and CFU values on plastic divided by total coupon surface area (14
mm?)

*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal

227



Table B.29. Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
biomass?, biofilm cell?, cell colonization® and cell dispersal? values on/from LDPE3, PP3
and PS*at 37°C and nutrient starved media compared to 25°C and nutrient rich media.

Surface Type Coefficient p
V. parahaemolyticus LDPE Biofilm Biomass -0.22 1.00
Biofilm Cells 5.1E04 1.00
Cell Colonization 0.11 1.00
Cell Dispersal -3.8E07 1.00
PP Biofilm Biomass -0.01 1.00
Biofilm Cells 9.8E05 1.00
Cell Colonization 0.11 0.62
Cell Dispersal 2.2E07 1.00
PS Biofilm Biomass -0.03 1.00
Biofilm Cells -3.5E05 1.00
Cell Colonization 0.07 0.61
Cell Dispersal 1.4E07 1.00
V. vulnificus LDPE Biofilm Biomass -6.19E-03 1.09
Biofilm Cells 6.7E03 1.00
Cell Colonization 9.02E-03 1.00
Cell Dispersal -1.9E06 1.00
PP Biofilm Biomass 0.002 1.00
Biofilm Cells 5.7E03 1.00
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Cell Colonization -0.007 1.00

Cell Dispersal 2.6E06 0.9

PS Biofilm Biomass 0.03 1.00
Biofilm Cells -1.9E03 1.00

Cell Colonization -0.002 1.00

Cell Dispersal 1.45E-07 1.00

10Optical density at 570 nm

2CFU values were log transformed

3Biofilm biomass and CFU values on plastic divided by total coupon surface area (24
mm?)

“Biofilm biomass and CFU values on plastic divided by total coupon surface area (14
mm?)

*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal

Table B.30. Statistical comparison of effect of pH on V. parahaemolyticus and V.
vulnificus biofilm biomass?, biofilm cell?, cell colonization® and cell dispersal? values
on/from LDPE?, PP and PS* at 37°C and nutrient starved media compared to 25°C and
nutrient rich media.

Surface Type Coefficient p
V. parahaemolyticus LDPE Biofilm Biomass 0.04 1.00
Biofilm Cells -3.8E04 1.00
Cell Colonization -0.04 0.63
Cell Dispersal 6.8E06 1.00
PP Biofilm Biomass 0.015 1.00
Biofilm Cells -1.9E4 1.00
Cell Colonization -0.04* <0.01
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Cell Dispersal -4.7E06 1.00

PS Biofilm Biomass 0.009 1.00
Biofilm Cells 3.9E04 1.00
Cell Colonization -0.02* <0.05
Cell Dispersal -5.5E06 0.35
V. vulnificus LDPE Biofilm Biomass -9.17E-03 1.00
Biofilm Cells -1.3E03 1.00
Cell Colonization -1.11E-03 1.00
Cell Dispersal -1.1E06 1.00
PP Biofilm Biomass -0.002 1.00
Biofilm Cells -7.5E02 1.00
Cell Colonization -0.001 1.00
Cell Dispersal -5.0E05 0.31
PS Biofilm Biomass 3.0E-04 1.00
Biofilm Cells -4.6E02 1.00
Cell Colonization -0.002 1.00
Cell Dispersal -4.06E-06 0.4

1Optical density at 570 nm

2CFU values were log transformed

3Biofilm biomass and CFU values on plastic divided by total coupon surface area (24
mm?)

“Biofilm biomass and CFU values on plastic divided by total coupon surface area (14
mm?)

*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal
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Table B.31. Effect of media composition on overall mean biofilm biomass® by V.
parahaemolyticus and V. vulnificus.

: SGF (25°C) ¢+  SGF (37°C) =  SIF (25°C) SIF (37°C) HP';M HP';M
Species . (25°C) (37°C)
) SD) (£ SD) (£ SD)
(£ SD) (£ SD)
V. 0.947 1.106 1.822 1.785 2980  2.889
parahaemolyticus
0.296 0.144 0.627 0.339 0.325 0.488
V. vulnificus 0.088 0.137 0.091 0.178 0.491 0.580
0.059 0.107 0.091 0.111 0.040 0.146

1Optical density at 570 nm
(x SD) Standard deviation

Table B.32. Effect of media composition on mean overall final® V. parahaemolyticus and
V. vulnificus cell dispersal? values.

o o SIF SIF HPLM HPLM
Species SGF (52; O  SGF (S3D7) O sc)  @ro)  @5°C) (67°0)
(+ SD) (+ SD) (+ SD) (+ SD)
V. 0.002 0.000 0.000 0.000 0.013  0.008
parahaemolyticus
0.001 0.000 0.000 0.000 0.012 0.008
V. vulnificus 0.000 0.000 0.000 0.000 0.030 0.059
0.000 0.000 0.000 0.000 0.000 0.004

1Original starting values were subtracted from final values after exposure.
2QOptical density at 600 nm
(x SD) Standard deviation

Table B.33. Statistical comparison of V. parahaemolyticus and V. vulnificus overall

biofilm biomass* and cell dispersal? values in different simulated human medias at 37°C
compared to 25°C.
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Media Type Coefficient p
V. parahaemolyticus SGF Biofilm Biomass -0.06 1.00
Cell Dispersal -0.02 1.00
SIF Biofilm Biomass -0.5 1.00
Cell Dispersal -0.02 1.00
HPLM Biofilm Biomass -0.12 1.00
Cell Dispersal -0.03 1.00
V. vulnificus SGF Biofilm Biomass -0.05 1.00
Cell Dispersal -0.04 1.00
SIF Biofilm Biomass -0.05 1.00
Cell Dispersal -0.04 1.00
HPLM Biofilm Biomass 0.11 1.00
Cell Dispersal -0.01 1.00

1Optical density at 570 nm
2Optical density at 600 nm

*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal

Table B.34. Statistical comparison of V. parahaemolyticus and V. vulnificus overall

biofilm biomass* and cell dispersal? values in different simulated human medias

compared to respective MSYE with similar pH.

Media Type Coefficient p
V. parahaemolyticus SGF Biofilm Biomass -0.47 1.00
Cell Dispersal -0.04 1.00
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SIF Biofilm Biomass -0.75 1.00

Cell Dispersal -0.04 1.00

HPLM Biofilm Biomass 1.46 0.35

Cell Dispersal -0.03 1.00

V. vulnificus SGF Biofilm Biomass -0.08 1.00
Cell Dispersal -0.03 1.00

SIF Biofilm Biomass -0.11 1.00

Cell Dispersal -0.03 1.00

HPLM Biofilm Biomass 0.37* <0.05

Cell Dispersal -0.001 1.00

1Optical density at 570 nm
2Optical density at 600 nm
*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal

Table B.35. Statistical comparison of V. parahaemolyticus and V. vulnificus overall
biofilm biomass* and cell dispersal? values in different simulated human medias at 37°C
compared to MSYE and 25°C.

Media Type Coefficient p
V. parahaemolyticus SGF Biofilm Biomass -0.06 1.00
Cell Dispersal -0.03 1.00
SIF Biofilm Biomass -0.51 1.00
Cell Dispersal -0.02 1.00
HPLM Biofilm Biomass -0.13 1.00
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Cell Dispersal -0.03 1.00

V. vulnificus SGF Biofilm Biomass -0.06 1.00
Cell Dispersal -0.04 1.00

SIF Biofilm Biomass -0.06 1.00

Cell Dispersal -0.04 1.00

HPLM Biofilm Biomass 0.01 1.00

Cell Dispersal -0.01 1.00

1Optical density at 570 nm
2Optical density at 600 nm

Table B.36. Statistical comparison of V. vulnificus overall biofilm biomass® and cell
dispersal? values in different simulated human medias compared to V. parahaemolyticus.

Media Type Coefficient p
V. vulnificus SGF Biofilm Biomass -1.4* <0.01
Cell Dispersal -0.01 1.00
SIF Biofilm Biomass -1.4* <0.01
Cell Dispersal -0.01 1.00
HPLM Biofilm Biomass -1.4* <0.01
Cell Dispersal -0.02 1.00

1Optical density at 570 nm
2QOptical density at 600 nm
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*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal

Table B.37. Statistical comparison of V. vulnificus overall biofilm biomass* and cell
dispersal? values in different simulated human medias at 37 °C compared to V.
parahaemolyticus and 25°C.

Media Type Coefficient p
V. vulnificus SGF Biofilm Biomass 0.04 1.00
Cell Dispersal 0.02 1.00
SIF Biofilm Biomass 0.04 1.00
Cell Dispersal 0.02 1.00
HPLM Biofilm Biomass 0.04 1.00
Cell Dispersal 0.02 1.00

1Optical density at 570 nm
2QOptical density at 600 nm
*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal

Table B.38. Statistical comparison of V. vulnificus overall biofilm biomass and cell
dispersal? values in different simulated human medias compared to MSYE and V.
parahaemolyticus.

Media Type Coefficient p
V. vulnificus SGF Biofilm Biomass 0.4 1.00
Cell Dispersal 0.01 1.00
SIF Biofilm Biomass 0.6 1.00
Cell Dispersal 0.01 1.00
HPLM Biofilm Biomass -1.1 0.52
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Cell Dispersal 0.03 1.00

!Optical density at 570 nm
2QOptical density at 600 nm
*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal

Table B.39. Statistical comparison of V. vulnificus overall biofilm biomass® and cell
dispersal? values in different simulated human medias at 37°C compared to MSYE, 25°C
and V. parahaemolyticus.

Media Type Coefficient p
V. vulnificus SGF Biofilm Biomass 2.5E-04 1.00
Cell Dispersal -0.02 1.00
SIF Biofilm Biomass 0.45 1.00
Cell Dispersal -0.02 1.00
HPLM Biofilm Biomass 0.14 1.00
Cell Dispersal 0.01 1.00

1Optical density at 570 nm
2QOptical density at 600 nm
*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal

Table B.40. Effect of media composition on V. parahaemolyticus and V. vulnificus
overall biofilm metabolic activity?.

Species Time (mins) SGF SIF HPLM
V. parahaemolyticus 0 69553 80945 52938
15 1 3943 332720
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30 1 5538 404464
45 1 9409 318552
60 24 13741 244572
75 3 17750 208055
90 82 20823 169183
105 88 23614 147350
120 40 25607 126688
135 174 31055 112723
150 77 30834 98846
165 362 35176 89673
180 89 34803 82599
195 429 40118 75411
210 420 40754 69570
225 459 43518 64180
240 951 41949 57442
V. vulnificus 0 610318 250145 69480
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'RFU values were divided by corresponding optical density at 600 nm values for
normalization.

Table B.41. Effect of media composition on mean biofilm biomass! on LDPE? by V.

parahaemolyticus and V. vulnificus.

