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Highlights

Vibrio parahaemolyticus uses multiple pathways to form biofilms. These include UDP-
glucose metabolism, cellulose biosynthesis, rhamnose metabolism, O antigen
biosynthesis, CRISPR-Cas system and MSHA pilus-led attachment believed to
contribute to robust biofilm formation in V. parahaemolyticus.

Cellulose production is important for strong biofilm formation in V. parahaemolyticus.
The cellulose synthase operon, consisting of besG, besE, besQ, besA, besB, besZ, besC,
was present in 15.94% (22/138) of V. parahaemolyticus.

Biofilm communities of strong biofilm-forming V. parahaemolyticus showed higher
resistance to sodium hypochlorite and peroxyacetic acid than the weak biofilm formers.
V. parahaemolyticus biofilms indicated ~75 times more resistant to sodium
hypochlorite than planktonic counterparts, while ~4 times more resistant to PAA. PAA
is an effective alternative to sodium hypochlorite when treating V. parahaemolyticus
biofilms.

RNA-seq and differential gene expression analysis revealed V. parahaemolyticus
biofilm cells rearranged nucleotide and energy metabolism. Biosynthesis of secondary
metabolites, purine and pyrimidine metabolism, propanoate metabolism, and valine,
leucine and isoleucine degradation appear to be required in the young biofilm cells. The
genes purH, purF, pdhA are potential genetic targets for biofilm prevention and control

of V. parahaemolyticus.



Abstract

Vibrio parahaemolyticus in seafood can cause food poisoning. There is increasing concern with
the increase in reports of illness globally believed to be due to climate change affecting sea
temperatures. Biofilm formation of V. parahaemolyticus is an additional concern as biofilms
are more resistant to cleaning and sanitation than planktonic cells. However, little is known
about the biofilm formation of V. parahaemolyticus. Strain variation and the factors
determining biofilm formation were investigated in this study with the aim to provide

information that can be used to design more effective control strategies.

This study identified two robust biofilm forming strains (PFR30J09 and PFR34B02) from nine
V. parahaemolyticus seafood isolates. Comparative genome analysis unveiled 136 unique
accessory genes in robust biofilm formers. Protein-protein-interaction analysis showed
interactions between UDP-glucose metabolism (Gene ontology (GO): 0006011), cellulose
biosynthesis (GO: 0030244), rhamnose metabolism (GO: 0019299) and O antigen biosynthesis
(GO: 0009243). Cellulose contributed to robust biofilm formation. Cellulose biosynthesis was
identified as being acquired from within the order Vibrionales. The cellulose synthase operons
consisting of genes besG, besE, besQ, besA, besB, besZ, besC were present in 15.94% (22/138)

of V. parahaemolyticus.

Strong biofilm-forming V. parahaemolyticus showed greater resistance to sanitizers of biofilm
cells than the weaker biofilm forming cells. The effective concentrations of sodium
hypochlorite for inactivating most V. parahaemolyticus biofilm cells were higher than the
recommended concentration. Available chlorine of 1176 mg/L inactivated 1.74-2.28 logio

CFU/cm? of biofilm on stainless steel surfaces and 4704 mg/L inactivated > 7.00 logio
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CFU/cm? of biofilm (to undetectable levels, < 10 CFU/cm?), except for biofilms formed by the
strong biofilm formers. Peracetic acid (PAA) at 200 ppm (89.56 mg/LL PAA, 471.64 mg/L
hydrogen peroxide) inactivated > 5.00 logio CFU/cm? of biofilm from stainless steel surfaces

(except for those the strong biofilm formers, see Figure 4.4).

RNA sequencing (RNA-seq) identified 74 differentially expressed genes when comparing
planktonic and biofilm cells of V. parahaemolyticus. These represented the rearrangement of
nucleotide and energy metabolism in biofilm cells. Biosynthesis of secondary metabolites,
purine and pyrimidine metabolism, propanoate metabolism, and valine, leucine and isoleucine
degradation were deemed essential in the young V. parahaemolyticus biofilms. Genes of purH,
purF, pdhA are potential genetic targets for biofilm prevention and control of V.

parahaemolyticus.

Understanding V. parahaemolyticus biofilm formation will help to design strategies to
overcome the limitations of chemical sanitizers, improving product safety and quality in the

seafood industry.
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Chapter 1. Introduction



1.1 Background

Vibrio parahaemolyticus causes food poisoning, often associated with seafood. This pathogen
survives temperatures of 5-45 °C with an optimal growth temperature in seawater between 14-
19 °C (Cruz et al., 2015; Han et al., 2017; Konrad et al., 2017; MPI, 2001; Ndraha & Hsiao,
2021). This pathogen is prevalent in summer and autumn. Global warming is believed to be
responsible for an increasing frequency of V. parahaemolyticus infections in more countries.
Food poisonings and outbreaks have been reported in areas where there were previously no or
only sporadic cases (FAO, 2021). V. parahaemolyticus, like most microorganisms, is believed

to gain advantages through biofilm formation.

Biofilm communities are dynamic and complicated biological systems. The life cycle involves
cells for attachment, microcolony formation, matrix production and dispersion. Mature
biofilms are comprised of sessile microbial communities adhering to a surface inside a self-
produced matrix made up of extracellular polymeric substances (EPS) including
polysaccharides, proteins, glycoproteins, glycolipids and extracellular DNA (e-DNA) (Brooks
& Flint, 2008). Cells deploy multiple genetic strategies to form biofilms. In nature, multi-
species biofilms are prevalent with distinct regulatory pathways and greater complexity than

planktonic cells.

Understanding V. parahaemolyticus biofilm formation will help develop strategies to control
biofilm and reduce risks of V. parahaemolyticus infections. This research aims to identify and
overcome the limitations of current chemical disinfectant treatments, applying phenotypic
screening, whole genome sequencing (WGS) and RNA sequencing (RNA-seq) to illustrate the
mechanisms of V. parahaemolyticus persistence in the food industry. This knowledge will help

develop novel control strategies to safety and quality in the seafood industry.



1.2 Research questions

A. Does V. parahaemolyticus form biofilms in the seafood processing plants and will biofilm
formation pose risks to food safety? Are current chemical disinfectants effective in reducing V.

parahaemolyticus biofilm cells?

B. What genotypes of V. parahaemolyticus are responsible for biofilm formation and virulence?
What genes are responsible for biofilm formation in isolates from seafood environments, how
do they compare with the reference strain RIMD2210663? What genes are responsible for

robust biofilm formation and strong sanitizer resistance?

C. Can gene expression provide information to help design an improved strategy for the control

of V. parahaemolyticus biofilms?

1.3 Research objectives

A. Explore biofilm forming activities of V. parahaemolyticus from the New Zealand seafood

industry and their susceptibility to widely used sanitizers in the food industry.

B. Determine the similarities and differences in genome sequences from strong and weak

biofilm forming V. parahaemolyticus candidates.

C. Determine variations in gene expression between biofilm forming cells and planktonic cells.

1.4 Research hypothesis

Genomic characteristics that are responsible for biofilm formation, can help to provide a

strategy for the control of V. parahaemolyticus in seafood.
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2.1 Introduction

Seafood is a sustainable food predicted to increase to 12-25% of all meat sources by 2050
(Costello et al., 2020). V. parahaemolyticus is a curved rod, Gram-negative bacterium that
naturally exists in the marine environment (Robinson, 2014). It can be prevalent in oysters,
clams, fish, shrimps, mussels, scallop and periwinkle (Odeyemi, 2016), and food poisoning is
associated with the consumption of raw or undercooked seafood. V. parahaemolyticus survives
at 5-45 °C and grows when seawater temperatures are between 14-19 °C (Cruz et al., 2015; F.
Han et al., 2017; Konrad et al., 2017; MPI, 2001; Ndraha & Hsiao, 2021). This explains why
this pathogen is prevalent in summer and autumn seasons. Global warming has caused an
increased geographical range and frequency of V. parahaemolyticus infections. Repeated cases
of infection and outbreaks have been reported in unexpected areas where there were previously

no or only sporadic cases (FAO, 2021; Martinez-Urtaza et al., 2010) (Table 2.1).

Biofilm formation provides V. parahaemolyticus bacterial communities protection for survival
and colonization (Yildiz & Visick, 2009). V. parahaemolyticus forms biofilm assisted by a dual
flagellar system - polar and lateral flagella (Kim & McCarter, 2000). This dual flagellar system
allows V. parahaemolyticus to move under various conditions, thereby adjusting to different
environments and attaching onto surfaces. Biofilm formation starts after bacterial cells attach
onto a surface. V. parahaemolyticus colonizes and forms biofilms on biotic (shrimp, crab,
mussel, etc.) and abiotic surfaces (stainless steel, polystyrene, glass, etc.) according to
published studies by Han et al. (2016), Ashrafudoulla et al. (2019) and Wong (2002). EPS is a
self-secreted polysaccharide covering bacterium, and it is required for mature biofilm
formation (Yildiz & Visick, 2009). Biofilm formation process is affected by various factors,
including temperature, contact surface, cell surface, strain variants and so on (Brooks & Flint,

2008; Palmer et al., 2007).



Table 2. 1 Vibrio food poisoning in unexpected regions.

Region Year No. of cases Infection route Reference
France 2010-2019 91 Seafood
Canada 2020 21 Oysters (FAO, 2021)
Canada 2015 82 Oysters
England 2010-2020 22 Seafood
New Zealand 2019-2021 (till January) ~40 Mussels (Pattis, 2020, 2022)




Understanding V. parahaemolyticus biofilm formation will help develop measures to control
biofilm in seafood and reduce risks of V. parahaemolyticus outbreaks. This chapter reviews
new findings and conclusions about V. parahaemolyticus biofilm formation in seafood and
processing plants, as well as describes recent advances in understanding the mechanisms of V.
parahaemolyticus biofilm formation. It will contribute to overcoming the limitations of current
chemical disinfectant treatments and help develop novel cost-effective control strategies to

improve product safety and quality in the seafood industry.

2.2 Overview of V. parahaemolyticus biofilm formation in seafood related

environments

2.2.1 Fundamentals of V. parahaemolyticus biofilm formation in seafood related

environments

V. parahaemolyticus forms biofilms on marine biotic surfaces and abiotic surfaces under
appropriate incubation conditions, functioning as a source of pathogenic bacteria with
protection (Takahashi et al., 2016). Table 2.2 summarizes published methods for detecting and
enumerating V. parahaemolyticus biofilms. While these methods have contributed to a deeper
understanding of V. parahaemolyticus biofilms, each method has limitations. Certain
techniques may concentrate exclusively on a single or a few aspects of biomass, cell viability,
viable but non-culturable cell (VBNC) population, matrix structure or biofilm composition.
Researchers commonly employ a combination of methods to detect and describe biofilm

characteristics.