Species SGF (25°C) (= SGF (37°C) = SIF (25°C) SIF (37°C) |_|2|;LCM '_;';LCM
P sD) sD) (+SD) (+SD) (25°C)  (37°C)
(+SD) (+ SD)
V. 0.0218 0.0091 0.0220 0.0169  0.0158 0.0057
parahaemolyticus
0.0077 0.0036 0.0085 0.0059 0.0077 0.0071
V. vulnificus 0.0005 0.0004 0.0003 0.0001  0.0028 0.0056
0.0000 0.0001 0.0001 0.0001 0.0017 0.0016
1Optical density at 570 nm
2Biomass values divided by total microplastic surface area (24 mm?)
(x SD) Standard deviation
Table B.42. Effect of media composition on mean CFUs! on LDPE? by V.
parahaemolyticus and V. vulnificus.
. SIF SIF  HPLM HPLM
Species  SGF (25°C) (« sD) SG(F+(53D7) S (2sc) @ro) @5°C) (@37°C)
- (+SD) (*SD)  (£SD) ( SD)
V. parahaemolyticus 0.0000 0.0000 4.6892 0.0000 5.8985 5.4851
0.0000 0.0000 4.4200 0.0000 5.3655 4.3129
V. vulnificus 0.0000 0.0000 0.0000 0.0000 4.1680 3.8669
0.0000 0.0000 0.0000 0.0000 3.6705 3.1653

1CFU values were log transformed
2CFU values divided by total coupon surface area (24 mm?)
(x SD) Standard deviation
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Table B.43. Effect of media composition on mean cell colonization' on microplates from
LDPE by V. parahaemolyticus and V. vulnificus.

. SGF (25°C) (= SGF (37°C) = SIF (25°C) SIF (37°C) HPOLM HP';M
Species . (25°C) (37°C)
) SD) (£ SD) (£ SD)
(+ SD) (xSD)
V. 0.0756 0.0591 0.0293 0.0549 0.0682 0.0369
parahaemolyticus

0.0344 0.0090 0.0103 0.0154 0.0083 0.0228

V. vulnificus 0.0009 0.0252 0.0000 0.0220 0.1455 0.2182
0.0016 0.0112 0.0000 0.0043 0.1023 0.0739

1Optical density at 570 nm
(= SD) Standard deviation

Table B.44. Effect of media composition on mean CFUs! dispersed from LDPE by V.
parahaemolyticus and V. vulnificus.

HPLM HPLM

. SGF (25°C) (= SGF (37°C) = SIF (25°C) SIF (37°C) s .
Species SD) SD) (£ SD) (£ SD) (25°C)  (37°C)
(£ SD) (£ SD)
V. 0.0000 0.0000 5.0374 0.0000 7.4260 7.5984
parahaemolyticus
0.0000 0.0000 4.1799 0.0000 6.6065 6.5455
V. vulnificus 0.0000 0.0000 0.0000 0.0000 5.8902 5.9853
0.0000 0.0000 0.0000 0.0000 5.3334 5.6065

1CFU values were log transformed.
(= SD) Standard deviation

Table B.45. Effect of media composition on mean biofilm biomass! on PP? by V.
parahaemolyticus and V. vulnificus.

SIF SIF HPLM HPLM

Species  SGF (25°C) esp) oCF (S3D7) O sc) @rrc) (25°C) (37°C)
(+SD)  (£SD)  (£SD)  (+SD)
0.0130 00058 00237 00086 0.0201 0.0102

V. parahaemolyticus
0.0025 0.0008 0.0048 0.0012 0.0038 0.0086
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0.0001 00002 00000 00000 00006 ©-0018

V. vulnificus
0.0002 0.0001 0.0000 0.0000 0.0005 0.0004

!Optical density at 570 nm
Biomass values divided by total microplastic surface area (24 mm?)
(x SD) Standard deviation

Table B.46. Effect of media composition on mean CFUs! on PP? by V. parahaemolyticus
and V. vulnificus.

. . SIF SIF HPLM HPLM
Species SGF (82;’) C)e  SGF (53D7) O 50y  @ro)  @5C) (37°0)
(+ SD) (+ SD) *SD)  (+SD)
V. 0.0000 0.0000 36572 00000 53245 53930
parahaemolyticus
0.0000 0.0000 2.7997 0.0000 4.5749 4.0206
V_vulnificus 0.0000 0.0000 0.0000 00000 32033 33705
0.0000 0.0000 0.0000 0.0000 2.4432 2.6205

1CFU values were log transformed
2CFU values divided by total coupon surface area (24 mm?)
(= SD) Standard deviation

Table B.47. Effect of media composition on mean cell colonization® on microplates from
PP by V. parahaemolyticus and V. vulnificus.

HPLM HPLM
(25°C)  (37°C)
(+SD)  (xSD)

V. 0.0476 0.0378 0.0340 0.0444 0.0482 0.0381
parahaemolyticus

SGF (25°C) = SGF (37°C) =  SIF (25°C) SIF (37°C)

Species
SD) SD) (x SD) (x SD)

0.0039 0.0162 0.0033 0.0045 00173 0.0258
V. wulnificus 0.0000 0.0225 0.0000 0.0482  0.0158 0.0436
0.0000 0.0069 0.0000 0.0501 0.0075  0.0080

1Optical density at 570 nm
(x SD) Standard deviation

241



Table B.48. Effect of media composition on mean CFUs? dispersed from PP by V.

parahaemolyticus and V. vulnificus.

HPLM HPLM
. SGF (25°C) (= SGF (37°C) =  SIF (25°C) SIF (37°C) o o
Species . (25°C) (37°C)
) SD) (+ SD) (+ SD)
(*SD)  (+SD)
V. 0.0000 0.0000 6.9395 0.0000  7.2710 7.4819
parahaemolyticus
0.0000 0.0000 6.1288 0.0000 6.1840 6.7410
V. vulnificus 0.0000 0.0000 0.0000 0.0000  4.6056 5.0334
0.0000 0.0000 0.0000 0.0000 3.9755 3.9842
1CFU values were log transformed
(= SD) Standard deviation
Table B.49. Effect of media composition on mean biofilm biomass* on PS? by V.
parahaemolyticus and V. vulnificus.
Species SGF (25°C) (= SGF (37°C) = SIF (25°C) SIF (37°C) HPLM HPLM
SD) SD) (SD) *sSD)  (25°C) (37°C)
(+ SD) (+ SD)
V. 0.0087 0.0132 0.0065 0.0129  0.0256 0.0234
parahaemolyticus
0.0024 0.0016 0.0015 0.0026 0.0119 0.0072
V. vulnificus 0.0065 0.0014 0.0083 0.0124  0.0021 0.0139
0.0028 0.0021 0.0012 0.0025 0.0025  0.0070

1Optical density at 570 nm

2Biomass values divided by total microplastic surface area (14 mm?)
(x SD) Standard deviation
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Table B.50. Effect of media composition on mean CFUs! on PS? by V. parahaemolyticus
and V. vulnificus.

HPLM HPLM
(25°C)  (37°C)
(#SD)  (+SD)

SGF (25°C) (= SGF (37°C) =  SIF (25°C) SIF (37°C)

Species
SD) SD) (+ SD) (+ SD)

V. 0.0000 0.0000 2.1010 0.0000 43405 4.6271

parahaemolyticus

0.0000 0.0000 1.8713 0.0000 35557  3.3143
V. vulnificus 0.0000 0.0000 1.6555 0.0000  3.9809 5.9985
0.0000 0.0000 1.4604 0.0000 31819  5.6387

1CFU values were log transformed.
2CFU values divided by total coupon surface area (14 mm?)
(x SD) Standard deviation

Table B.51. Effect of media composition on mean cell colonization' on microplates from
PS by V. parahaemolyticus and V. vulnificus.

s ..« HPLM HPLM
Species SGF (25°C) (£SD) SGF (37°C) (¢ sp) °'F (3°C) SIFGTC)  oecy  (3790)

+ +
(+SD) #SD) 43Dy (:sD)
V. parahaemolyticus 0.0000 0.0250 0.0071 0.0412  0.0401 0.0882
0.0000 0.0072 0.0063 0.0082  0.0327 0.0320
V. vulnificus 0.0010 0.0297 0.0013 0.0497  0.0298 0.1950
0.0017 0.0119 0.0022 0.0190  0.0262 0.1344

1Optical density at 570 nm
(x SD) Standard deviation

Table B.52. Effect of media composition on mean CFUs? dispersed from PS by V.
parahaemolyticus and V. vulnificus.
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HPLM HPLM
(25°C) (37°C)
(xSD) (xSD)

V. 0.0000 0.0000 5.5141 0.0000 6.1760  6.0000
parahaemolyticus

SGF (25°C) (+ SGF (37°C) (+  SIF (25°C) SIF (37°C)

Species SD) sD) ( SD) (= SD)

0.0000 0.0000 4.8466 0.0000 5.8406 5.7157
V. vulnificus 0.0000 0.0000 0.0000 0.0000 5.2648 5.9378
0.0000 0.0000 0.0000 0.0000 44998 54912

1CFU values were log transformed.
(x SD) Standard deviation

Table B.53. Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
biomass?, biofilm cell?, cell colonization® and cell dispersal? values on/from LDPE?, PP?
and PS* in different simulated human medias compared to respective MSYE with similar
pH.

Surface Media Type

Type Coefficient p
. LDPE SGF Biofilm 0.28 0.92
V. parahaemolyticus Bi
iomass
Biofilm Cells -1.6E05 1.00
Cell -0.1 1.00
Colonization
Cell Dispersal -4.0E07 1.00
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PP SGF Biofilm 0.11 1.00
Biomass
Biofilm Cells -3.4E04 1.00
Cell -0.02 1.00
Colonization
Cell Dispersal -4.2E07 1.00
PS SGF Biofilm 0.07 0.3
Biomass
Biofilm Cells -5.2E03 1.00
Cell -0.04 1.00
Colonization
Cell Dispersal -4.2E06 1.00
LDPE SIF Biofilm 0.28 0.88
Biomass
Biofilm Cells -1.1E05 1.00
Cell -0.14 1.00
Colonization
Cell Dispersal -4.0E07 1.00
PP SIF Biofilm 0.37 0.12
Biomass
Biofilm Cells -3.0E4 1.00
Cell -0.04 1.00
Colonization
Cell Dispersal -3.3E07 1.00
PS SIF Biofilm 0.04 1.00
Biomass
Biofilm Cells -5.1E03 1.00
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Cell -0.03 1.00
Colonization
Cell Dispersal -3.9E06 1.00
LDPE HPLM Biofilm 0.13 1.00
Biomass
Biofilm Cells 6.3E05 0.22
Cell -0.12 1.00
Colonization
Cell Dispersal -1.3E07 1.00
PP HPLM Biofilm 0.27 0.27
Biomass
Biofilm Cells 1.7E05 1.00
Cell -0.02 1.00
Colonization
Cell Dispersal -2.4E07 1.00
PS HPLM Biofilm 0.31* <0.01
Biomass
Biofilm Cells 1.6E04 0.35
Cell 2.0E-03 1.00
Colonization
Cell Dispersal -2.7E06 1.00
. LDPE SGF Biofilm -0.02 1.00
V. vulnificus .
Biomass
Biofilm Cells -1.5E02 1.00
Cell -0.03 1.00
Colonization
Cell Dispersal -1.6E05 1.00
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PP SGF Biofilm -0.007 1.00

Biomass
Biofilm Cells -2.39E02 1.00
Cell -0.02 1.00
Colonization
Cell Dispersal -2.8E05 1.00
PS SGF Biofilm 0.06* <0.01
Biomass
Biofilm Cells -1.6E03 1.00
Cell -0.02 1.00
Colonization
Cell Dispersal -1.3E05 1.00
LDPE SIF Biofilm -0.02 1.00
Biomass
Biofilm Cells -1.5E02 1.00
Cell -0.03 1.00
Colonization
Cell Dispersal -1.6E05 1.00
PP SIF Biofilm -0.01 1.00
Biomass
Biofilm Cells -2.39E02 1.00
Cell -0.02 1.00
Colonization
Cell Dispersal -2.8E05 1.00
PS SIF Biofilm 0.09* <0.01
Biomass
Biofilm Cells -1.6E03 1.00
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Cell -0.02 1.00

Colonization
Cell Dispersal -1.5E05 1.00
LDPE HPLM Biofilm 0.04 1.00
Biomass
Biofilm Cells 1.3E04* <0.01
Cell 0.11 0.15
Colonization
Cell Dispersal 6.1E05 1.00
PP HPLM Biofilm 0.006 1.00
Biomass
Biofilm Cells 1.3E03 0.76
Cell -0.003 1.00
Colonization
Cell Dispersal -2.5E05 1.00
PS HPLM Biofilm 0.05* <0.05
Biomass
Biofilm Cells 7.8E03 1.00
Cell 0.01 1.00
Colonization
Cell Dispersal 3.4E04 1.00

1Optical density at 570 nm

2CFU values were log transformed

3Biofilm biomass and CFU values on plastic divided by total coupon surface area (24
mm?)

“Biofilm biomass and CFU values on plastic divided by total coupon surface area (14
mm?)

*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal
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Table B.54. Statistical overall comparison of V. parahaemolyticus and V. vulnificus
biofilm biomass?, biofilm cell?, cell colonization® and cell dispersal? values on/from
LDPE?, PP® and PS* at 37°C compared to 25°C.

Surface Type Coefficient p
V. parahaemolyticus LDPE Biofilm Biomass 0.03 1.00
Biofilm Cells -7.9E04 1.00
Cell 0.09 1.00
Colonization
Cell Dispersal -2.3E07 1.00
PP Biofilm Biomass -0.03 1.00
Biofilm Cells 1.2E05 1.00
Cell 0.08 1.00
Colonization
Cell Dispersal 9.7E06 1.00
PS Biofilm Biomass -0.03 1.00
Biofilm Cells 6.7E02 1.00
Cell 0.05 1.00
Colonization
Cell Dispersal 1.7E07 1.00
V. vulnificus LDPE Biofilm Biomass 8.0E-03 1.00
Biofilm Cells -1.2E03 1.00
Cell -2.0E-03 1.00
Colonization
Cell Dispersal 3.1E06 1.00
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PP Biofilm Biomass 0.01 1.00

Biofilm Cells 1.83E02 1.00
Cell 0.02 1.00
Colonization
Cell Dispersal 1.3E06 1.00
PS Biofilm Biomass -0.004 1.00
Biofilm Cells 1.7E03 1.00
Cell 0.01 1.00
Colonization
Cell Dispersal 6.3E06 1.00

1Optical density at 570 nm

2CFU values were log transformed

3Biofilm biomass and CFU values on plastic divided by total coupon surface area (24
mm?)

“Biofilm biomass and CFU values on plastic divided by total coupon surface area (14
mm?)

*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal

Table B.55. Statistical comparison of V. parahaemolyticus and V. vulnificus biofilm
biomass?, biofilm cell?, cell colonization® and cell dispersal? values on/from LDPE?, PP?
and PS* in different simulated human medias at 37°C compared to MSYE and 25°C.

Surface Media Type

Type Coefficient p
. LDPE SGF Biofilm -0.33 1.00
V. parahaemolyticus .
Biomass

Biofilm Cells 7.9E05 1.00
Cell -0.11 1.00

Colonization
Cell Dispersal 2.3E07 1.00
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PP SGF Biofilm -0.12 1.00
Biomass
Biofilm Cells -1.2E05 1.00
Cell -0.09 1.00
Colonization
Cell Dispersal -9.7E06 1.00
PS SGF Biofilm 0.09 0.4
Biomass
Biofilm Cells -6.7E02 1.00
Cell -0.02 1.00
Colonization
Cell Dispersal -1.7E07 1.00
LDPE SIF Biofilm -0.15 1.00
Biomass
Biofilm Cells 3.0E05 1.00
Cell -0.07 1.00
Colonization
Cell Dispersal 2.3E07 1.00
PP SIF Biofilm -0.31 0.53
Biomass
Biofilm Cells -1.2E05 1.00
Cell -0.07 1.00
Colonization
Cell Dispersal -1.8E07 1.00
PS SIF Biofilm 0.12 0.19
Biomass
Biofilm Cells -8.0E02 1.00
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V. vulnificus

Cell -0.02 1.00
Colonization
Cell Dispersal -1.8E07 1.00
LDPE HPLM Biofilm -0.27 1.00
Biomass
Biofilm Cells -4.1E05 1.00
Cell -0.12 1.00
Colonization
Cell Dispersal 3.6E07 1.00
PP HPLM Biofilm -0.18 1.00
Biomass
Biofilm Cells -8.3E04 1.00
Cell -0.09 1.00
Colonization
Cell Dispersal 1.9E06 1.00
PS HPLM Biofilm 1.0E-03 1.00
Biomass
Biofilm Cells 1.9E04 0.57
Cell -2.0E-03 1.00
Colonization
Cell Dispersal -1.8E07 1.00
LDPE SGF Biofilm -0.01 1.00
Biomass
Biofilm Cells 1.2E03 1.00
Cell 0.02 1.00
Colonization
Cell Dispersal -3.1E06 1.00
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PP SGF Biofilm -0.01 1.00
Biomass
Biofilm Cells -1.8E02 1.00
Cell 2.0E-04 1.00
Colonization
Cell Dispersal -1.3E06 1.00
PS SGF Biofilm 0.04 0.11
Biomass
Biofilm Cells -1.7E03 1.00
Cell 0.01 1.00
Colonization
Cell Dispersal -6.3E06 1.00
LDPE SIF Biofilm -0.01 1.00
Biomass
Biofilm Cells 1.2E03 1.00
Cell 0.02 1.00
Colonization
Cell Dispersal -3.1E06 1.00
PP SIF Biofilm -9.0E-03 1.00
Biomass
Biofilm Cells -1.8E02 1.00
Cell 0.02 1.00
Colonization
Cell Dispersal -1.3E06 1.00
PS SIF Biofilm 0.06* <0.05
Biomass
Biofilm Cells -1.7E03 1.00
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Cell 0.03 1.00

Colonization
Cell Dispersal -6.3E06 1.00
LDPE HPLM Biofilm 0.06 1.00
Biomass
Biofilm Cells -6.1E03 0.17
Cell 0.07 1.00
Colonization
Cell Dispersal -2.9E06 1.00
PP HPLM Biofilm 0.04 1.00
Biomass
Biofilm Cells 5.6E02 1.00
Cell 5.00E-03 1.00
Colonization
Cell Dispersal -1.2E06 1.00
PS HPLM Biofilm 0.16* <0.001
Biomass
Biofilm Cells 5.9E04* <0.01
Cell 0.15 0.19
Colonization
Cell Dispersal -5.7E06 1.00

1Optical density at 570 nm

2CFU values were log transformed

3Biofilm biomass and CFU values on plastic divided by total coupon surface area (24
mm?)

“Biofilm biomass and CFU values on plastic divided by total coupon surface area (14
mm?)

*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal
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Table B.56. Statistical comparison of V. vulnificus biofilm biomass?, biofilm cell?, cell
colonization® and cell dispersal? values on/from LDPE?, PP® and PS* in different
simulated human medias compared to V. parahaemolyticus.

Surface Media Type

Type Coefficient p
- LDPE SGF Biofilm -0.21 0.12
V. vulnificus .
Biomass
Biofilm Cells -1.5E05 1.00
Cell -0.14 0.29
Colonization
Cell Dispersal -4.0EQ07 0.28
PP SGF Biofilm -0.19* <0.05
Biomass
Biofilm Cells -3.4E04 1.00
Cell -0.05 1.00
Colonization
Cell Dispersal -4.2E07 1.00
PS SGF Biofilm -0.019 1.00
Biomass
Biofilm Cells -5.3E03 1.00
Cell -0.02 1.00
Colonization
Cell Dispersal -4.1E06 1.00
LDPE SIF Biofilm -0.21 0.12
Biomass
Biofilm Cells -1.3E05 1.00
Cell -0.14 0.29
Colonization
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Cell Dispersal -4.0EQ07 0.28
PP SIF Biofilm -0.19* <0.05
Biomass
Biofilm Cells -3.4E04 1.00
Cell -0.05 1.00
Colonization
Cell Dispersal -4.2E07 1.00
PS SIF Biofilm -0.02 1.00
Biomass
Biofilm Cells -3.3E03 1.00
Cell -0.02 1.00
Colonization
Cell Dispersal -4.1E06 1.00
LDPE HPLM Biofilm -0.21 0.12
Biomass
Biofilm Cells -1.3E05 1.00
Cell -0.14 0.28
Colonization
Cell Dispersal -4.0E07 0.28
PP HPLM Biofilm -0.19* <0.05
Biomass
Biofilm Cells -3.4E04 1.00
Cell -0.05 1.00
Colonization
Cell Dispersal -4.2E07 1.00
PS HPLM Biofilm -0.01 1.00
Biomass
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Biofilm Cells -3.5E3 1.00

Cell -0.02 1.00
Colonization
Cell Dispersal -4.1E06 1.00

1Optical density at 570 nm

2CFU values were log transformed

3Biofilm biomass and CFU values on plastic divided by total coupon surface area (24
mm?)

“Biofilm biomass and CFU values on plastic divided by total coupon surface area (14
mm?)

*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal

Table B.57. Statistical comparison of V. biofilm biomass, biofilm cell?, cell colonization®
and cell dispersal® values on/from LDPE?, PP® and PS* at 37 °C compared to V.
parahaemolyticus and 25°C.

Surface Media Type

Type Coefficient p
- LDPE SGF Biofilm -0.02 1.00
V. vulnificus .
Biomass
Biofilm Cells 7.6E04 1.00
Cell -0.09 1.00
Colonization
Cell Dispersal 2.6E07 1.00
PP SGF Biofilm 0.06 1.00
Biomass
Biofilm Cells -1.1E05 1.00
Cell -0.06 1.00
Colonization
Cell Dispersal -8.4E06 1.00
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PS SGF Biofilm 0.03 1.00
Biomass
Biofilm Cells 1.1E03 1.00
Cell -0.03 1.00
Colonization
Cell Dispersal -1.1E07 1.00
LDPE SIF Biofilm -0.02 1.00
Biomass
Biofilm Cells 7.8E05 1.00
Cell -0.09 1.00
Colonization
Cell Dispersal 2.6E07 1.00
PP SIF Biofilm 0.06 1.00
Biomass
Biofilm Cells -1.2E05 1.00
Cell -0.06 1.00
Colonization
Cell Dispersal -8.4E06 1.00
PS SIF Biofilm 0.03 1.00
Biomass
Biofilm Cells 1.1E03 1.00
Cell -0.03 1.00
Colonization
Cell Dispersal -1.1E07 1.00
LDPE HPLM Biofilm -0.018 1.00
Biomass
Biofilm Cells 7.8E04 1.00
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Cell -0.09 1.00

Colonization
Cell Dispersal 2.6E07 1.00
PP HPLM Biofilm 0.06 0.12
Biomass
Biofilm Cells -1.1E05 1.00
Cell -0.06 1.00
Colonization
Cell Dispersal -8.4E06 1.00
PS HPLM Biofilm 0.03 1.00
Biomass
Biofilm Cells 1.0E03 1.00
Cell -0.03 1.00
Colonization
Cell Dispersal -1.1E07 1.00

1Optical density at 570 nm

2CFU values were log transformed

3Biofilm biomass and CFU values on plastic divided by total coupon surface area (24
mm?)