Odeyemi (2016) examined the prevalence of V. parahaemolyticus based on 48 published
studies, the prevalence in oysters, clams, fish, shrimp, and mussels was 63.4%, 52.9%, 51.0%,

48.3%, and 28.0%, respectively. V. parahaemolyticus can form biofilms on these surfaces



(Table 2.3), especially uneven seafood surfaces that provide protection for biofilm
communities from biocidal treatments (Guo et al., 2020; Han et al., 2016). V. parahaemolyticus
biofilms were identified on crab and shrimp surfaces by Han et al. (2016), and on shrimp and
mussel surfaces by Ashrafudoulla et al. (2019). However, Rosa et al. (2018) discovered that V.
parahaemolyticus did not form biofilms on shrimp shells. This may be explained by different
isolates examined. Several studies have documented that V. parahaemolyticus forms biofilms
on abiotic surfaces (Table 2.3). Stainless steel, polystyrene, fiberboard, polypropylene boxes,

and glass are among materials that have the potential to support biofilm production.

2.2.2 Biofilm life cycle

2.2.2.1 Surface attachment

V. parahaemolyticus forms biofilms using polar and lateral flagella. Polar flagella (driven by
sodium ions) are ulitized for swimming, while lateral flagella (driven by protons) are used for
swarming (Kimbrough et al., 2020). Polar flagella function via the fla gene system, which is
highly regulated and comprises three distinct types of gene clusters. The polar flagella function
as a mechano-sensor, resulting in a reduction in flagellar rotation and activation of the /af gene-
encoded lateral flagella expression (Kimbrough et al., 2020). Swarming via lateral flagella
requires bacterial cells to reach certain numbers, and the morphology of V. parahaemolyticus
becomes elongated as it transitions from swimming to swarming cells (Freitas et al., 2020).
However, it is unknown whether the flagella are lost and/or degraded following surface
attachment, or whether flagella serve as structural components of the biofilm, and little is
understood about how the various forms of motility interact and initiate biofilm development

in V. parahaemolyticus.



Table 2. 2 Different methods to determine V. parahaemolyticus biofilm.*

Method

Application

Limitations

Colony formation Units (CFU)

Microtiter plate assay - crystal
violet dye & biofilm formation
index (BFI)

Microtiter plate assay - Calgary
device

PMA-qPCR method

Fluorescence microscopy

Enumeration of culturable cells in
the biofilm matrix

Quantification of biomass through
crystal violet stain

Quantification of biomass

Quantification of viable cell
numbers in the biofilm matrix

Enumeration of living and dead
cell numbers through living and
dead cells stains

Only detects culturable biofilm populations, but not dormant, viable but non
culturable communities.

Underestimates biofilm populations due to cell aggregation.

Time consuming.

Lack of sensitivity.
Lack of consistency.
Dead cells will be stained and included as the biomass volume.

Calgary device lid and bottom plate are needed.
CFU assay to enumerate cell numbers inside biofilm matrix still needs to be
performed.

Expensive.
Need to use CFU assay to enumerate cultivable cell population to obtain viable but
non-culturable cell (VBNC) cell population.

Expensive use of fluorescence dye.
Cell number counts are limited by microscopic view scopes.
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Confocal laser scanning Biofilm  matrix  observation, High price of fluorescence dye.
microscopy (CLSM) imaging structural detection Interference of self-fluorescence from the matrix.

Scanning electron microscopy Observe the biofilm morphology  General observation of biofilm morphology, not useful if used to compare biofilms
(SEM) imaging with limited differences.

XTT [2, 3-bis (2-methoxy-4- Determination of biofilm Detection limit of 10*-10® CFU/biofilm.

nitro-5-sulfophenyl)-2H- metabolic activity Comparing the metabolic activity within the biofilm formed by same strain, strain
tetrazolium-5-carboxanilide] variations may induce differences of metabolic activity.
method
Phenol-sulfuric acid method Chemical method to quantify Can only detect extracellular polysaccharides.
extracellular polymeric substance Low accuracy.
(EPS) production Quantification of EPS requires standard curves, or EPS production can only be
compared by OD value.
RT-qPCR Quantifies expression levels of Expensive.
biofilm relative genes Multiple steps to extract clean RNA.

* This table was referred from published studies (Chen et al., 2020; Guo et al., 2020; Han et al., 2016; Q. Han et al., 2017; Li et al., 2020; Mougin et al., 2019;
Ning et al., 2021; Roy et al., 2021; Sun et al., 2019; Tan et al., 2021).
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Table 2. 3 Biofilm formulation of V. parahaemolyticus on biotic and abiotic surfaces.

Surface Strain Inoculum size Incubation Biofilm formulation results References
parameters

Biotic The higher CFU levels were

—crab Cocktail of V. C‘rab.& shrimp: 1: 2500 Time: 24 h observed on the crab sglrfaces

-shrimp arahaemolvticus K dilution of OD 1.0 cell Temperature: 4 (almost 8 log CFU/cm?) than on the

Abiotic p o4 suspension P - - shrimp surfaces (7 log CFU/cm?) at  Han et al. (2016)

-Stainless steel

Biotic
-shrimp
-mussel

Biotic

-shrimp

-Fish, white
mouth croaker

CTC 2471, KCTC
2729, ATCC 33844

V. parahaemolyticus

clinical isolates
(ATCC17802,

ATCC27969) and 8
other environmental

1solates

8V

parahaemolyticus

environmental
1solates

SS: 1:50 dilution of OD
1.0 cell suspension

10° CFU/mL, 10mL

Original concentration of
overnight culture

10, 15, 20, 25, 30,

35,and 37 °C

Time: 24 h
Temperature:
30°C

Time: 240 h

(replace inoculum
broth each 48 h)

Temperature:
37°C

25-37 °C. 30 °C was the optimum
condition for biofilm formation (> 8
log CFU/cm?).

For shrimp surfaces, environmental
isolates formed 6.21-6.89 logio
CFU/cm?, clinical isolates formed
5.59-6.19 log;o CFU/cm?. For
mussel surfaces, environmental
isolates formed 5.91-6.40 logio
CFU/cm?, clinical isolates formed
5.29-5.72 logio CFU/cm?.

No biofilms on shrimp shells, but on
operculum of fish (5-6 logio
CFU/cm?).

Ashrafudoulla et al.
(2019)

Rosa et al. (2018)
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V. parahaemolyticus No big difference of biofilm

Abiotic Time: 24 h, 48 h

Qmi ANSES collection 8 ) formation at 8 and 37 °C, ranging Mougin et al.
Stainless steel 14-B3PA-0046 10° CFU/mL, 11mL Temperature: 3 h, from 6-9 logio CFU oL, (2019)
24hand 48 h
Clinical strains attached better on
V. parahaemolyticus stainless steel surface than did
Abiotic STS5, 16 clinical 1-2 dilution of OD 1.5 cell Time: 1-8 h environmental strains. The cell
-Stainless steel and 12 s{ls ension ' Temperature: density reached a peak at 6 or 8 h Wong (2002)
-glass environmental P 25°C (6-8*%10° CFU/mL) on stainless steel
isolates and glass surfaces and declined
thereafter.
time 2 n, el 13
- V. 1:100 dilution of OD 12 h, 24 h and ; Y ©
Abiotic . . (biofilm thickness of 19.73 pum),
parahaemolyticus V0.4 cell suspension 48 h . . Song et al. (2017)
- glass . while a mature biofilm forms
P-C7 Temperature: 15, .
o between 12 to 24 h at 25 C° (biofilm
25 and 37 °C

thickness of 18.94-19.80 um).
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2.2.2.2 Microcolony formation and the matrix

Microcolonies are aggregates of 50 or fewer cells that form as a forerunner to biofilm formation;
small colony variants promote biofilm aggregate production and antimicrobial tolerance, acting
as a survival strategy with a low reproduction rate (Steenackers et al., 2016). Following
microcolony development, the cells become stronger and more stable due to the secretion of
structural components, exopolysaccharides, matrix proteins, and eDNA that work as a
"molecular glue" to aid attachment. The mechanism by which individual cells transform into

cell aggregates, on the other hand, is not completely understood.

Biofilm maturation results in cells buried deep within biopolymer layers with a variety of
mature matrix structures, including: 1) monolayer biofilms - V. parahaemolyticus was reported
to form this structure at 4 and 10 °C (Han et al., 2016); 2) multilayer biofilms with large
aggregates of bacterial cells; 3) a matrix structure previously described for other species but
not yet been observed for V. parahaemolyticus, consisting of multi-layered biofilms with small
aggregates at the base and motile cells covering the surface, and associated with a late mature
biofilm and dispersion (Houry et al., 2012). Chemical components contained within the V.
parahaemolyticus biofilm matrix, such as polysaccharides, proteins and eDNA, shape the
biofilm architecture by changing the biovolume, porosity and mean thickness of the three-

dimensional matrix (Tan et al., 2018), but the mechanisms are poorly understood.

2.2.2.3 Dispersion

Dispersion is the final stage of the biofilm life cycle; cells inside the biofilm actively escape
from the extracellular matrix, resulting in eroded biofilm matrices and bacterial cells that can

migrate to new nutrition and resource-rich environments (Steenackers et al., 2016). While it is
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well established that dispersion is associated with cell death and lysis, little is known about this

in V. parahaemolyticus.

2.2.3 Environmental factors influencing biofilm formation

Attachment and biofilm formation of V. parahaemolyticus to biotic and abiotic surfaces is a
complicated process influenced by a variety of factors including temperature, composition of

the attachment medium, substrate surface, cell surface and strain variants.

Temperature. Temperature influences V. parahaemolyticus biofilm formation. Song et al.
(2017) reported that V. parahaemolyticus produced better biofilm at 25 °C than at 15 °C and
37 °C. According to Han et al. (2016), V. parahaemolyticus develops multi-layered biofilms at
15 and 37 °C, but monolayers at 4 and 10 °C. Biofilm formation of V. parahaemolyticus at
high temperatures, such as 25-37 °C, could be the main cause of food safety problems due to

this pathogen (Han et al., 2016).

Sodium chloride and glucose. Sodium chloride (NaCl) and glucose influence adhesion and
maturation of V. parahaemolyticus biofilms. Salinity in open ocean seawater is approximately
3.5%. V. parahaemolyticus forms the best biofilm in tryptic soy broth (TSB) containing 2%
NaCl and the least biofilm in TSB containing 5% NaCl (NaCl concentrations of 0.5%, 1%, 2%,
3%, 4%, 5% examined). Glucose concentrations of 0.005-0.015% in TSB promote whereas

high glucose concentrations of 0.05% inhibit biofilm formation (Mizan et al., 2018).

Contact surface (charge, hydrophobicity, roughness). The charge on the cell surface varies
under different physiological conditions, influencing bacterial attachment to surfaces. Cells of
V. parahaemolyticus are frequently negatively charged, and thus attach to positively charged
surfaces (Chaiyakosa et al., 2007). V. parahaemolyticus biofilm formation is positively

correlated with cell surface hydrophobicity and is associated with the flagellar and proteins on
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the bacterial cell outer membrane (Mizan et al., 2016). The hydrophobicity of the substrate
surface (stainless steel, polystyrene, and glass) shows a negative correlation with the amount
of eDNA, extracellular protein and biofilm biomass in V. parahaemolyticus biofilms (Guo et
al., 2020). Instead of hydrophobic stainless steel, V. parahaemolyticus grows a better biofilm
on surfaces such as polystyrene and glass and is believed to relate to survival adaptation

mechanisms on these surfaces (Guo et al., 2020; Wong, 2002).

2.3 Molecular mechanisms of V. parahaemolyticus biofilm formation

The mechanisms by which V. parahaemolyticus biofilms form are regulated by a systemic and
integrated regulatory network. Though there are numerous genes responsible for EPS
biosynthesis and production, the cps locus has been extensively studied and will be discussed

under Positive regulators and Negative regulators (Figure 2.1).

2.3.1 Positive regulators

CpsQ can activate the expression of the capsular polysaccharide genes cpsA-cpsJ (vpal403-
1412) in V. parahaemolyticus, thereby regulating biofilm production. CpsQ is a c-di-GMP
binding protein that is regulated by intracellular c-di-GMP concentrations, and has been
demonstrated to be a positive, regulator of capsular polysaccharide CPSA expression. It was
reported that quorum sensing regulators OpaR and AphA bind to the promoter region of
the mfpABC operon to enhance and repress mfpABC transcription, as well as repress and
enhance cpsQ-mfpABC operon expression, and influence biofilm development (Zhou et al.,
2013). Due to their accumulation at high cell density, it was hypothesised that CpsQ and
MfpABC might play a role in the middle/late stages of growth and pathogenesis. CpsQ

contributes to capsule expression when c-di-GMP levels are elevated, but it is not solely
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responsible for biofilm formation, therefore, deletion of CpsQ does not eliminate biofilm

formation (Kimbrough et al., 2020).

( )
Quorun sensing

CRP-cAMP —— ) (At low cell density)
Al-2 ---------9 > LuxU
8 l

J

EnvZ OmpR
N—i Fis —— > OrrsRNA
N\

PhoR PhoP L
Ve e i B 7SR — \
BarY UvrY : Positive regulators ;
CpxA CpxR : CpsR —> H— OpaR H-NS :
ArcB ArcA : e S l' > CpsS E
: f:J 5
[ ' 11 SerC X
1 Y a— '
c-di-GMP —— » CpsQ |« :

Figure 2. 1 The transcriptional network of V. parahaemolyticus biofilm formation.

This figure was depicted according to published articles about transcriptional control of EPS

production genes in V. parahaemolyticus.

CpsR is another transcription regulator that regulates the formation of the biofilm matrix. CpsR
is also not solely required for biofilm formation in V. parahaemolyticus, but it is critical for the
increased CPSA expression elicited by c-di-GMP (Yildiz & Visick, 2009). It is required in the
ScrABC-dependent pathway to regulate swarming and EPS production. Introduction of
the cpsR1::Tn35 allele into the rugose scr4 mutant resulted in the transformation of a rugose

colony to smooth colony, the elimination of exopolysaccharide production, and a decreased
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capacity for biofilm formation (Guvener & McCarter, 2003). CpsR acts prior to CpsQ and can
activate CpsQ and CpsS. The CpsS-CpsR-CpsQ regulatory cascade is responsible for the EPS

production (Guvener & McCarter, 2003).

Quorum sensing governs sets of cellular pathways, including motility, virulence, and biofilm
formation through its master regulators-AphA and OpaR. AphA is a small PadR family
expression regulator with an N-terminal winged-helix DNA-binding domain. AphA is
activated at low cell density, to promote the transcription of virulence, flagella-mediated
motility and biofilm formation (Zhou et al., 2013). In the presence of low cell density,
redundant Qrri4 SRNAs regulated by LuxQ-LuxU-LuxO pathway inhibit opaR and cpsQ-
mfpABC transcription, thereby influencing the formation of V. parahaemolyticus biofilms (Liu

etal., 2021; Zhou et al., 2013).

2.3.2 Negative regulators

Signaling via chemotaxis ScrABC is involved in competitive colonization and the development
of the biofilm matrix. ScrA is encoded by scrd, which is part of the scrABC operon, and
promotes the expression of /af genes (Boles & McCarter, 2002). ScrC functions as a
diguanylate cyclase (DGC), contains GGDEF and EAL domains and is regulated by ScrA and
ScrB at translation level, and can promote CpsQ repression and c-di-GMP degradation
(Kimbrough et al., 2020). A scrABC operon mutation has a profound effect on gene expression,
resulting in decreased swarming activity, increased cellular c-di-GMP levels, overproduced

CPSA, crinkly colonies and enhanced biofilm formation (Kimbrough et al., 2020).

CpsS is the dominant negative regulator in V. parahaemolyticus (Yildiz & Visick, 2009). It is
another member of the CsgD family and contains a DNA-binding domain similar to that of

CsgD. CpsS can inhibit cpsR expression, while cpsR activates cpsQ, and CpsQ inhibits cpssS.
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CpsS represses CpsQ, but it is unknown whether it directly or indirectly regulates CpsQ.
Deletion of ¢psS results in capsule overexpression and wrinkly colonies (Enos-Berlage et al.,

2005).

OpaR governs biofilm formation through regulating CpsQ (Zhou et al., 2013). The histone-like
nucleoid structuring protein H-NS is a “transcriptional silencer”. It is involved in the
transcription of genes and the folding of DNA and an expression activator of the cpsA4-
cpsJ operon (Enos-Berlage et al., 2005). Mutants of /ns fail to trigger CPSA production and
polar flagellar activity, thereby resulting in decreased biofilm formation in V. parahaemolyticus

(Enos-Berlage et al., 2005).

2.3.3 Extracellular polymeric substances (EPS) synthesis genes

Numerous genes have been identified as being involved in the formation of the extracellular
matrix of V. parahaemolyticus biofilms. cpsA-J (vpal403-1412) is required for the synthesis
of capsular polysaccharide A (CPSA), a major component of the V. parahaemolyticus biofilm
(Yildiz & Visick, 2009). cpsA-J is also required for the formation of opaque colonies, rugose
phase transmission of the colony and biofilm development (Enos-Berlage & McCarter, 2000).
vpl476-1458 is an ortholog of the syp locus that is conserved in V. fischeri. This locus was
reported to be responsible for wrinkled colonies, pellicle formation and matrix production in
V. fischeri (Yildiz & Visick, 2009). V. parahaemolyticus shares 85.9 and 75.8% similarities
with the glycosyltransferase gene sypQ from V. alginolytious 12G01 and V. harveyi ATCC
BAA-1116 respectively (Ye et al., 2014), indicating the relatedness with poly-N-
acetylglucosamine (PNAG) biosynthesis. Cellulose is typically found in Gram-negative
bacteria, but in V. parahaemolyticus, the cellulose synthase gene cluster is unknown. Another
locus involved in V. parahaemolyticus biofilm formation is vp0214-0237, which results in

translucent colonies, decreased adherence to surfaces, inhibition of swarming motility and
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interruption of biofilm maturation (Enos-Berlage et al., 2005). Proteins and eDNA in the
extracellular matrix contribute to the structure and stability, but they are poorly studied in V.

parahaemolyticus.

2.3.4 Does pathogenicity influence biofilm formation?

Virulence factors are typically associated with bacterial pathogenicity. Song et al. (2017)
concluded that the pathogenicity of a strain and its ability to form biofilms are related properties
as pathogenic V. parahaemolyticus accumulates more biofilm matrix than non-pathogenic
strains. Similarly, Wong (2002) found that clinical strains adhered more readily to stainless
steel than environmental strains, and that decreased c-di-GMP levels within cells can promote
biofilm formation and pathogenicity in V. parahaemolyticus. Zhang et al. (2019) revealed that
the transcription factor QsvR works in conjunction with a QS system to regulate the expression
of virulence genes, T3SS1 and pathogenicity islands (PAI, T3SS2 and thermostable direct
hemolysin (TDH)), in V. parahaemolyticus. AphA has a role in the initial colonization stage,
activating T3SS1 gene expression but inhibiting the expression of PAI genes, thus boosting V.
parahaemolyticus cytotoxicity. OpaR and QsvR act at a higher cell density by activating PAI
transcription, thereby enhancing enterotoxicity and causing severe gastroenteritis. QsvR can

also maintain basal levels of T3SS1 expression despite OpaR negatively regulating it.

2.4 Limitation of chemical disinfectants and promising mitigation strategies

2.4.1 Limitation of chemical disinfectants

Chemical disinfectant treatment is a simple, cost-effective, and widely used strategy for
pathogen contamination control in the food industry. Numerous studies to determine the
efficacy of various chemical disinfectants against V. parahaemolyticus biofilms have been

conducted (Table 2.4). While cleaning chemicals and disinfectants remove soils and inactivate
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biofilm cells from seafood and plant surfaces, using disinfectants alone at recommended
concentrations makes it difficult to control biofilm effectively, as recurrence and recolonization
of pathogen communities with increased acquired resistance may occur (Rosa et al., 2018).
Increased disinfectant concentrations are discouraged, as they may corrode plant surfaces,
influence seafood sensory and produce chlorine and/or other by-products that are hazardous to
human health. Additionally, routine exposure of biofilm populations to chemical disinfectants
may also result in an increase in VBNC state cells, which aids in the persistence of biofilm
communities on seafood processing plants. For instance, the routine use of chemical
disinfectants in cleaning and sanitation in smoked salmon processing plants has resulted in the
development of Listeria monocytogenes VBNC populations that are resistant to environmental

stress and difficult to eradicate (Brauge et al., 2020).

2.4.2 Promising strategies

As chemical disinfectant treatments fail to remove V. parahaemolyticus biofilms effectively,

alternative strategies for mitigating these risks are required (Figure 2.2).
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2.4.2.1 Plant surface modification

Processing plant surface modifications have been studied to inhibit biofilm colonisation and
development. For example, sol-gel modification, modified stainless steel surfaces using
Thermolon, reduced biomass during pasteurization of milk. This investigation indicated that
the biomass weight on stainless steel 316L and sol-gel-modified coupons in a benchtop plate

heat exchanger was 19.21 mg/cm? and 0.37 mg/cm?, respectively (Liu et al., 2017).

Biosurfactants are surface-interactive molecules that exhibit both hydrophobic and hydrophilic
properties. BS-SLSZ?2 is a biosurfactant derived from the marine bacterium Staphylococcus
lentus, which has been shown to hinder bacterial attachment, impair bacteria-bacteria
interactions, and prevent the formation of biofilms. At a dose of 20 pg, V.
harveyi and Pseudomonas aeruginosa biofilm formation were inhibited by 80% and 82%,

respectively (Hamza et al., 2017).