“Biofilm biomass and CFU values on plastic divided by total coupon surface area (14
mm?)

*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal

Table B.58. Statistical comparison of V. vulnificus biofilm biomass?, biofilm cell?, cell
colonization® and cell dispersal? values on/from LDPE?, PP® and PS* in different
simulated human medias compared to MSYE and V. parahaemolyticus.

Surface Media Type

Type Coefficient p

LDPE SGF Biofilm -0.3 0.56

V. vulnificus .
Biomass
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Biofilm Cells 1.5E05 1.00
Cell 0.06 1.00
Colonization
Cell Dispersal 4.0E07 1.00
PP SGF Biofilm -0.11 1.00
Biomass
Biofilm Cells 3.4E04 1.00
Cell 2.0E-03 1.00
Colonization
Cell Dispersal 4.2EQ07 1.00
PS SGF Biofilm -0.01 1.00
Biomass
Biofilm Cells 3.5E03 1.00
Cell 0.02 1.00
Colonization
Cell Dispersal 4.1E06 1.00
LDPE SIF Biofilm -0.3 0.52
Biomass
Biofilm Cells 1.1E05 1.00
Cell 0.11 1.00
Colonization
Cell Dispersal 4.0E07 1.00
PP SIF Biofilm -0.4* <0.05
Biomass
Biofilm Cells 3.0E04 1.00
Cell 0.01 1.00
Colonization
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Cell Dispersal 3.3E07 1.00
PS SIF Biofilm 0.04 0.93
Biomass
Biofilm Cells 3.4E03 1.00
Cell 0.01 1.00
Colonization
Cell Dispersal 3.7E06 1.00
LDPE HPLM Biofilm -0.09 1.00
Biomass
Biofilm Cells -6.2E05 0.08
Cell 0.21 0.71
Colonization
Cell Dispersal 1.4E07 1.00
PP HPLM Biofilm -0.03 0.12
Biomass
Biofilm Cells -1.7E05 1.00
Cell 0.02 1.00
Colonization
Cell Dispersal 2.3E07 1.00
PS HPLM Biofilm -0.26* <0.001
Biomass
Biofilm Cells -8.8E03 1.00
Cell 0.01 1.00
Colonization
Cell Dispersal 2.8E06 1.00

1Optical density at 570 nm
2CFU values were log transformed
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3Biofilm biomass and CFU values on plastic divided by total coupon surface area (24
mm?)

“Biofilm biomass and CFU values on plastic divided by total coupon surface area (14
mm?)

*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal

Table B.59. Statistical comparison of V. vulnificus biofilm biomass?, biofilm cell?, cell
colonization® and cell dispersal? values on/from LDPE?, PP® and PS* in different
simulated human medias at 37°C compared to MSYE, 25°C and V. parahaemolyticus.

Surface Media Type

Type Coefficient p
V. vulnificus LDPE SGF B_|of|Im 0.31 1.00
Biomass
Biofilm Cells -7.9E04 1.00
Cell 0.13 1.00
Colonization
Cell Dispersal -2.7EQ7 1.00
PP SGF Biofilm 0.11 1.00
Biomass
Biofilm Cells 1.2E05 1.00
Cell 0.09 1.00
Colonization
Cell Dispersal 8.4E06 1.00
PS SGF Biofilm -0.03 1.00
Biomass
Biofilm Cells -1.1E03 1.00
Cell 0.04 1.00
Colonization
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Cell Dispersal 1.1E07 1.00
LDPE SIF Biofilm 0.13 1.00
Biomass
Biofilm Cells -2.9E04 1.00
Cell 0.09 1.00
Colonization
Cell Dispersal -2.7EQ7 1.00
PP SIF Biofilm 0.3 0.34
Biomass
Biofilm Cells 1.2E05 1.00
Cell 0.1 1.00
Colonization
Cell Dispersal 1.7E07 1.00
PS SIF Biofilm -0.03 1.00
Biomass
Biofilm Cells -9.3E02 1.00
Cell 0.05 1.00
Colonization
Cell Dispersal 1.2E07 1.00
LDPE HPLM Biofilm 0.32 1.00
Biomass
Biofilm Cells 4.0E05 1.00
Cell 0.19 1.00
Colonization
Cell Dispersal -4.0E07 1.00
PP HPLM Biofilm 0.22 0.94
Biomass
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Biofilm Cells 8.4E04 1.00
Cell 0.09 1.00
Colonization
Cell Dispersal -3.2E06 1.00
PS HPLM Biofilm 0.16* <0.05
Biomass
Biofilm Cells 4,0E04* <0.05
Cell 0.15 1.00
Colonization
Cell Dispersal 1.2E07 1.00

1Optical density at 570 nm
2CFU values were log transformed.

3Biofilm biomass and CFU values on plastic divided by total coupon surface area (24

mm?)

“Biofilm biomass and CFU values on plastic divided by total coupon surface area (14

mm?)

*Significant increase (+) /decrease (-) in biofilm biomass or cell dispersal.

Table B.60. Effect of media composition on V. parahaemolyticus and V. vulnificus
biofilm and cell dispersal estimated c-di-GMP concentrations (ng/uL) at 37°C.

MSYE

: o MSYE (Dispersal) _S”.: . SIF H.PITM HPLM
Species (Biofilm) (= SD) (Biofilm) (Dispersal) (Biofilm) (Dispersal)
(£ SD) (+ SD) (£ SD) (£ SD) (+ SD)
V. parahaemolyticus 0.15 0.00 4.92 2.78 0.06 0.00
0.24 0.00 2.64 2.88 0.15 0.00
V. vulnificus 0.44 0.00 6.99 7.61 0.86 0.07
0.40 0.00 3.76 3.92 0.22 0.17

(= SD) Standard deviation

Table B.61. Statistical comparison of V. parahaemolyticus and V. vulnificus c-di-GMP
concentrations within biofilms and within dispersal cell states in different medias.




Species Cell State Media Comparison p

V. parahaemolyticus Biofilm SIF vs MSYE* <0.01
SIF vs HPLM* <0.01

MSYE vs HPLM 0.86

Dispersal SIF vs MSYE 0.08

SIF vs HPLM 0.08

MSYE vs HPLM 1.00

V. vulnificus Biofilm SIF vs MSYE* <0.01
SIF vs HPLM* <0.01

MSYE vs HPLM 0.09

Dispersal SIF vs MSYE* <0.01

SIF vs HPLM* <0.01

MSYE vs HPLM 0.12

*Significant difference in c-di-GMP concentrations between medias

Table B.62. Statistical comparison of V. parahaemolyticus and V. vulnificus c-di-GMP
concentrations between biofilm and dispersal cell states within different medias.
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Species Media p

V. parahaemolyticus MSYE 0.28
SIF 0.41
HPLM 0.68

V. vulnificus MSYE* <0.05
SIF 1.00

HPLM* <0.001

*Significant difference in c-di-GMP concentrations between biofilm and dispersal cell
states in this media
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Figure B.1. V. parahaemolyticus and V. vulnificus cell dispersal (ODsoo) over time at
different pH and temperature in nutrient rich media. Comparison of cell dispersal (means
of all biological triplicates and three independent experiments) after 2- hour exposure
between V. parahaemolyticus at 25 °C (1A) and 37°C (1B) and V. vulnificus at 25 °C

(2A) and 37°C (2B).

Table B.63. V. parahaemolyticus and V. vulnificus mean cell dispersal® values over time
at different pH and temperature in nutrient rich media.

Time
Species Temp (mins pH3 pH 4 pH5 pH 6 pH 7 pH74 pH8.1
)
V. 25°C 0 0.031 0.0360 0.0276  0.0247 0.0321 0.0299 0.0294
parahaemolyti 9
cus
25°C 15 0.030 0.0386 0.0282 0.0267 0.0338 0.0318 0.0351
9
25°C 30 0.031 0.0386 0.0311 0.0304 0.0384 0.0373 0.0409
4
25°C 45 0.032 0.0391 0.0373 0.0379 0.0444 0.0446  0.0483
0
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25°C 60 0.032 0.0383 0.0439 0.0457 0.0532 0.0549 0.0590
3
25°C 75 0.032 0.0379 0.0507 0.0551 0.0619 0.0632 0.0701
4
25°C 90 0.032 0.0368 0.0592 0.0668 0.0736  0.0748 0.0840
4
25°C 105 0.032 0.0369 0.0694 0.0788 0.0862 0.0889  0.1006
9
25°C 120 0.033 0.0363 0.0816 0.0900 0.0967 0.0989 0.1120
1
V. 37°C 0 0.032 0.0291 0.0261 0.0217 0.0301 0.0240 0.0241
parahaemolyti 7
cus
37°C 15 0.032 0.0321 0.0284 0.0248 0.0350 0.0278 0.0303
8
37°C 30 0.033 0.0309 0.0387 0.0362 0.0463 0.0377 0.0421
4
37°C 45 0.035 0.0301 00489 0.0500 0.0598 0.0500 0.0586
9
37°C 60 0.038 0.0306 0.0598 0.0627 0.0770 0.0638 0.0716
3
37°C 75 0.040 0.0314 0.0737 0.0751 0.0911 0.0739 0.0817
6
37°C 90 0.042 0.0324 0.0901 0.0833 0.1031 0.0844 0.0921
6
37°C 105 0.044 0.0341 0.1060 0.0940 0.1184 0.0961 0.1017
2
37°C 120 0.044 0.0344 0.1184 0.1101 0.1356 0.1112 0.1111
8
V. vulnificus 25°C 0 0.006 0.0091 0.0091 0.0118 0.0082 0.0082 0.0083
3
25°C 15 0.006 0.0086 0.0091 0.0120 0.0081 0.0091 0.0081
6
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25°C 30 0.006 0.0086 00114 0.0140 0.097 0.0102  0.0093
1

25°C 45 0006 0.0081 00130 00179 00121 00131 0.0117
0

25°C 60  0.006 0.0081 00164 0.0240 00169 0.0173 0.0162
4

25°C 75  0.007 0.0079 00216 0.0313 00240 0.0262 0.0229
1

25°C 90  0.007 0.0078 00286 0.0392 00341 0.0358 0.0300
0

25°C 105 0.006 0.0077 0.0353 00488 0.0467 0.0499  0.0401
8

25°C 120 0.006 0.0078 0.0439 00602 0.0560 00573 0.0537
4

V.winificis  37°C 0 0004 00057 00070 0.0086 0.0058 0.0078 0.0067
8

37°C 15  0.004 00058 0.0082 00113 0.0072 0.0097  0.0082
9

37°C 30 0.006 0.0056 00133 0.0190 00127 0.0171 0.0152
0

37°C 45 0006 0.0051 00204 00327 00277 0.0346 0.0302
7

37°C 60  0.009 0.0052 00307 0.0474 00524 0.0569 0.0513
3

37°C 75 0011 0.0054 00472 0.0658 0.0753 0.0789  0.0679
4

37°C 90  0.012 0.0056 00677 0.0813 00901 0.0923 0.0750
3

37°C 105 0011 0.0060 0.0819 00941 0.1008 0.1033 0.0816
6

37°C 120 0011 00062 0.0999 01093 0.1131 01189 0.0881
9
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Figure B.2. V. parahaemolyticus and V. vulnificus cell dispersal (ODsoo) over time at
different pH and temperature in nutrient starved media. Comparison of cell dispersal
(means of all biological triplicates and three independent experiments) after 2- hour
exposure between V. parahaemolyticus at 25 °C (1A) and 37°C (1B) and V. vulnificus at
25 °C (2A) and 37°C (2B).
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Table B.64. V. parahaemolyticus and V. vulnificus mean cell dispersal® values over time
at different pH and temperature in nutrient starved media.