2.4.2.2 Physical treatment

Bubbles. The use of bubbles is being developed for antibiofilm applications. Laser-induced
vapour bubbles are used to enhance the distance between sessile cells. Millimetre-sized air
bubbles in water significantly removed Pseudomonas biofilm cells attached to stainless steel
and polypropylene surfaces by 1.6 and 0.9 logio, respectively, and also removed the
carbohydrate, protein and fat residues from stainless steel surfaces (Burfoot et al., 2017).
Shiroodi et al. (2021) employed bubbles to treat V. parahaemolyticus biofilms on plastic and
stainless-steel coupons, achieving reductions of 2.5 and 1.4 logio colony forming units

(CFU)/cm? biofilm cells respectively in 2 min, and > 7 logio CFU/cm? in 5 min.
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Table 2. 4 The effect of chemical disinfectant treatment on V. parahaemolyticus biofilm.

Disinfectants Biofilm Reduction Reference

Sodium hypochlorite 240 h old biofilms V. parahaemolyticus biofilm Rosa et al. (2018)
formed on biotic communities of 2-5 logio

-20 ppm chlorine (~ 20 and abiotic CFU/cm? were remained after

mg/L chlorine), 10min surfaces treatment (~ 6 log;o CFU/cm?

Sodium hypochlorite

-4 mg/L chlorine, 1h

Hydrogen peroxide (H205)

-0.08%, 1h

Ozone

-1.6 mg/L, 1h

Sodium hypochlorite
-50-300ppm, 6% w/v

chlorine, 5min

Strong acidic electrolyzed
water (SAEW)

-30 ppm chlorine (~ 30
mg/L chlorine), 1-15 min

Strong acidic electrolyzed
water (SAEW)

-pH 2.3, 136.33 mg/L
chlorine, 30s

Acidic electrolyzed water

-pH 2.28, 52.26 mg/mL
chlorine, 10 min

72 h old biofilm
on glass slides

24 h old biofilm
on shrimp and
crab surfaces

48 h old biofilm

48 h old biofilms
on  polystyrene
surfaces

biofilm as control).

The bacterial density dropped
from 7.90 to 3.97
logio CFU/cm?;

Inactivated cells to non-

detectable levels from over 7
logio CFU/cm?;

Reduced ~ 2 logio CFU/cm?
biofilm cell densities.

Sodium hypochlorite
rendered maximum
reductions of 3.78 and 3.32
logio CFU/cm? on shrimp and
crab surfaces (6.87 and 7.37
logio CFU/cm? as control);

SAEW achieved reductions
of 1.42-3.05 and 1.14 to 2.56
logio CFU/cm? on shrimp and
crab surfaces.

Decreased viable V.
parahaemolyticus from 6.90
to 3.33 logio CFU/cm?.

The biovolume, eDNA,
protein and polysaccharide
content of V.

parahaemolyticus matrix was
significantly reduced.

Shikongo-
Nambabi
(2010)

et al.

Roy et al. (2021)

Han et al. (2017)

Li et al. (2020)
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Cold Plasma. Cold plasma has received much attention for biofilm control due to its non-
thermal, rapid, green and waterless properties. The reactive species generated have antibiofilm
activity through destroying the biofilm matrix and penetrating biofilm structures leading to
death of the bacterial cells. High-voltage cold plasma (80 kV) treatment for 60 s reduced L.
monocytogenes, Salmonella enterica and Pseudomonas fluorescens biofilm cells by 3.76, 4.14
and 2.6 logio CFU/mL respectively from an initial cell concentration of 5.4 & 0.4 logio CFU/mL
(Patange et al., 2019). Dielectric barrier discharge plasma treatment (1.1 kV, 30 min) reduced
Escherichia coli in fresh oysters by 1.01 logio/g, while having no effect on the glycogen content
or texture of oyster meat (Choi et al., 2022), demonstrating the potential for cold plasma
application in seafood environments. However, there is little information on the effect of cold

plasma for the inactivation of V. parahaemolyticus biofilms.

Low-frequency and high-intensity ultrasound treatment. Ultrasound with a low frequency
and a high intensity has been proposed to be effective at inactivating biofilm cells. Biofilm
removal is based on mechanical oscillation, free radicals (H- and .OH) and hydrogen peroxide
(H207) generated, as well as localized heating. 10 s treatment of 40 kHz with a flat ultrasonic
transducer removed E. coli and S. aureus dairy biofilms from stainless steel surfaces (Yu et al.,
2021). The high-intensity ultrasound has been examined for its application on fish, including
salmon (S. salar), mackerel (S. scombrus), cod (G. morhua) and hake (M. merluccius) fillets.
The microorganism on fish surfaces were significantly reduced, but there were no significant
changes in lipid content, and the moisture level remained stable except in hake (Pedros-Garrido
et al., 2017). Additional research using low-frequency and high-intensity ultrasound treatment

on V. parahaemolyticus biofilm cells is needed.

Ultraviolet-C (UV-C) treatment. UV-C (250-270 nm) is lethal to a wide range of

microorganisms, including bacteria, yeasts, and viruses. UV-C (5, 10 min) combined with 50-
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500 pg/mL peroxyacetic acid reduced S. Enteritidis biofilm cells from stainless-steel and
silicone rubber surfaces by 3.10-6.41 logio CFU/mL and, UV-C (5, 10 min) in combination
with 0.5-2.0% lactic acid reduced biofilm by 3.35-6.41 logio CFU/mL (Byun et al., 2022). UV-
C treatment of 5-60 mW*s/cm? (examined treatment of 5, 10, 30, 60 mW*s/cm?) decreased V.
parahaemolyticus biofilm communities by 1.37-2.53 and 0.75-1.94 logio CFU/cm? from
shrimp and crab surfaces, respectively. UV-C (60 mW*s/cm?) along with sodium hypochlorite
(300 ppm) decreased biofilm cells by 3.78 and 3.32 logio CFU/cm? on these same two surfaces
respectively. UV-C (60 mW*s/cm?) combined with slightly acidic electrolyzed water reduced
V. parahaemolyticus biofilm cells by 4.41 and 4.06 logio CFU/cm?, from these surfaces

respectively (Roy et al., 2021).

High hydrostatic pressure (HHP) treatment. HPP is another nonthermal approach that is
effective in inactivating V. parahaemolyticus in the seafood industry. 400 MPa HHP (20 °C, 3
min) decreased V. parahaemolyticus in oysters to an undetectable level from ~5 logio CFU/g,
and the characteristic taste of oyster meat was retained for up to 15 days if refrigerated at - 20 °C
(Liu et al., 2022). However, little is known about HPP efficacy on V. parahaemolyticus biofilm
cells in seafood, despite reports of its use against other food pathogens. For example,
Cronobacter sakazakii biofilm at 24 h was reduced by 45% when treated with 400 MPa HHP

(Liao et al., 2021).

Lighting Photodynamic inactivation (PDI). PDI involves use of a photosensitizer activated
by visible light, leading to the production of reactive oxygen species (ROS) and consequently
inactivation of microbial cells. Inactivation of microbes is caused by ROS which has potential
to deconstruct EPS, proteins, lipids and nucleic acids in the biofilm matrix (Tan et al., 2021).
Chen et al. (2020) found that PDI treatment (5 min, 1.14 J/cm?) with 1.0 uM curcumin as the

photosensitizer decreased V. parahaemolyticus (~ 8 logio CFU/mL) to non-detectable levels. It
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downregulated genes associated with the virulence (¢dh and toxR) and biofilm formation (oxyR,
aphA, luxR and opaR) thereby controlling V. parahaemolyticus biofilm. They also found that
20.0 uM curcumin PDI treatment (60 min, 13.68 J/cm?) almost removed 48 h old V.

parahaemolyticus biofilm on polystyrene surfaces.

2.4.2.3 Chemical strategies

Essential oils. Essential oils are plant-based extracts that contain a variety of antibacterial and
antibiofilm components. Citrus peel essential oils inhibit V. parahaemolyticus biofilm
formation by repressing flagella gene transcription, T3SS effector function and quorum sensing
activities (Sun et al., 2019). At concentrations of 3.125 and 6.25 pg/mL, citral reduced 42 and
58% autoinducer-2 quorum sensing activity, respectively. Concentrations of 6.25 and
12.5 pg/mL of citral decreased V. parahaemolyticus swimming and swarming by 20-47% and
35-50%, respectively. Citral at a concentration of 12.5 pg/mL disrupted the three-dimensional

V. parahaemolyticus biofilm matrix and dispersed the cells (Sun et al., 2019).

2.4.2.4 Biocontrol strategies

Small-molecule signal blocker. Interference with biofilm formation by small molecules is a
novel strategy. For example, DGC has been identified as a critical target for modulating the c-
di-GMP process and biofilm formation phenotypes. Christen et al. (2019) demonstrated that 4-
(2,5-dimethylphenoxy)-N-(4-morpholin-4-ylphenyl) butanamide and six other small
molecules at low uM concentration, inhibited c-di-GMP signaling and biofilm formation via
regulation of the DGC in a non-competitive manner. Similarly, 2,6-Di-tert-butyl-4-
methylphenol (DTBMP) from Chroococcus turgidus was found to inhibit initial V.
parahaemolyticus biofilm formation by interfering with hydrophobic activity, swarming

motility and quorum sensing. A concentration of 250 ug/mL of DTBMP reduced EPS
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production by 74%. DTBMP was examined in vivo on pacific white shrimp and demonstrated

anti-adherence efficacy without killing the shrimp (Santhakumari et al., 2018).

Enzymes. Enzymes are an alternative for biofilm control in the food industry. For example,
endolysins are peptidoglycan hydrolases that can deconstruct biofilm matrix and hydrolyse
bacterial cell wall peptidoglycan. The combination of endolysin Lysqdvp001 (60 U/g) and &-
PL (e-poly-lysine, 0.20 mg/g) can significantly reduce V. parahaemolyticus in Gadus
macrocephalus, Penaeus orientalis and oyster by 3.75,4.16 and 2.50 log10 CFU/g, respectively.
Using &-PL alone reduced biofilms of V. parahaemolyticus by 28.67%, 14.27% and 12.67%,
respectively, from polystyrene, glass and stainless-steel surfaces. Lysqdvp0Ol had no
substantial effect. A cocktail of these two enzymes removed 55.13%, 44.43% and 68.00% of
the biofilms, indicating the synergistic effect of enzyme treatment may be due to the attack of

different V. parahaemolyticus target sites (Ning et al., 2021).