Tem

Time

Species o (mins) pH 3 pH 4 pH 5 pH 6 pH 7 pH7.4 pH8.1
V. 25°C 0 0.0348 0.0350 0.0336  0.0298 0.0337  0.0342  0.0326
parahaemolyti
cus
25°C 15 0.0327 0.0381 0.0364  0.0321 0.0369 0.0356 0.0358
25°C 30 0.0326 0.0367 0.0374  0.0342 0.0376 0.0364  0.0379
25°C 45 0.0329 0.0378 0.0396 0.0377 0.0396 0.0384  0.0404
25°C 60 0.0333 0.0387 0.0416 0.0410 0.0413 0.0403  0.0417
25°C 75 0.0331 0.0400 0.0430 0.0424 0.0423 0.0420  0.0444
25°C 90 0.0340 0.0398 0.0442 0.0429 0.0430 0.0427 0.0457
25°C 105 0.0336 0.0404  0.0448 0.0431 0.0430 0.0439 0.0482
25°C 120 0.0338 0.0416 0.0454 0.0430 0.0434 0.0450  0.0508
V. 37°C 0 0.0324 0.0310 0.0316 0.0268 0.0292  0.0304  0.0300
parahaemolyti
cus
37°C 15 0.0309 0.0326 0.0334  0.0276 0.0330 0.0342 0.0324
37°C 30 0.0331 0.0333 0.0348 0.0307 0.0341 0.0348 0.0331
37°C 45 0.0329 0.0322 0.0343 0.0329 0.0323 0.0333  0.0330
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37°C 60 0.0357 0.0338 0.0354 0.0342 0.0324  0.0343  0.0337
37°C 75 0.0374 0.0357 0.0377 0.0354 0.0348 0.0356  0.0350
37°C 90 0.0386  0.0380 0.0394 0.0367 0.0367  0.0367  0.0361
37°C 105 0.0399 0.0398 0.0409 0.0374 0.0376  0.0377  0.0376
37°C 120 0.0410 0.0414 0.0427 0.0383 0.0381  0.0387  0.0381
V. wulnificus  25°C 0 0.0100 0.0109 0.0089 0.0111 0.0129 0.0112  0.0092
25°C 15 0.0086  0.0100 0.0086 0.0100 0.0114 0.0096  0.0088
25°C 30 0.0076  0.0094 0.0083 0.0093 0.0107 0.0089  0.0082
25°C 45 0.0077  0.0093 0.0086 0.0100 0.0109 0.0096  0.0083
25°C 60 0.0082  0.0090 0.0088 0.0096 0.0107 0.0089  0.0077
25°C 75 0.0083 0.0089 0.0080 0.0091 0.0106 0.0087  0.0073
25°C 90 0.0079  0.0093 0.0079 0.0092 0.0106  0.0083  0.0073
25°C 105 0.0081 0.0089 0.0078 0.0091 0.0102 0.0088 0.0071
25°C 120 0.0083 0.0087 0.0079 0.0087 0.0099 0.0077  0.0069
V.wulnificus  37°C 0 0.0058 0.0118 0.0070 0.0079  0.0057  0.0074  0.0061
37°C 15 0.0059 0.0120 0.0060 0.0061  0.0054  0.0067  0.0054
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Figure B.3. V. parahaemolyticus cell dispersal (ODsoo) over time at different temperature
in simulated human media. Comparison of cell dispersal (means of all biological
triplicates and three independent experiments) after 2- hour exposure between V.
parahaemolyticus at 25 °C (1A) and 37°C (1B).

276



Table B.65. V. parahaemolyticus mean cell dispersal® values over time at different
temperature in simulated human media.

Species Temperature Time (mins) SGF SIF HPLM

V. parahaemolyticus 25°C 0 0.0209 0.0232 0.0238
25°C 15 0.0217 0.0240 0.0228

25°C 30 0.0219 0.0228 0.0229

25°C 45 0.0218 0.0229 0.0240

25°C 60 0.0222 0.0234 0.0257

25°C 75 0.0224 0.0227 0.0277

25°C 90 0.0222 0.0224 0.0300

25°C 105 0.0224 0.0243 0.0328

25°C 120 0.0226 0.0233 0.0363

V. parahaemolyticus 37°C 0 0.0186 0.0266 0.0246
37°C 15 0.0189 0.0253 0.0247

37°C 30 0.0192 0.0234 0.0275

37°C 45 0.0140 0.0221 0.0273

37°C 60 0.0127 0.0190 0.0277
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Figure B.4. V. vulnificus cell dispersal (ODsoo) over time at different temperature in
simulated human media. Comparison of cell dispersal (means of all biological triplicates
and three independent experiments) after 2- hour exposure between V. vulnificus at 25 °C
(1A) and 37°C (1B).

279



Table B.66. V. vulnificus mean cell dispersal® values over time at different temperatures
in simulated human media.

Species Temperature Time (mins) SGF SIF HPLM
V. vulnificus 25°C 0 0.0070 0.0099 0.0078
25°C 15 0.0075 0.0093 0.0084

25°C 30 0.0063 0.0096 0.0088

25°C 45 0.0063 0.0063 0.0103

25°C 60 0.0065 0.0092 0.0137

25°C 75 0.0067 0.0080 0.0181

25°C 90 0.0063 0.0091 0.0246

25°C 105 0.0067 0.0087 0.0316

25°C 120 0.0065 0.0091 0.0384

V. vulnificus 37°C 0 0.0051 0.0093 0.0068
37°C 15 0.0063 0.0088 0.0083

37°C 30 0.0056 0.0089 0.0183

37°C 45 0.0015 0.0078 0.0264
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APPENDIX C:
MODELING PH AND TEMPERATURE EFFECTS AS CLIMATIC

HAZARDS IN VIBRIO VULNIFICUS AND VIBRIO
PARAHAEMOLYTICUS PLANKTONIC GROWTH AND BIOFILM

FORMATION!

Velez, K. E. C., Leighton, R. E. , Decho, A. W. , Pinckney, J. L., & Norman, R. S.
(2023). Modeling pH and temperature effects as climatic hazards in Vibrio
vulnificus and Vibrio parahaemolyticus planktonic growth and biofilm

formation. GeoHealth, 7, e2022GH000769. 10.1029/2022GH000769

Reprinted here with permission from the publisher.
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C.1 Abstract

Climate-induced stressors, such as changes in temperature, salinity, and pH, contribute to
the emergence of infectious diseases. These changes alter geographical constraint,
resulting in increased Vibrio spread, exposure, and infection rates, thus facilitating greater
Vibrio-human interactions. Multiple efforts have been developed to predict Vibrio
exposure and raise awareness of health risks, but most models only use temperature and
salinity as prediction factors. This study aimed to better understand the potential effects
of temperature and pH on V. vulnificus and V. parahaemolyticus planktonic and biofilm
growth. Vibrio strains were grown in triplicate at 25°, 30°, and 37°C in 96 well plates
containing Modified Seawater Yeast Extract modified with CaCl2 at pH's ranging from 5
to 9.6. AMIGA software was used to model growth curves using Gaussian process
regression. The effects of temperature and pH were evaluated using randomized complete
block analysis of variance, and the growth rates of V. parahaemolyticus and V. vulnificus
were modeled using the interpolation fit on the MatLab Curve Fitting Toolbox. Different
optimal conditions involving temperature and pH were observed for planktonic and
biofilm Vibrio growth within- and between-species. This study showed that temperature
and pH factors significantly affect Vibrio planktonic growth rates and V.
parahaemolyticus biofilm formation. Therefore, pH effects must be added to the Vibrio
growth modeling efforts to better predict Vibrio risk in estuarine and coastal zones that
can potentially experience the cooccurrence of Vibrio and harmful algal bloom outbreak

events.
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C.2 Plain Language Summary
Changes in temperature, salinity, and pH are increasing Vibrio-human interactions in
coastal communities. Multiple efforts have been developed to predict Vibrio risk, mainly
using temperature and salinity measurements. However, more comprehensive models are
needed to help inform decision-makers on how to better design policies and create public
health awareness. This study looks at how temperature and pH could affect the growth of
the potential human bacterial pathogens, V. vulnificus and V. parahaemolyticus. Vibrio
strains were grown in triplicate at different temperatures in acidic, neutral, and alkaline
conditions (different pH ranges). The effects of temperature and pH were evaluated using
randomized complete block analysis of variance, and the growth rates of V.
parahaemolyticus and V. vulnificus were modeled using the MatLab Curve Fitting
Toolbox. This study found different optimal conditions for free-living and aggregated
Vibrio growth within and between species. In addition, this study showed that
temperature and pH factors significantly impact Vibrio growth. Overall, the pH effects
must be added to the Vibrio growth modeling efforts to have a more comprehensive
model and to better predict Vibrio risk in climate change scenarios.
C.3 Introduction

Climate change is causing unprecedented ecological changes and altering
infection patterns for diseases sensitive to environmental changes, such as Vibrio
infections (Epstein, 2001; Mora et al., 2022; Wu et al., 2014). Some hazards resulting
from climate change, such as warming, sea level rise, pH decline, floods, and abnormal
weather patterns may lead to a potential increase in Vibrio infections (Trinanes &

Martinez-Urtaza, 2021). The number of cases of vibriosis has been increasing during the
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past few decades worldwide, even in regions where environmental conditions had been
considered adverse for Vibrio proliferation, especially in higher latitude locations (Baker-
Austin et al., 2013, 2017, 2018; Newton et al., 2012; Vezzulli et al., 2013). In the United
States, the Foodborne Diseases Active Surveillance Network (FoodNet, Tack et al., 2019)
has reported increased incidences of Vibrio infections. For example, incidence in 2018
increased by 109% compared to 2015-2017, with similar increasing trends observed in
previous years. In 2020, the incidence of Vibrio decreased by 15% compared to those in
2017-2019 due to the COVID-19 pandemic and the corresponding public health response
that limited healthcare-seeking behaviors, healthcare delivery, and human exposure. This
decrease in incidence was an abnormal trend, which is expected to change due to the
abatement of COVID-19 related restrictions (Tack et al., 2020: Ray et al., 2021; Trinanes
& Martinez-Urtaza, 2021). The increase in Vibrio spread and infection rates are thought
to be a consequence of altered geographical constraints driven by warming seawater
temperature, sea-level rise, and changes in salinity associated with climate change (Deeb
et al., 2018). This poleward spread is contributing to the increase of human disease
burden globally (Baker-Austin et al., 2013, 2018).

Vibrio spp. inhabit estuarine and marine environments and prefer relatively warm
water (>15°C) and low to moderate salinities, where seawater temperature modulates the
abundance of Vibrio and salinity defines habitat suitability (FAO and WHO, 2020;
Marinez-Urtaza et al., 2008; Thompson et al., 2004; Vezzulli et al., 2009; Wang
et al., 2020). Vibrio spp. can persist in a free-living (planktonic) state in the water column
or form biofilms on biotic and abiotic surfaces (Baker-Austin et al., 2018). Biofilm

formation depends on many physical, chemical, and biological parameters and is
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considered a selective survival strategy for protection against stress, such as changes in
temperature, pH variability, low nutrients, and antibiotics (Decho & Gutierrez, 2017;
Harjai et al., 2005; Hostacka et al., 2010; Jefferson, 2004; Yang et al., 2007). Also, some
Vibrio spp., including V. parahaemolyticus and V. vulnificus, can enter a viable but non-
culturable (VBNC) protective state under unfavorable conditions, where the bacterial
metabolism becomes dormant and cells cannot grow under laboratory conditions
(Colwell, 2000; Li et al., 2014). VBNC bacterial cells regain their culturability and
virulence properties when the conditions become favorable, which may be triggered by
changes in temperature and salinity (Oliver, 2010). Studies have demonstrated that
VBNC Vibrio spp. can cause disease after resuscitation in their respective hosts (Baffone
et al., 2003; Colwell, 1996; Sun et al., 2008) Also, another study showed that four Vibrio
spp. expressed some virulence and toxin genes during the VBNC state (Vora et al., 2005).
Not all Vibrio strains are equally pathogenic and can be classified according to
biotype and genotype. V. vulnificus strains are classified into three biotypes based on
their biochemical characteristic: biotype 1 is responsible for human infections
(Oliver, 2015), biotype 2 is primarily an eel pathogen (Amaro & Biosca, 1996; Tison
et al., 1982), and biotype 3 is a hybrid of biotypes 1 and 2 that can cause wound
infections and has been suggested to be geographically restricted to Israel (Bisharat
et al., 1999; Zaidenstein et al., 2008). Strains within biotype 1 are commonly grouped
into clinical (16S rRNA type B and vcgC) and environmental (16S rRNA type A and
vcgE) genotypes (Nilsson et al., 2003; Rosche, Smith, et al., 2005; Rosche, Yano, &
Oliver, 2005). Furthermore, the vwvhA gene encoding hemolysin/cytolysin is used as a V.

vulnificus species marker and has been associated with pathogenic strains. Other genes
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associated with pathogenic V. vulnificus strains are rtxAl, vvpE, viuB, gbpA, and pilin
genes (pilA and pilD) (Gavin et al., 2017; Jang et al., 2016; Johnson et al., 1984;
Natividad-Bonifacio et al., 2013; Panicker et al., 2004; Paranjpye & Strom, 2005). V.
vulnificus regulates virulence gene expression by integration of signals during the course
of infection. For example, in the early stages of infection in the upper intestine and
bloodstream where glucose levels are high, IscR activates the up-regulation of gbpA,
prx3, and vwhA and CRP up-regulates the rtxA for survival against stress, intestinal
colonization, and dissemination through the host. In later stages of infection, CRP-
mediated up-regulation of plpA, vwhA, and vvpE leads to inflammation and disease
development (Choi & Choi, 2022). For V. parahaemolyticus, strains that carry
thermostable direct hemolysin (tdh) and/or thermostable-related hemolysin (trh) genes
are often considered pathogenic (Nishibuchi et al., 1992; Shirai et al., 1990). Non-cholera
Vibrio species, such as V. parahaemolyticus and V. vulnificus, can cause infection by
exposure to contaminated water or consumption of raw or undercooked contaminated
seafood. Clinical manifestations include mild and self-limiting gastroenteritis and wound
infections that can result in acute septicemia and death (Jones & Oliver, 2009).

Although environmental stressors such as temperature and salinity and Vibrio
abundance and distribution data are used in current modeling to predict future Vibrio
exposure risk (Semenza et al., 2017), other key factors have been suggested as
contributing to the increase in Vibrio cases, such as demographic changes and population
growth (Trinanes & Martinez-Urtaza, 2021). Population growth and development in
coastal regions have been significantly higher compared to inland areas worldwide,

generating pressures on coastal ecosystems due to anthropogenic pollution (Balk
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et al., 2009; Crossland et al., 2005; Neumann et al., 2015; Patterson & Hardy, 2008;
Small & Nicholls, 2003).

The combination of climate hazards, demographic changes, and population
growth in coastal areas has been suggested as key factors in the increase in Vibrio-human
interactions (Archer et al., 2023; Froelich & Daines, 2020). But the potential for infection
is more complex due to the variation in pathogenicity across species and even strains.
Furthermore, little is known about how changing environmental parameters, such as pH
and exposure to other potentially co-occurring biological hazards, such as harmful algal
blooms (HABS), can shift or change Vibrio abundance, distribution, and pathogenicity in
estuaries and marine environments. The limited studies that have addressed Vibrio-
Phytoplankton interaction have shown a high correlation between Vibrio and
phytoplankton abundance (Main et al., 2015; Rosales et al., 2022; Turner et al., 2009).
These studies suggest that the correlation may be due to the combination of changes in
environmental parameters and the production of algal exudate that activates Vibrio
biofilm formation pathways. There is also a limited understanding of how changing
ocean pH can affect the abundance of Vibrio species. Non-cholera Vibrio spp. have the
capability to grow in a broad pH range from 5 to 10 and have been shown to develop
resistance to acid inactivation in the VBNC state, adding to the complexity of the
situation (Nowakowska & Oliver, 2013; Wong & Wang, 2004).

Changing environmental parameters in coastal areas, including temperature and
pH, might led to the generation of new areas with ideal conditions for Vibrio growth.
Future climate change scenarios project warmer, less saline, and more acidic coastal

water. The ocean surface warming has accelerated in the last decade to 0.280 + 0.068°C
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per decade and is expected to increase more than 4°C by 2100. Meanwhile, the ocean pH
has declined by 0.1 since the industrial revolution and is projected to decline by 0.1-0.4
pH units by the end of 2100 in the open ocean (Garcia-Soto et al., 2021). Coastal regions
are more dynamic than the open ocean, with environmental parameters differing
according to geographical locations, morphology, freshwater influx, and other
environmental and anthropogenic pressures (Cloern et al., 2016). Biogeochemical
processes in coastal zones can lead to seasonal pH variation and even daily changes
higher than 1 pH unit, where daytime photosynthesis drives high levels of dissolved
oxygen and pH and nighttime respiration drives decreased dissolved oxygen
concentration and pH values (Baumann et al., 2015; Provoost et al., 2010; Raven

et al., 2020; Wallace et al., 2014). Baumann and Smith (2018) used long-term monitoring
data from the National Estuarine Research Reserve System (NERRS) to evaluate pH and
oxygen fluctuation in 16 US nearshore sites and found that dissolved oxygen, as a result
of metabolic processes, and salinity have a high correlation with pH fluctuations.
Furthermore, in areas that have an extensive network of intertidal salt marshes, such as
the ACE Basin and North Inlet NERRS sites (South Carolina, USA), pH fluctuations can
be correlated with tidal and diurnal cycles. Dense cyanobacteria blooms in these dynamic
ecosystems can also increase water column pH > 9 due to metabolically-driven decreases
in dissolved CO2 to less than 1 umol per liter (Adams et al., 2022; Huisman et al., 2018).
Changes in environmental parameters not only affect the growth and distribution of
Vibrio species but may also alter their gene expression, resulting in enhanced virulence
profiles (Billaud et al., 2022; Correa Velez & Norman, 2021; Pazhani et al., 2021;

Williams et al., 2014). To understand the changing abundances of Vibrio spp. under
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natural conditions and to develop better models to predict future climate change impacts,
it is necessary to determine how environmental stressors, such as pH and temperature,
can affect Vibrio in their different forms of growth (planktonic and biofilm states). This
study examined the potential effects of temperature and pH on non-cholera Vibrio
planktonic and biofilm growth using V. vulnificus and V. parahaemolyticus as models of
opportunistic pathogens. A better understanding of how clinical and environmental
strains respond to coupled climatic hazards will aid in the development of more precise
models to predict potential Vibrio exposure and increase awareness of health risk in
coastal regions.
C.4 Materials and Methods
Bacterial Strains and Growth Conditions

To examine the effect of pH and temperature on bacterial growth in planktonic
and biofilm states, reference clinical and environmental strains of V. vulnificus and V.
parahaemolyticus (Table 1) were grown at three temperatures (25°, 30°, and 37°C) and
11 pH's ranging from 5.0 to 9.6. The pH and temperatures were selected to encompass a
range of natural conditions encountered by V. vulnificus and V. parahaemolyticus. The
average sea surface temperature in warm coastal areas susceptible to Vibrio proliferation
is between 25°C to 30°C, whereas a human host temperature is 37°C. Vibrio can survive
in pH ranges from 5 to 10. The pH of the water column fluctuates between 7.2 and 8.1
under most environmental conditions, with photosynthesis-driven alkaline conditions
(>9.2) often occurring during cyanobacterial bloom events. The pH in human-host
conditions is 6.5-7.5 in saliva and decreases to 2—6.5 in the gastrointestinal tract. For

free-living or planktonic growth, Vibrio strains were grown in 96 well plates containing
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three replicates of Modified Seawater Yeast Extract (MSYE; Oliver & Colwell, 1973)
supplemented with calcium chloride (CaCl2; 1.8 g/L), pH adjusted using 1M Sodium
Hydroxide (NaOH) or 1M Hydrochloric acid (HCI), and a final salinity of 30 £ 0.5 g/kg.
In each experimental condition, diluted 1:10 overnight fresh cultures (8 hr) were used as
inocula. Optical density (OD600) of each replicate was measured hourly to determine
bacterial growth over 24 hr using a Victor X3 plate reader (PerkinElmer, Waltham, MA,
USA). Gaussian process regression was performed on background-subtracted OD data to
model growth curves, and model-predicted ODs were used to estimate growth parameters
for each treatment using AMiGA software (Midani et al., 2021). For biofilm formation
assays, tissue culture-treated 96-well polystyrene microplates were used under each
environmental condition without additional modifications.
Crystal Violet Staining Assay