Bacteriophages. Bacteriophages can destroy biofilms by inducing bacterial cell death and
breaking down the biofilm matrix. For example, phage cocktails were prepared by mixing
phage isolated from cattle faeces. The phage cocktails had the potential to inhibit £. coli O177
biofilm formation at 25 °C within 24 h, and the possibility to reduce pre-formed biofilms to
undetectable levels within 5 h (Montso et al., 2021). Bacteriophage OMN was reported to kill
90% and 99% of V. parahaemolyticus communities on oyster meat surfaces after 48 and 72 h
of treatment, respectively, showing the potential of bacteriophage application in seafood
(Zhang et al., 2018). However, as much of the bacteriophage studies are limited to laboratory

conditions, additional work is required to apply in the industry.
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2.5 Conclusion and perspectives

The persistence of the V. parahaemolyticus biofilm in the seafood plant may result in pathogen
recurrence and complicate hygienic treatment. It is necessary to understand the mechanism by
which V. parahaemolyticus biofilms form. However, genes responsible for V.
parahaemolyticus strong biofilm formation are unknown. This study will uncover V.

parahaemolyticus biofilm formation, revealing insights into biofilm control strategies for V.

parahaemolyticus in the food industry.
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2.6 Recent published studies of related fields

In addition to Section 2.2.3: Yu and Rhee (2023) reported that V. parahaemolyticus biofilms
formed on fish skin were significantly higher than stainless steel surfaces, indicated that surface

roughness influenced attachment of V. parahaemolyticus.

In addition to Section 2.4.2.4: Zhu et al. (2023) identified that Laurel essential oil interfered
with swimming motility, inhibited hydrophobicity and reduced attachment to food contact
surfaces (stainless steel, silicone and glass) of V. parahaemolyticus, indicating that this

essential oil can be a potential alternative to the biofilm control strategy.

In addition to Section 2.4.2.4: Li et al. (2022) used enzymes consisting 22 U/mL lipase, 3 U/mL
cellulase and 45 U/mL proteinase (pH 5.4) to inhibit biofilm formation and remove biofilm
cells of V. parahaemolyticus. The combined enzymes reached inhibition of 68.79%, 89.65%
and 57.04% for biofilms at 6", 24" and 48™ h (biofilms were incubated at conditions of 30 °C,
180 rpm, TSB containing 3% NaCl), removed 57.62%, 67.65%, and 54.87% of 6-h old, 24-h

old and 48-h old biofilms, respectively.

In addition to Section 2.2.3 Contact surface: Stainless steel coupons of 316L, 304, 430 with 2B
finish and 304 with BA finish were studied for V. parahaemolyticus biofilm formation. The
roughest surface was 316L/2B, the least roughness was 430/2B and 304/BA. V.

parahaemolyticus attached better on rougher surfaces (Tantratian et al., 2022).

In addition to Table 2.4:

Disinfectants Biofilms Reduction Reference

Benzalkonium chloride 24-h  and 72-h old 5-min exposure reduced (Tantratian et al., 2022)
(BAC) biofilms biofilm cells to non-
-0.02% detectable levels
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In addition to Section 2.4.2.4: Engineering Lysqdvp001 with outer membrane destabilizing
peptides assisted in improving antibiofilm efficacy, sTHA-Lysqdvp001 at MIC (50 pg/mL)

removed 82% of mature V. parahaemolyticus biofilms (10-h old, 37°C) (Ning et al., 2023).
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Chapter 3. Biofilm forming abilities of V.

parahaemolyticus

This chapter is an adaptation of material that was published (published article reproduced in

Appendix VII) as a peer-reviewed article:

Wang, D., Fletcher, G. C., On, S. L., Palmer, J. S., Gagic, D., & Flint, S. H. (2023). Biofilm
formation, sodium hypochlorite susceptibility and genetic diversity of Vibrio

parahaemolyticus. International Journal of Food Microbiology, 385, 110011.
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3.1 Introduction

V. parahaemolyticus is a cause of food poisoning associated with consuming raw or
undercooked seafood. It grows well between 14-19 °C and is prevalent during summer and
autumn (Cruz et al., 2015; Han et al., 2017; Konrad et al., 2017; MPI, 2001; Ndraha & Hsiao,
2021). The average annual number of Vibrio infections in the United States increased by 54%
between 2006 and 2017, and by 79% in 2019 (Abanto et al., 2020). The “Cholera and Other
Vibrio Illness Surveillance System” in the United States received 4116 reports of V.
parahaemolyticus infections between 2010 and 2018 (CDC, 2021). In China, they experienced
an average of 523.5 recorded cases each year during 2010 and 2020 (FAO, 2021). Climate
change has been proposed as an explanation for the global spread of V. parahaemolyticus
infections (FAO, 2021). Outbreaks have been regularly reported in countries with no or
sporadic incidence such as Canada, the United Kingdom, France, North Europe, New Zealand
and Australia (Baker-Austin et al., 2020; Baker-Austin et al., 2018; FAO, 2021), raising

concerns in the food industry.

There were 5149 V. parahaemolyticus isolates submitted to the Molecular Typing and
Microbial Genome Diversity (PubMLST) Database by February 2022 (Jolley et al., 2018).
Some pandemic clones are more virulent than others and have been implicated in several
previous outbreaks. Sequence type 3 (ST3) emerged in Asia in the mid-1990s and spread
throughout the world, becoming the most common pandemic clone by 2012 (Nair et al., 2007).
Sequence type 36 (ST 36) strains were present at the Pacific Northwest and Canada (Daniels
et al., 2000), but have spread further into Europe, involving the largest known food-
borne Vibrio outbreak reported in Spain in 2012 (Martinez-Urtaza et al., 2018). ST 36,
according to Abanto et al. (2020), can disperse intercontinentally due to its highly pathogenic

and persistent nature, posing a threat to the safety of seafood products and human health. The
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epidemiology of V. parahaemolyticus infections has shifted from the dominance of
domestically redistricted strains to the transcontinental spread of new clones. However, the

relationship between ST and biofilm-forming ability of V. parahaemolyticus is unknown.

Biofilm formation is a dynamic life cycle involving motility, attachment, biofilm production
and dispersion; once biofilm develops, the endurance and environmental adaptability enable
cells to survive environmental stress. V. parahaemolyticus as a biofilm has advantages in
seafood environments. V. parahaemolyticus biofilms form on stainless steel, polystyrene, glass,
and other abiotic surfaces in food processing equipment and packaging materials, showing a
higher resistance than their planktonic counterparts, to cleaning and sanitation that may lead to
recurring contamination (Rosa et al., 2018). Along with widespread awareness of V.
parahaemolyticus control in seafood, it is required to understand biofilm formation of V.
parahaemolyticus. Using V. parahaemolyticus strains from New Zealand, this part of study is
to assess that whether V. parahaemolyticus form biofilms on seafood processing plant surfaces

and the potential risks for seafood safety.

3.2 Methods

3.2.1 Cultures

There were ten strains used in this study, seven of them were kindly offered by Plant and Food
Research Ltd., New Zealand, there were another two clinical isolates, PFR37D08 (National
Health Index (NHI) No. 75/0294) and PFR37E03 (NHI No. CHE2822), which were provided
by Institute of Environmental Science and Research (ESR), New Zealand. The reference strain
incorporated in this study was RIMD2210633, that was imported from Research Institute for
Microbial Disease, OSAKA University. Detailed information of strain number, collection date,

isolation source, country of origin, pathogenicity and where cited is in Table 3.1.
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Cultures were received either on agar slopes or freeze-dried ampoules. They were initially
cultured in 3% NaCl TSB (Difco™, Becton, Dickson and Company, France), at 37 °C for 24
h. To indicate the purity, each culture was plated on Thiosulfate-Citrate-Bile Salts-Sucrose
(TCBS, Difco™, Becton, Dickson and Company, France) agar, the growth of V.
parahaemolyticus was indicated by a green colony due to the inability to ferment sucrose in

the agar.

Strains were stored at -80 °C using a bead system (Protection, Thermo Fisher, USA). To revive
a culture, one bead was inoculated into 3% NaCl TSB and incubated at 37 °C for 5-8 h, allowing
it to enter stationary phase. Cultures were centrifuged (8427x g, 5 min) and washed using

sterilized saline, harvested for further use.

3.2.2 Crystal violet (CV) assay

A CV assay was used to screen the isolates for the ability to form biofilm. A cell suspension
was diluted to obtain an ODsos (Absorbance measurements at 595 nm) of 0.15 £ 0.05 using a
microplate reader (Varioskan Lux 3020-1333, Thermo Fisher, USA), 200 uL of each culture
was added into the well of a 96-well flat-bottom microtiter plate (6 biological replicates, 3
technical replicates; FALCON®, Corning Incorporated, Durham, USA). The plate was
incubated at 37°C for 72 h, then the ODsos was examined. The plate was inverted to remove
the cultures, and each well was washed three times using 230 pL of distilled water, followed
by 230 pL of ethanol for 10 min to fix the cells. The ethanol was removed, and the plate was
allowed to dry. Then, each well was stained with 230 pL of 2% CV for 10 min, washed three
times using distilled water, followed by 210 pL of 33% acetic acid added into each well to

dissolve the CV stain. The absorbance of resulting solution in each well was measured at 570
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Table 3. 1 Information of V. parahaemolyticus candidate strains used in this study.

No. Strain Source Pathogenicity Collection date Country of origin Reference

1 PFR21C03 Pacific oyster Non-pathogenetic 16/02/2009 New Zealand

2 PFR24B07 Greenshell™ mussel Non-pathogenetic 2/03/2010 New Zealand

3 PFR29A04 Pacific oyster Non-pathogenetic 22/11/2010 New Zealand

4 PFR30G02 Pacific oyster Non-pathogenetic 8/03/2011 New Zealand

5 PFR30J09 Pacific oyster Non-pathogenetic 21/03/2011 New Zealand (Cruz et al., 2015)
6 PFR34B02 Pacific oyster Non-pathogenetic 27/03/2012 New Zealand

7 PFR37C06 Pacific oyster Non-pathogenetic 17/01/2013 New Zealand

8 PFR37D08 Clinical Pathogenetic 1/01/2013 New Zealand

9 PFR37E03 Clinical NZRM 3391 Pathogenetic 1/01/1975 New Zealand

10 RIMD2210633 Clinical Pathogenetic 1996 Japan (Makino et al., 2003)
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Table 3. 2 Multi-locus sequence typing (MLST) information of V. parahaemolyticus candidate strains used in this study.

Strains MLST ST Nearest ST match (loci hits) dnaE gvrB recA didS pntA pyrC tnad
PFR21C03 2632 - dnaFE (226) gvrB (25) recA (97) duds (19) pntAd (26) pyrC (49) tnaA (26)
PFR24B07 New ST 2651(6) dnaE (175)  gyrB (235) recA(3) deds (85) pntA (65) pyrC (~68) tnaA (23)
PFR29A04 1357 - dnakE (162)  gyrB (399) recA (80) drdS (150) pntd (11) pyrC (158) tnaA (51)
PFR30G02 1772 - dnaFE (47) gvrB (287) recA (19) deds (252) pntA4 (245) pyrC (18) tnad (217)
PFR30J09 New ST 2650(3) dnaFE (60) gvrB (406)  recA (366)  dtdS (390) pnt4 (18) pyrC (94) tnaA (47)
PFR34B02 New ST 2648(6) dnaFE (36) gvrB (4) recA (81) dudsS (27) pntAd (26) pyrC (82) tnad (225)
PFR37C06 New ST 2650(5) dnaE (60) B (406)  recA (257)  dtdS (390)  pntd (~156)  pyrC (221) tnaA (47)
PFR37D08 36 - dnaE (21) gyrB (15) recA (1) ddS (23) pntA (23) pyrC (~21) tnaA (16)
PFR37E03 1140 - dnaE (19) B (295)  recA (295)  dtdS (223) pntd (136) pyrC (11) tnaA (13)

*In this table, dnaE, gyrB, recA, dtdS, pntA, pyrC and tnaA are housekeeping genes in V. parahaemolyticus, and distinct parameters reflect their varied multi-
locus sequence typing (MLST) information. All 7 housekeeping loci matched with the PubMLST database otherwise, nearest match and loci hit numbers were

shown above.

48



nm, and the biofilm forming index (BFI) of each strain was evaluated using the following

equation:

_ (0D570 - 0D57Ocon)

BFI =
(0D595 - 0D59560n)

ODs70 and ODsos represent the absorbance value of sample wells at 570 nm and 595 nm,
respectively. ODs7ocon and ODsoscon represent the absorbance value of wells with only TSB
containing 3% NacCl as a blank. The degree of biofilm formation was classified according to
Naves et al. (2008): strong (BFI > 1.10), moderate (1.09 > BFI > 0.70), weak (0.69 > BFI >

0.35) and none (BFI < 0.35).

3.2.3 Growth dynamic of V. parahaemolyticus biofilms

3.2.3.1 Coupon preparation

Coupon preparation was to remove leftover biofilms and pathogens. Stainless steel coupons
(10 mm?, 1 mm thick, 304 grade with a 2B finish; Advanced Sheetmetals, New Zealand) were
used in this study to represent surfaces used for processing seafood. Coupons had previously
been passivated and used in other experiments. Coupons were soaked in NaOH (1%, w/v; pH
~13.0; Merck KGaA, Darmstadt, Germany) for 35-40 min, then sonicated with mild heat
(DT52; BANDELIN, Berlin, Germany) for 60 min. The coupons were rinsed with ~ 250 mL
distilled water, then left to dry at 45 °C overnight. The cleaned coupons were then ready for
dry cycle autoclaving at 121 °C for 15 min. Coupons were freshly prepared for each set of

experiments.

3.2.3.2 Biofilm development

Each stainless steel coupon was placed flat in a well of a 48-well plastic plate (FALCON®,

Corning Incorporated, Durham, USA) with 1 mL of V. parahaemolyticus cell culture (cell
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concentration: ~ 4 logio CFU/mL) in 3% NaCl TSB and incubated under a static condition at

25 °C to allow for biofilm formation.

3.2.3.3 Detachment of biofilm cells from stainless steel surfaces

The number of culturable cells in the biofilm matrix was determined using a bead vortex mixing
method reported previously with minor modifications (Hayrapetyan et al., 2015). In short, each
coupon was rinsed three times using sterile distilled water to remove planktonic cells and
transferred it into a 25 mL glass bottle filled with 10 mL of 0.1% peptone buffered water
(GranuCult™, Merck KGaA, Billerica MA, USA) including 1% NaCl and 5 g of sterile glass
beads ( ~5 mm diameter, Sigma-Aldrich®, Merck, Darmstadt, Germany), followed by 1 min
vortex mixing to disrupt the biofilm matrix from the stainless steel surface and obtain

individual cells.

3.2.3.4 Biofilm cell enumeration using agar plate counting

Detached biofilm cell cultures were vortexed at 6000 x g. Serial 10-fold dilutions were
prepared in 0.1% buffered peptone water with 1% NaCl, used to inoculate on 3% NaCl TSA

plates, and incubated at 37 °C for 18 h before counting.

3.2.4 Fluorescence microscope screen

To visualize the biofilm, coupons with cultured biofilms (media: TSB containing 3% NaCl;
temperature: 25 °C; time: 6 h) were rinsed with sterile distilled water three times and allowed
to half dry on a glass microscope slide. To stain, 1 drop of calcofluor white stain (Calcofluor
white M2R 1g/L, Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany) was placed on each
coupon and left for 1 min before washing with sterile distilled water, allowing to partially dry.

The stained samples were examined using an epifluorescent microscope (BX53; Olympus
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Corp., Japan) equipped with a DAPI filter (excitation at 340-360 nm, emission at 410 nm), the

images were captured by the cellSense Dimension program.

3.2.5 Statistical analysis

All experiments were performed with two or three biological replicates and three technical
replicates. One-way variance analysis (ANOVA) was generated to evaluate the significant
differences among experimental results using Duncan’s multiple range test with a p value
below 0.05 considered as statistically significant. Data analysis was implemented using SPSS

Statistics software (version 29.0.2.0; IBM®, New York, United States).

3.3 Results

3.3.1 CV assay

The CV assay revealed that PFR30J09 and PFR34B02 formed the best biofilms, with CV
values of 2.56 + 1.28 and 2.47 + 0.63, respectively. See Figure 3.1(a). Least biomass was
observed from results of PFR21C03, PFR24B07, PFR37C06 and PFR37E03, with CV values
of 1.42 £0.45, 1.19 +£ 0.18, 1.53 £ 0.11 and 1.32 £ 0.12, respectively. Results of BFI indices
were consistent with those of CV values, see Figure 3.1(b). Highest BFI values were 1.21 +
0.63 and 1.10 + 0.20 observed in strain PFR30J09 and PFR34B02. Lowest values were
obtained in PFR21C03, PFR24B07, PFR37C06 and PFR37E03, they were 0.64 + 0.21, 0.51 +
0.07,0.61 £ 0.02 and 0.56 + 0.06, respectively. According to classification criteria of biofilm-
forming degree based on BFI values (See Section 3.2.2), strong biofilm forming strains are
PFR30J09 and PFR34B02, weak biofilm forming strains are PFR21C03, PFR24B07,

PFR37C06 and PFR37E03.
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3.3.2 Biofilm growth dynamic within 24 h

Biofilm formation by V. parahaemolyticus on stainless steel coupons is shown in Figure 3.2.
In general, viable cell numbers in V. parahaemolyticus biofilms increased from ~ 4 logio
CFU/cm? to ~ 7 logio CFU/cm? at 25 °C within 24 h incubation. In the first 6-h incubation, cell
population on stainless steel coupons was increasing. Biofilm cell numbers reached a maximum
of 6.63 £ 0.11 (PFR21C03, at 6" hour), 6.87 + 0.10 (PFR24B07, at 12" hour), 6.89 + 0.18
(PFR29A03, at 6" hour), 6.91 + 0.08 (PFR30G02, at 6" hour), 7.20 + 0.15 (PFR30J09, at 6™
hour), 7.08 + 0.15 (PFR34B02, at 6" hour), 6.92 + 0.17 (PFR37C06, at 6" hour), 6.41 + 0.56
(PFR37D08, at 11" hour) and 6.98 + 1.13 (PFR37E03, at 11" hour) logio CFU/cm?,
respectively. For PFR24B07, PFR37D08 and PFR37E03, cell population in V.
parahaemolyticus matrix at 6™ hour was 6.63 £0.13, 5.88 £0.18 and 5.23 £ 0.52 log1o CFU/cm?,

respectively. Biofilm cell numbers encountered a mild decrease or remained stable after 6 h.

3.3.3 Epifluorescence microscopy screen of biofilm cells

Calcofluor white can stain 1-3 3 and 1-4 8 polysaccharides of biofilms. And polysaccharide
content was visualized using epifluorescence microscopy following calcofluor white staining.
V. parahaemolyticus on stainless steel coupons was stained after 6-h incubation at 25 °C.
According to Figure 3.3, the most biomass was produced by PFR30J09 and PFR34B02 with
dense and strong blue fluorescence. Other samples had a flat and loose sessile cell distribution

with fewer cell clusters.
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their biofilm formation index results. Results are represented as Mean = SD.
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Figure 3. 2 V. parahaemolyticus growth on stainless steel coupons at 25 °C within 24 h.

The indications for strains are as follows: (a) PFR21CO03, (b) PFR24B07, (¢c) PFR29A04, (d) PFR30G02, (e) PFR30J09, (f) PFR34B02, (g)

PFR37C06, (h) PFR37D08 and (i) PFR37E03. Different letters indicate significant difference (p < 0.05) according to Duncan’s multiple range

test.
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Figure 3. 3 Epifluorescence microscope screen of sessile V. parahaemolyticus on stainless steel.

Blue fluorescence was emitted from calcofluor white stain when binding with polysaccharides in biofilms. The indications for strains are as follows:

(a) PFR21C03, (b) PFR24B07, (c) PFR29A04, (d) PFR30G02, (¢) PFR30J09, (f) PFR34B02, (g) PFR37C06, (h) PFR37D08 and (i) PFR37E03.
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3.4 Discussion

Using the microtiter plate assay, CV staining of cell biomass and BFI determination have been
commonly used to reveal biofilm forming abilities of bacteria (Naves et al., 2008). There are
limitations of the CV assay. Kragh et al. (2019) concluded that this method cannot identify live
cells, EPS and dead cells, meanwhile this method lacks reproducibility. Determining growth
dynamics of biofilm communities in the present study contributed to indicate live cell numbers
in the biofilm matrix. As stainless steel is one of the most frequently used surfaces in the food
industry, determining biofilm formation of V. parahaemolyticus on stainless steel is critical for
the food industry. Calcofluor white stain can bind to B-linked polysaccharides and emit blue
fluorescence. In the present study, the epifluorescence microscopy screen using calcofluor
white as the stain provided a direct, visual approach to define microbial biofilm forming ability,

and distinct variations in EPS production were observed in this study using this stain.