The biomass of V. parahaemolyticus and V. vulnificus biofilms was estimated
using crystal violet staining according to O’Toole (2011), with slight modifications.
Briefly, after 0, 6, 12, 24, 36 hr of growth, planktonic cells were removed from the 96-
well microplates before gently washing with 1x phosphate buffer saline (PBS) three
times. After washing, 100% methanol (MeOH) was added to the plates to fix the biofilms
to the plates. After 20 min of incubation at room temperature, MeOH was removed and
the plates were allowed to air-dry to eliminate any MeOH residue. The biofilms were
stained with 0.1% (wt/vol) crystal violet for 15 min at room temperature, and a second
wash was performed three times using 1x PBS to remove the non-bound dye. The stained
and washed biofilms were air-dried overnight, and 30% acetic acid was added to dissolve

the bound crystal violet for 15 min. The solubilized crystal violet acetic acid solution was
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then transferred to a new 96-well polystyrene microplate and the optical density of each
well was measured at 570 nm using a SpectraMax M3 plate reader (Molecular Devices,
San Jose, CA, United States). These OD measurements were used to estimate the biofilm
growth parameters for each treatment using AMiGA software.
Modeling and Statistical Analysis

The growth rates of V. parahaemolyticus and V. vulnificus obtained from the
AMIGA analysis for each combination of factors (pH and temperature) were modeled
using the interpolation fit function using the liner method in the MatLab Curve Fitting
Toolbox (v. R2022b, 9.13.0.2049777). The interpolation method estimated the values
between known data points, which involves the construction of a function f that matches
given data values, yi, at given data sites, xi, in the sense that f(xi) = yi, all i. For the
statistical analysis, a randomized complete block design analysis of variance (RCB-
ANOVA) was performed using SPSS Statistics (v. 28.0.1.0) to evaluate the effects of
temperature and pH on bacterial growth rate using the strain as a blocking factor. Ryan,
Einot, Gabriel, and Welsch (R-E-G-W F) multiple comparisons of means were used to
determine aposteriori differences among the factor combinations. The level of
significance was set at p < 0.05. Interaction (profile) plots were generated using the
general linear method, univariate function in SPSS software. The data used for both

analyses are available at Mendeley data via https://doi.org/10.17632/xxkkkbx3hg.1.

C.5 Results
Vibrio Modeling Reveals That Optimal Growth Conditions Vary Between Planktonic and

Biofilm States
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Vibrio modeling using the interpolate method revealed that optimal pH and
temperature conditions vary between strain and state of growth. V. vulnificus strains
associated with disease in humans and animals showed optimal growth rates at 37°C and
at pH's between 6.5 and 8.5 during planktonic growth (Figures 1a and 1b, left), with the
highest growth rate at pH 7.1 for ATCC 27562 and pH 8.3 for ATCC 33147. In
comparison, the environmental isolates of V. vulnificus (Figures 1c and 1d, left) exhibited
growth throughout a wider range of conditions, suggesting greater adaptation to varying
environmental conditions. Higher growth rates were observed at 36°C and pH 7.0 for the
NOAA 48 strain and 32°C and pH 6.9 for the NOAA 155 strain. During biofilm growth,
the optimal conditions in terms of pH and temperature were opposite from those observed
during planktonic growth (Figure 1, right Panel). The greatest biofilm formation for V.
vulnificus strains associated with disease were observed at 25°C and pH 7.5 for ATCC
27562, and 26°C and pH 5.4 for ATCC 33147. Similar patterns were observed for the
environmental strains, where optimal growth conditions were 25°C and pH 5.2 for the
NOAA 48 strain and 30°C and pH 7.9 for the NOAA 155 strain.

All V. parahaemolyticus strains in planktonic growth (Figure 2 left panel)
exhibited increased growth at temperatures between 36.6-36.8°C and pH ranging from
neutral to acidic: 7.1 (strain 48057), 6.4 (C12), 5.9 (17802), and 5.7 (4.1PR). In contrast,
optimal biofilm formation for all strains was observed at lower temperatures, from 25.2—
30°C and pH ranges similar to those of planktonic cells (Figure 2 right panel). Modeling
V. parahaemolyticus growth during both planktonic and biofilm mode of growth showed
similar strain-level patterns based on pH, where higher biofilm biomass developed in

pH's ranging from neutral to acidic. However, different temperature optimums were

293



observed for clinical and environmental strains, whereas the planktonic environmental
strain patterns showed higher growth rates throughout a wider temperature range (26°C—
37°C) compared with the clinical strains, suggesting better adaptability to changes in
temperature.
pH and Temperature Have Significant Effects on Vibrio spp. Planktonic Growth Rates

A randomized complete block design model multifactor analysis of variance
(RCB-ANOVA) was used to determine the effect of pH (11 levels) and temperature (3
levels) on growth rates of V. vulnificus and V. parahaemolyticus strains using strain as the
blocking factor (4 levels) as shown in Table 2. Each factor combination has three
replicates. For V. vulnificus planktonic growth, the RCB-ANOVA indicated that
temperature and pH had a significant effect on the bacterial planktonic growth rate
(F2,360 = 101.239, p < 0.001; F1o0360 = 61.619, p < 0.001). There was also a significant
block effect (strain, F3zs0 = 7.608, p < 0.001) and a significant interaction between
temperature and pH (F20,360 = 6.620, p < 0.001). A similar trend was observed in V.
parahaemolyticus planktonic ANOVA results, temperature (F2,360 = 125.346, p < 0.001)
and pH (F1o360 = 44.774, p < 0.001) and showed a significant effect on the growth rate.
The interaction factor between temperature and pH and the blocking factor effect on
growth rate was also highly significant (F20,360 = 2.408, p < 0.001;
F3,360 = 16.706, p < 0.001).

Additionally, the RCB-ANOVA results of V. vulnificus biofilm growth indicated
that temperature had a significant effect on growth rate (F2204 = 11.161, p < 0.001).
However, pH, the interaction factor (temperature * pH), and blocking effects were not

significant (F2, 204 = 1.044, p = 0.406; F20,292 = 1.091, p = 0.358; F3 204 = 2.158, p = 0.093).
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For V. parahaemolyticus biofilm formation, the RCB-ANOVA revealed that temperature
(F2,360 = 33.443, p < 0.001) and pH (F10,30 = 5.516, p < 0.001) had a significant effect on
biofilm growth. There was a significant block effect (strain, Fz 350 = 28.322, p < 0.001),
but the interaction between temperature and pH was not significant

(F20,360 = 1.374, p = 0.132).

Figure 3. illustrates the results of interaction plots for V. vulnificus and V.
parahaemolyticus strains showing planktonic and biofilm growth rates. RCB-ANOVA
suggests a significant interaction on planktonic growth rates in both Vibrio species and a
significant effect of independent factors. These results indicate that the response to pH
differed depending on the incubation temperature. The lines in the planktonic interaction
profiles (Figure 3, left panel) were not parallel and converged, showing interaction. In V.
vulnificus (Figure 3, panel a, left), the plot indicates interactions at pH < 6.0 and >9.0,
where the pH drives the interaction. In comparison, temperature influences the interaction
between pH 6.4 and 9.0, where higher temperatures showed higher growth rates. In the V.
parahaemolyticus interaction plot (panel b, left), pH has a greater effect on the interaction
at pH < 5.5 and >8.2. The temperature contributes more to the interaction in pH between
5.5 and 8.0, where higher temperatures exhibited higher growth rates.

Vibrio biofilm growth patterns showed no significant interaction, but the lines
converge at some points due to the significance of the independent factors (Figure 3, right
panel). RCB-ANOVA indicated that temperature significantly affected V.
vulnificus growth rates; this is illustrated in the interaction plot where the blue line (25°C)
converges with other temperatures at multiple points (Figure 3, panel a, right). A similar

trend was observed in the V. parahaemolyticus profile plot, wherein temperature and pH
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significantly affected the growth rate, but this interaction was not significant. The red line
(37°C) intercepted with the green (30°C) and blue (25°C) lines throughout multiple
points (different pH values), which explained the significance of the Individual factors
and the difference in response between conditions.

C.6 Discussion and Conclusions

Climate change is contributing to the successful emergence of human pathogenic
diseases, including Vibrio infections (Edelson et al., 2022; Landrigan

et al., 2020). Vibrio are expanding their geographical distribution toward the poles, and
their abundances have increased during the past decade (Baker-Austin et al., 2018). At
the same time, global temperature changes, increased eutrophication, and elevated

pCO; have also enhanced cyanobacterial HAB growth rates, resulting in more frequent
HAB occurrence within ecosystems that are conducive to Vibrio proliferation (O'Neil

et al., 2012; Paerl & Paul, 2012; Suikkanen et al., 2013; Visser et al., 2016). Within these
estuarine and coastal zone ecosystems, pH changes have become more frequent and
driven, in part, by the increasing occurrence and metabolic activities of HABs, where
localized pH can fluctuate from acidic (pH < 6) to alkaline levels (pH > 9) (Adams

etal., 2022; Zepernick et al., 2021). High biomass blooms cause increases in pH (during
daylight) due to the rapid cellular intake of CO>, resulting in an advantage to
cyanobacteria, which possess carbon-concentrating mechanics that provide a competitive
advantage to growing in low CO> and high pH (Sandrini et al., 2016; Wells et al., 2020).
While multiple models have been developed to predict future risks of Vibrio outbreaks,

the models do not consider pH or the pH changes in the water column due to co-
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occurrence of HABs as factors in Vibrio growth (Dickinson et al., 2013; Froelich
etal., 2013; Semenza et al., 2017).

The results of the present study suggest that pH effects should be added to
the Vibrio growth modeling efforts to better predict Vibrio risk in estuarine and coastal
zones. The pH of these zones can be influenced by multiple environmental factors,
including anormal weather patterns, influx of natural or man-made chemical nutrients,
and co-occurrence of Vibrio and HAB outbreak events. Different optimal growth
conditions in terms of temperature and pH were observed for planktonic and biofilm non-
cholera Vibrio growth within and between species generating different modeling patterns
(Figures 1 and 2). In addition, this study found that Vibrios could have multiple optimal
growth conditions that depend on the mode of growth and their interaction with different
stressors, including temperature and pH. These findings also suggest that Vibrio may
express adaptive responses, switching between planktonic to biofilm and vise-versa to
resist temperature and pH stressors, potentially increasing bacterial survival under
climate change scenarios and increasing Vibrio-human interactions. Future transcriptomic
studies are needed to understand the Vibrio adaptative responses and metabolic pathways
expressed under different climate conditions.