In the present study, strains PFR30J09 and PFR34B02 produced the highest CV readings,
indicating these two strains produced the most biomass on the surface of the 96-well flat-
bottom microtiter plate at 37 °C. The least amount of biomass using CV as a stain was observed
in PFR21C03, PFR24B07, PFR37C06 and PFR37E03 (Figure 3.1). The use of the BFI as
outlined in section 3.3.2 classified Strain PFR30J09 and PFR34B02 as strong biofilm formers
according the classification criteria by Naves et al. (2008). Based on the BFI results, weak
biofilms on polystyrene surfaces were produced by PFR21C03, PFR24B07, PFR37C06 and
PFR37E03, intermediate biofilms were produced by PFR29A04, PFR30G02 and PFR37D0S.
Strain variability in biofilm formation has been reported in other studies, for example, Song et
al. (2017) reported the biofilm formation of 39 V. parahaemolyticus isolates at 15, 25 and 37 °C
after incubation for 2, 8, 12, 24, and 48 h, using the CV assay. The biofilm formation abilities

of strains varied with different culture conditions, the ratio of strong biofilm forming strains
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were 51.3%, 97.4% and 41.0% when incubated for 24 h at 15, 25 and 37 °C, respectively. The
criteria to classify weak, moderate, and strong biofilm formers were based on optical density
of crystal violet stained samples (ODs70nm) and negative controls (ODc): non-biofilm producer
(ODs70nm < ODc), weak biofilm producer (ODc < ODs70nm < 2-times ODc), moderate biofilm
producer (2-times ODc¢ < ODs70nm < 4-times ODc), and strong biofilm producer (ODs70nm > 4-
times ODc). The results exhibited variations when biofilms were cultured at different
temperatures, with an increase in the variability when the temperature favors V.
parahaemolyticus growth. This might be due to strain specific properties and the survival state
of bacteria. Strain variability of biofilm forming ability was also studied in S. enterica, using
the CV assay, with variation in biofilm formation under different culture conditions (pH, NaCl

concentrations and temperatures) (Lianou & Koutsoumanis, 2012).

By determining viable biofilm cell numbers on stainless steel surfaces during biofilm
incubation within 24 h, a dynamic biofilm growth curve was prepared, showing the peak of
biofilm growth curve with the highest cell numbers for each strain. In the present study V.
parahaemolyticus reached ~7.0 logio CFU/cm? from an initial ~ 4.0 logio CFU/cm? within 6 h
at 25°C (Figure 3.2). Wong et al. (2002) investigated biofilm formation of 7 clinical (TDH-),
9 clinical (TDH+) and 12 environmental V. parahaemolyticus on stainless steel surfaces, with
the cell density reaching maximum levels of 3.20 x 10, 3.00 x 10°, and 1.66 x 10° cells/cm?,
respectively, after incubation at 25 °C for 6 h. In another study, incubation of V.
parahaemolyticus at 30 °C for 24 h on stainless steel surfaces resulted in biofilm cell numbers
of > 8.00 logio CFU/cm? (Han et al., 2016). These results suggest that V. parahaemolyticus is
able to rapidly grow on stainless steel and produce a biofilm within 6 h, highlighting the risk
this microorganism poses to the food industry. The lowest viable biofilm cell numbers at the
peak of the dynamic biofilm growth curve were observed in strains PFR21C03 and PFR37D08

(Figure 3.2). In the present study, PFR37D08 produced weak cell growth on stainless steel
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(Figure 3.2) but showed a relatively high crystal violet value on polystyrene (Figure 3.1). This
may be a result of the surface used with polystyrene rather than stainless steel favoring
PFR37D08. Ideally a CV test should also be done on the stainless steel surfaces to determine
if the observation is due to the nature of the substrate or the difference in test methods. Biofilm
cell numbers varied in these studies, because the biofilm formation can be influenced by
multiple factors such as strain variants, growth medium, surface roughness and surface

conditioning (Brooks & Flint, 2008; Palmer et al., 2007).

3.5 Conclusion

V. parahaemolyticus grows rapidly on stainless steel, reaching maximum cell numbers within
6 hours. V. parahaemolyticus will be examined for its biofilms formed at 25 °C for 6 h on
stainless steel surfaces for the following study, with PFR30J09 and PFR34B02 identified as
strong biofilm-forming strains and PFR21C03 and PFR37D08 as weak biofilm-forming, with
the others showing intermediate biofilm-forming ability. However, if current chemical
disinfectants used in the seafood industry are not effective in reducing V. parahaemolyticus

biofilm cells, what genes are responsible for the strong biofilm formation?.

58



3.6 Reference

Abanto, M., Gavilan, R. G., Baker-Austin, C., Gonzalez-Escalona, N., & Martinez-Urtaza, J.
(2020). Global Expansion of Pacific Northwest Vibrio parahaemolyticus Sequence
Type 36. Emerging Infectious Diseases, 26(2), 323-326.

https://doi.org/10.3201/e1d2602.190362

Baker-Austin, C., Jenkins, C., Dadzie, J., Mestanza, O., Delgado, E., Powell, A., Bean, T., &
Martinez-Urtaza, J. (2020). Genomic epidemiology of domestic and travel-associated
Vibrio parahaemolyticus infections in the UK, 2008-2018. Food Control, 115, 107244.

https://doi.org/10.1016/j.foodcont.2020.107244

Baker-Austin, C., Oliver, J. D., Alam, M., Ali, A., Waldor, M. K., Qadri, F., & Martinez-Urtaza,
J. (2018). Vibrio spp. infections. Nature Reviews Disease Primers, 4(1), 8.

https://doi.org/10.1038/s41572-018-0005-8

Brooks, J. D., & Flint, S. H. (2008). Biofilms in the food industry: problems and potential

solutions. International Journal of Food Science & Technology, 43(12), 2163-2176.

CDC. (2021). The Cholera and Other Vibrio Illness Surveillance (COVIS) System.

https://www.cdc.gov/vibrio/surveillance.html

Cruz, C. D., Hedderley, D., & Fletcher, G. C. (2015). Long-Term Study of Vibrio
parahaemolyticus Prevalence and Distribution in New Zealand Shellfish. Applied and

Environmental Microbiology, 81(7), 2320-2327.

Daniels, N. A., Ray, B., Easton, A., Marano, N., Kahn, E., McShan, A. L., 2nd, Del Rosario,
L., Baldwin, T., Kingsley, M. A., Puhr, N. D., Wells, J. G., & Angulo, F. J. (2000).
Emergence of a new Vibrio parahaemolyticus serotype in raw oysters: A prevention

quandary. JAMA, 284(12), 1541-1545. https://doi.org/10.1001/jama.284.12.1541

59



FAO. (2021). Advances in science and risk assessment tools for Vibrio parahaemolyticus and

V. vulnificus associated with seafood: meeting report (9240024875).

Han, F., Gu, R.-R., Shen, X.-S., Chen, Y.-G., Tian, L.-L., Zhou, W.-F., & Cai, Y.-Q. (2017).
Detection of total and pathogenic Vibrio parahaemolyticus in shellfish growing along
the south yellow sea and the East China sea. Journal of Food protection, 80(11), 1882-

1889.

Han, N., Mizan, M. F. R., Jahid, I. K., & Ha, S.-D. (2016). Biofilm formation by Vibrio
parahaemolyticus on food and food contact surfaces increases with rise in temperature.

Food Control, 70, 161-166.

Hayrapetyan, H., Muller, L., Tempelaars, M., Abee, T., & Nierop Groot, M. (2015).
Comparative analysis of biofilm formation by Bacillus cereus reference strains and
undomesticated food isolates and the effect of free iron. International Journal of Food

Microbiology, 200, 72-79. https://doi.org/10.1016/].ijfoodmicro.2015.02.005

Jolley, K. A., Bray, J. E., & Maiden, M. C. J. (2018). Open-access bacterial population
genomics: BIGSdb software, the PubMLST.org website and their applications.

Wellcome Open Research, 3, 124. https://doi.org/10.12688/wellcomeopenres.14826.1

Konrad, S., Paduraru, P., Romero-Barrios, P., Henderson, S. B., & Galanis, E. (2017). Remote
sensing measurements of sea surface temperature as an indicator of Vibrio
parahaemolyticus in oyster meat and human illnesses. Environmental Health, 16(1), 1-

11.

Kragh, K. N., Alhede, M., Kvich, L., & Bjarnsholt, T. (2019). Into the well—A close look at
the complex structures of a microtiter biofilm and the crystal violet assay. Biofilm, I,

100006.

60



Lianou, A., & Koutsoumanis, K. P. (2012). Strain variability of the biofilm-forming ability of
Salmonella enterica under various environmental conditions. International Journal of

Food Microbiology, 160(2), 171-178.

Makino, K., Oshima, K., Kurokawa, K., Yokoyama, K., Uda, T., Tagomori, K., Iijima, Y.,
Najima, M., Nakano, M., Yamashita, A., Kubota, Y., Kimura, S., Yasunaga, T., Honda,
T., Shinagawa, H., Hattori, M., & Ilida, T. (2003). Genome sequence of Vibrio
parahaemolyticus: a pathogenic mechanism distinct from that of V' cholerae. Lancet,

361(9359), 743-749. https://doi.org/10.1016/S0140-6736(03)12659-1

Martinez-Urtaza, J., Trinanes, J., Abanto, M., Lozano-Leon, A., Llovo-Taboada, J., Garcia-
Campello, M., Pousa, A., Powell, A., Baker-Austin, C., & Gonzalez-Escalona, N.
(2018). Epidemic Dynamics of Vibrio parahaemolyticus lllness in a Hotspot of Disease
Emergence, Galicia, Spain. Emerging Infectious Diseases, 24(5), 852-859.

https://doi.org/10.3201/e1id2405.171700

MPI.  (2001). Microbial Pathogen Data  Sheets: Vibrio  Parahaemolyticus.

https://www.mpi.govt.nz/dmsdocument/11033-Vibrio-parahaemolyticus-Microbial-

pathogen-data-sheet

Nair, G. B., Ramamurthy, T., Bhattacharya, S. K., Dutta, B., Takeda, Y., & Sack, D. A. (2007).
Global dissemination of Vibrio parahaemolyticus serotype O3:K6 and its serovariants.

Clinical Microbiology Reviews, 20(1), 39-48. https://doi.org/10.1128/CMR.00025-06

Naves, P., del Prado, G., Huelves, L., Gracia, M., Ruiz, V., Blanco, J., Rodriguez-Cerrato, V.,
Ponte, M. C., & Soriano, F. (2008). Measurement of biofilm formation by clinical

isolates of Escherichia coli is method-dependent. Journal of Applied Microbiology,

105(2), 585-590. https://doi.org/10.1111/].1365-2672.2008.03791.x

61



Ndraha, N., & Hsiao, H.-I. (2021). Influence of climatic factors on the temporal occurrence
and distribution of total and pathogenic Vibrio parahaemolyticus in oyster culture

environments in Taiwan. Food Microbiology, 98, 103765.

Palmer, J., Flint, S., & Brooks, J. (2007). Bacterial cell attachment, the beginning of a biofilm.
Journal of Industrial Microbiology and Biotechnology, 34(9), 577-588.

https://doi.org/10.1007/s10295-007-0234-4

Rosa, J. V., Conceicdo, N. V., Concei¢do, R. C. S., & Timm, C. (2018). Biofilm formation by
Vibrio parahaemolyticus on different surfaces and its resistance to sodium hypochlorite.

Ciéncia Rural, 48.