Vibrio modeling showed that the bacterial response to acidic and alkaline
conditions could vary between strains and species. The ability of Vibrio spp. to adapt to
pH changes is an essential factor to consider in bacteria-host interactions. Previous
studies have documented that V. vulnificus can adapt to acidic conditions and become
acid resistant by breaking down lysine to cadaverine, which is regulated by

the cadBA operon (Rhee et al., 2002, 2005). Cadaverine can also act as a superoxide
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radical scavenger that provides tolerance to oxidative stress (Kang et al., 2007). The link
between acid and oxidant stress tolerance may enhance bacterial survival in transitioning
between the environment to a human host. Studies have demonstrated that pre-exposure
to slightly acidic environments increases V. vulnificus acid tolerance and may increase
resistance to other stresses (Bang & Drake, 2005). The expression of cross-protective
mechanisms in V. vulnificus is often regulated by the sigma factor RpoS (c°) and, after
nutrient starvation, can induce cross-protective effects against oxidative stress (Rosche,
Smith, et al., 2005; Rosche, Yano, & Oliver, 2005). Studies have also reported the
expression of cross-protection in V. parahaemolyticus strains. For example, V.
parahaemolyticus showed enhanced survival at lower pH (4.4) after exposure to mildly
acidic conditions (pH 5.5) and showed cross-protection against low salinity and
temperature (Wong et al., 1998). V. parahaemolyticus also developed cross-protection
after exposure to alkaline conditions (pH 9.0), where adapted cells were found to increase
resistance to heat, crystal violet, deoxycholic acid, and hydrogen peroxide (Koga
et al., 2002). Furthermore, the production of Kanagawa hemolysin by V.
parahaemolyticus has been related to lower pH ranges, where the hemolysin production
increased (Cherwonogrodzky & Clark, 1981). These studies, in addition to the present
work, suggest that V. vulnificus and V. parahaemolyticus can adapt, survive, and grow
under a broad pH range from pH 5 to 9.5.

This study also shows that temperature and pH factors significantly affect the
planktonic growth rate of Vibrio spp. and the formation of V. parahaemolyticus biofilms
(Table 2, Figure 3). Previously, the effect of temperature and pH was evaluated

in Pseudomonas aeruginosa, Klebsiella pneumoniae, and V. cholerae, where increased
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pH significantly affected biofilm formation in all species and strains tested (Hostacka
et al., 2010). A recent study reported that V. vulnificus biofilm biomass in clinical strains
is higher than in environmental isolates at 24°C, with the greatest biofilm biomass of all
strains observed at pH 5.5 and 24°C as compared to 30° and 37°C (Cam &

Brinkmeyer, 2020). However, Cam and Brinkmeyer (2020) reported that the V.
vulnificus biofilm growth rate was lowest for environmental strains at pH 5.5, whereas
the clinical strains showed no difference between pH 5.5, 7.5 and 8.5, suggesting
tolerance to acidic and alkaline conditions. In the case of V. parahaemolyticus, greater
biofilm formation has been documented at 25°C compared to 15°C and 37°C (Song

et al., 2017). Furthermore, another study showed greater biofilm formation and
production of exoprotease and autoinducer-2 in food and food contact surfaces at
temperatures between 25°C and 37°C (Han et al., 2016).

The relationship between temperature and growth rate has been reported in
multiple studies examining V. vulnificus and V. parahaemolyticus, where increased
temperature resulted in increased planktonic growth (Kim et al., 2016; Mudoh
et al., 2014; Sheikh, John, et al., 2022; Sheikh, Najiah, et al., 2022; Sullivan &

Neigel, 2018). The increase in V. parahaemolyticus growth at higher temperatures has
been correlated with a shorter generation time, a shorter lag time (Kim et al., 2012), and a
faster growth rate (Fernandez-Piquer et al., 2011). In V. vulnificus, this positive effect of
temperature was also correlated with a higher growth rate and a short lag time at 22°C
and 30°C (Wang & Gu, 2005). Another study reported a positive correlation between
temperature and growth under conditions from 11°C to 36°C, where the optimum growth

rate, the shortest lag time, and the highest density were observed at 36°C (Kim
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et al., 2012). Vibrio incidence also has been positively associated with temperature after
HABs during warmer months. Greenfield et al. (2017) suggested that HABs in retention
pond systems were associated with V. vulnificus and V. parahaemolyticus increases when
the water temperature was >10°C. After two cyanobacteria bloom events,

the Vibrio incidence increased from non-detectable to 6.82 x 102 copies/100 mL and

1.17 x 103 copies/100 mL of V. parahaemolyticus and 5.10 and 5.16 x 10° copies/100 mL
of V. vulnificus. The findings outlined by Greenfield et al. (2017) support the adaptability
of Vibrio spp. as suggested by our modeling where regardless of the strain variability, the
bacteria may survive at different temperatures and pH ranges. These observations and our
models suggest a potential to respond to environmental changes and exhibit a higher
virulence profile. Higher temperatures can enhance Vibrio planktonic growth and serve as
a selective pressure for strains with higher virulence potential, allowing for more
effective host invasion (Vezzulli et al., 2020). Future studies are needed to assess the
interaction between Vibrio and HABs and how changes in environmental parameters,
such as changes in pH, can strengthen their co-occurrence and selection for

pathogenic Vibrio strains in real-time environmental conditions.

Overall, the data suggest that non-cholera Vibrio, such as V. vulnificus and V.
parahaemolyticus, are capable of adapting to temperature and pH changes in coastal
zones and switching between growth modes, increasing their potential to survive under
climate change scenarios. While multiple efforts have been developed to create models to
predict Vibrio exposure and raise awareness of health risk, most models employ water
temperature and salinity to predict the potential risk (Brumfield et al., 2021). This study

revealed that pH also plays an important role in the adaptive response
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of Vibrio spp., which can increase the virulence potential of environmental isolates. For

example, potential exposure to different pH ranges during HAB events, where water pH

can fluctuate over diel and tidal cycles, combined with other climatic hazards, can lead to

an increase in the distribution, abundance, and virulence of Vibrio spp., contributing to

the increase of Vibrio-human interactions in coastal regions. Future studies are needed to

assess simulated climate change conditions and multiple stressors to better understand

how climate change can influence Vibrio outbreaks and to develop better models to

predict future risk of exposure to Vibrio with enhanced virulence profiles. This study

provides a new perspective that could be integrated into existing models to help decision

makers inform those individuals whose risk of infection is high.
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Table C.1. Vibrio Strains Used in This Study

Strain 1D Type Source Location Characteristics
V. vulnificus NBRC Clinical Human Florida, USA Type strain, 16S type
15645 = ATCC 27562 B, biotype 1
Human blood
V. vulnificus ATCC 33147 Environmental Eel Japan 16S type A, biotype
2
Diseased eel
V. vulnificus NOAA48 Environmental Water  South Carolina, 16S type A
USA

ACE Basin, 28°C,
26 g/kg, pH=7.8

V. vulnificus NOAA155 Environmental Water  South Carolina, 16S type
USA B, pilF positive

Winyah Bay, 28°C,
10 g/kg, pH=7.3

V. parahaemolyticus ATCC Clinical Human Japan tih/trh
17802

Shirasu food

poisoning
V. parahaemolyticus 48057 Clinical Human Washington, USA tlh/tdh/trh,
(BEI NR-21990)
Clinical case of serotype O4:K12

food poisoning
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Strain ID Type

Source Location

Characteristics

V. parahaemolyticus C12 Environmental Water

V. parahaemolyticus 4.1PR Environmental Oyster

South Carolina, tlh
USA

Winyah Bay, Oyster
Landing,

22°C, 34 g/kg,
pH=76

Cabo Rojo, PR tlh

Boqueron, 28°C,
35 g/kg, pH =8

Table C.2. Randomized Complete Block ANOVA Results for Effects of Temperature and

pH in Vibrio spp.

Partial
Sum of Mean F Pr eta
Vibrio species squares  df square value (>F) squared
Planktonic Vibrio Strain (block) 1.917 3 0.639 7.608 <0.001 0.060
Growth vulnificus a
Temperature 17.004 2 8.502 101.2 <0.001 0.360
39 a
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Partial

Sum of Mean F Pr eta
Vibrio species squares  df square value (>F) squared
pH 51.746 10 5175 6161 <0.001 0.631
9 a
Temperature @ 11.118 20 0.556 6.620 <0.001 0.269
pH §
Error 30.232 360 0.084
Vibrio Strain (block) 5.083 3 1.694 16.70 <0.001 0.122
parahaemol 6 a
yticus
Temperature 25.424 2 12712 1253 <0.001 0411
46 a
pH 45.407 10 4541 4477 <0.001 0.554
4 a
Temperature @ 4.884 20 0.244 2408 <0.001 0.118
pH §
Error 36.509 360 0.101
Strain (block)  24.523 3 8.174 2.158 0.093 0.022
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Partial

Sum of Mean F Pr eta
Vibrio species squares  df square value (>F) squared
Temperature 84.573 2 42286 11.16 <0.001 0.071
1 a
pH 39.560 10 3956 1.044 0.406 0.034
Vibrio
vulnificus
Biofilm Temperature © 82672 20 4134 1091 0358  0.069
Growth
pH
Error 1113.800 294 3.789
Vibrio Strain (block)  358.521 3 11950 28.32 <0.001 0.191
parahaemol 7 2 a
yticus
Temperature  282.231 2 141.11 33.44 <0.001 0.157
6 3 a
pH 232,738 10 23274 5516 <0.001 0.133
a
Temperature @ 115935 20 5797 1.374 0.132 0.071

pH

Error 1519.034 360

4.220
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Note. Growth Rate. Independent factors: temperature, pH; Dependent variable: growth
rate; Block factor: strain.

aSignificant: p < 0.05.
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Figure C.1. Modeling of bacterial growth rates in planktonic and biofilm stages of V.
vulnificus strains at different temperatures and pH ranges. Strains associated with disease
in humans and animals are shown in panels a (V. vulnificus NBRC 15645 = ATCC
27562) and b (V. vulnificus ATCC 33147). Environmental strains are shown in panels ¢
(V. vulnificus NOAA 48) and d (V. vulnificus NOAA 155). Growth rates are calculated
as (ddtInOD) with yellow representing higher growth rates and blue representing lower
growth rates.
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Figure C.2. Modeling of bacterial growth rates in planktonic and biofilm stages of V.
parahaemolyticus strains at different temperatures and pH ranges. Clinical reference
strains are shown in panels a (V. parahaemolyticus ATCC 17802) and b (V.
parahaemolyticus 48057). The environmental strains are shown in panels ¢ (V.
parahaemolyticus C12) and d (V. parahaemolyticus 4.1PR). Growth rates are calculated
as (ddtInOD) with yellow representing higher growth rates and blue representing lower
growth rates.

325



Planktonic Growth Rate

Biofilm Growth Rate

pH

507 552 605 644 690 754 795 821 872 9.04 962

507 552

Temperanare
3.00 SR 6.00
A 2 :
£ —30 2
= & ]
< 250 ) =
= 3 2 500
|
£ 200 E
a B 5
K| - 4.00
-,
“ 130 -
E Z
- =
g 100 3.00
3 g
50
507 552 605 644 690 7.54 795 821 872 904 962 507 552 605 644 690 754 795 821 872 9.04 962
pH pH
T ratwre 5 Temperature
1.00 pe 00 S
z 2 —30
g .. g 400 —37
2 250 :
% £ 300
b 200 £
= —
- ; 200
2 s =
H 1.00
3
= 100 =

605 644 690 754 795 821 872 9.04 962
pH

Figure C.3. Interaction plots of the estimated marginal means of growth rate in planktonic
and biofilm stages of Vibrio spp. at different temperatures and ranges of pH. Panel a
shows V. vulnificus strains, and Panel b shows V. parahaemolyticus strains. The line
colors represent the different temperatures: 25°C (blue), 30°C (green), and 37°C (red).
The estimated marginal means of the growth rate are expressed in ddtinOD.
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