Song, X., Ma, Y., Fu, J., Zhao, A., Guo, Z., Malakar, P. K., Pan, Y., & Zhao, Y. (2017). Effect
of temperature on pathogenic and non-pathogenic Vibrio parahaemolyticus biofilm

formation. Food Control, 73, 485-491.

Wong, H.-C., Chung, Y.-C., & Yu, J.-A. (2002). Attachment and inactivation of Vibrio
parahaemolyticus on stainless steel and glass surface. Food Microbiology, 19(4), 341-

350.

62
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4.1 Introduction

V. parahaemolyticus biofilms form on stainless steel, polystyrene, glass, and other abiotic
surfaces in food processing equipment and packaging materials, showing a higher resistance to
cleaning and sanitization than their planktonic counterparts. This may lead to recurring
contamination (Rosa et al., 2018). Chemical sanitizers are widely used for cleaning and
disinfection in the food industry due to low cost, easy-use and broad-spectrum bactericidal
activities. However, gaps remain in the response of V. parahaemolyticus biofilm cells to
sodium hypochlorite and peracetic acid (peroxyacetic, PAA) used in the seafood processing

environment (Wang et al., 2022).

Sodium hypochlorite at recommended concentrations is inadequate to inactivate V.
parahaemolyticus in biofilms so optimization of treatment with sodium hypochlorite is
required (Rosa et al., 2018). Shikongo-Nambabi et al. (2010) found that when exposing mature
V. parahaemolyticus biofilms to sodium hypochlorite (4 mg/L free available chlorine, pH not
specified), for 1 h, the bacterial density decreased from 7.90 to 3.97 logio CFU/cm?. Another
study examined the efficacy of sodium hypochlorite in reducing the bacterial population of V.
parahaemolyticus in mature biofilms formed on stainless steel, glass, and polystyrene, and
discovered that a 10-minute treatment with sodium hypochlorite (20 mg/L available chlorine,
pH not specified) could reduce cell populations by as much as 3.0 logio CFU/cm? from 5.5
logio CFU/cm? (Rosa et al., 2018). However, information gaps remain in these studies, in
particular with reference to the pH and temperatures used. Firstly, sodium hypochlorite
dissolved in water will raise the pH and reduce its antimicrobial efficacy. In the food industry,
it has been recommended to adjust the pH of sodium hypochlorite solution to 6.5-7.0 before
the use on food contact surfaces. However, the pH of sodium hypochlorite solution was

overlooked when killing biofilm cells in the above studies. Additionally, sodium hypochlorite
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efficacy for removing biofilm cells will depend on the amount and nature of biofilm formation

of V. parahaemolyticus.

PAA has been proposed as a green alternative to sodium hypochlorite because it does not
produce disinfection by-products and imparts no taste or odor (Wang et al., 2020). Sodium
hypochlorite dissociates into hypochlorite ions in water, while PAA exists in aqueous
equilibrium as acetic acid and hydrogen peroxide, producing further oxidative effects (Sharma
et al., 2016). Several PAA commercial formulations are available, including SaniDate® 5.0,
VigorOx® 15 F&V, BioSide® HS-15%, and Tsunami™ 100. PAA is approved for use as a
sanitizer in the United States on food contact surfaces (Code of Federal Regulations 21 part
178.1010) and for direct food contact with meat, poultry and seafood (Code of Federal
Regulations 21 part 173.310) at maximum concentrations of 80 and 110 ppm, respectively. In
2007, the U.S. Food and Drug Administration certified PAA for use as sanitizers in ice and
wash water during the commercial preparation of fish and seafood, with a maximum allowed
presence of PAA not exceeding 190 ppm (Food Contact Substance Notification FCN 000699).
Since 2009, PAA permitted by Food Standards Australia New Zealand, with a limit of 0.7
mg/kg PAA allowed in food products (Australia New Zealand Food Standards F2009C00360).
Similarly, the European Food Safety Agency (EFSA) accepts the use of PAA on poultry meat
as effective against E. coli, Salmonella and Campylobacter spp., with potential for use in

seafood environments (EFSA, 2014).

Despite widespread awareness of V. parahaemolyticus control in seafood, there is a lack of
understanding around V. parahaemolyticus biofilm development and the effective
concentrations of sodium hypochlorite and PAA. Thus, the objective of this study was to assess
the susceptibility of V. parahaemolyticus planktonic and biofilm cells to sodium hypochlorite

and PAA.
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4.2 Methods

4.2.1 Bacterial isolates and culture conditions

Details were provided in Section 3.2.1, Chapter 3.

4.2.2 Biofilm development on stainless steel surfaces

Stainless steel coupons (10 mm?, 1 mm thick, 304 grade with a 2B finish; Advanced
Sheetmetals, New Zealand) were prepared by soaking in 99.5 % acetone for 12 h, rinsing with
distilled water, followed by immersion in alkaline detergent 1 % NaOH (w/v, pH ~13.0; Merck
KGaA, Darmstadt, Germany) for 1 h and rinsing again with distilled water. The coupons were
cleaned using an ultrasonic cleaner (DT52; BANDELIN, Berlin, Germany) for 60 min, rinsed
with distilled water, left to dry and sterilized by dry cycle autoclaving at 121 °C for 15 min.

Coupons were freshly prepared for each set of experiments.

Prepared cell culture (1mL, ~ 4 logio CFU/mL) was pipetted into each well of 48-well flat-
bottom polystyrene plates, along with one pre-cleaned and sanitized stainless-steel coupon.

Biofilms were statically incubated at 25 °C, using medium of TSB containing 3% NaCl.

4.2.3 Preparing sodium hypochlorite solutions and measuring their concentrations

Sodium hypochlorite solution was prepared aseptically and used within 20 min. In brief,
commercial concentrated sodium hypochlorite (XY-12®, ECOLAB, New Zealand) containing
around 140 g/L available chlorine (147 g/L sodium hypochlorite) was diluted in distilled water
and the pH was adjusted to a range of 6.7 to 6.9 using 1 M HCI. The amount of free chlorine

in the sodium hypochlorite solution was determined using titration (Zheng & Brook, 2021).
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4.2.4 Preparing PAA solutions and measuring their concentrations

Commercial PAA (ECOLAB, Hamilton, New Zealand), which contains hydrogen peroxide
(H202, 10-30%, CAS-No. 7722-84-1), acetic acid (5-10%, CAS-No. 64-19-7) and peracetic
acid (PAA, 1-5%, CAS-No. 79-21-0), was used in this study. The information supplied with
the product stated that the recommended dilution ranges are from 0.2% to 2.0%. PAA solution

was prepared and used within 20 min.

The actual PAA and H20: concentrations in the commercial preparation were determined using
iodometric titrations. For PAA, H2O» was first degraded with catalase (Terminox®, Novozymes
A/S, Denmark), followed by titration with sodium thiosulfate. Specifically, a 10 uL PAA
sample was diluted with 10 mL of distilled water and kept at 4 °C. After adding 10 mL of
Buffer solution A (5.014 g of Na;HPO4-12H,0, ScharLab®, Spain; 4.627 g of KH2PO4, Merck,
Germany; 0.061 g of EDTA in 1000 mL H20) at pH 5.5, the sample was vortexed for 60 s.
Next, 15 mL of 12 N sulfuric acid (97%; J.T. Baker®™, Avantor, UK) and 15 mL of 166g/L
potassium iodide (Merck, Darmstadt, Germany) solution were added, and the solution was kept
in the dark for 20 min. The solution was titrated with 1% w/v sodium thiosulfate (AnalaR®,
BDH, UK) using starch as an indicator, titrating until the blue color disappeared. The
consumption of sodium thiosulfate solution corresponds to the concentration of PAA according
to the following equation.

_ Nya,s0, X Vya,s0, X EWpyy X 1000
Coan =

7
PAA

Where Cp4, is the PAA concentration in the product (mg/L); N is the normality of the

Na.50,

thiosulfate solution; v;; . ., 1s the titration volume of sodium thiosulfate solution required

S50,

(mL); EWp, 4 is the PAA equivalent weight; Vp 44 is the volume of PAA diluted solution (mL).
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To determine the H>O» concentrations, 10 mL of 10% chilled sulfuric acid was added to 10 pL.
of the PAA sample and then diluted with 10 mL of distilled water. Next, 3 drops of 0.025 mol/L
Ferroin solution were added to the mixture and titrated using a 0.1 mol/L Ce** sulphate

(UNIVARP®, Ajax Finechem, Australia) solution until the color turned from orange to blue.

The determination of residual PAA and H>O, was based on the N, N-diethyl-p-
phenylenediamine sulfate salt (DPD; BDH, UK) photometric method, as reported by Liu et al.
(2015) with minor modifications. PAA (100 pL) was mixed with 50 pL of Buffer solution B
(30.25 g of NapHPO412H,0; 23 g of KH>PO4; 0.01 g of NaCl; and 0.5 g of KI, UNIVAR®,
Ajax Finechem, Australia in 1,000 mL of H>O), and then 50 pL. of DPD solution (1.6 g of DPD;
200 pL of 97% H2SO4; and 0.02 g of EDTA in 100 mL of H>O) was added. The absorption at
550 nm was measured after 30 s using a spectrophotometer (SpectrostarNano, BMG Labtech,
Ortenberg, Germany). To measure residual H>O», the same procedure was used, but Buffer
solution C, with 5 mg of peroxidase from horseradish, was applied instead of Buffer solution
B to determine total peroxide. The absorption at 550 nm was measured after 30 s using a

spectrophotometer.

4.2.5 Sanitizer treatment using sodium hypochlorite

To determine the sodium hypochlorite susceptibility of planktonic V. parahaemolyticus cells,
each well of 96-well polystyrene plates was loaded with 180 pL of cell suspension (~ 8 logio
CFU/mL) and 20 pL of sodium hypochlorite solution. The reaction was neutralized with 50 pL.
of 1% sodium thiosulfate after 5 min exposure to sodium hypochlorite. Each set of experiments
included a positive control (180 pL of inoculum and 20 pL distilled water) as well as a negative
control (180 pL of saline and 20 pL. of sodium hypochlorite). 10-fold serial dilutions of cells
were prepared and CFU enumeration was examined on 3% NaCl TSA plates. To determine the

sodium hypochlorite susceptibility of V. parahaemolyticus biofilm cells, coupons containing
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pre-formed biofilm were placed into 48-well flat-bottom polystyrene plates. One mL of sodium
hypochlorite solution was pipetted into each well, containing a coupon for 5 min, and then the
coupon was aseptically transferred to another well containing 1% sodium thiosulfate to

neutralize the sodium hypochlorite.

4.2.6 Sanitizer treatment using PAA

To determine the susceptibility of planktonic V. parahaemolyticus cells to PAA, sterilized 96-
well polystyrene plates were loaded with a cell suspension (100 pL, ~ 8.00 logio CFU/ml, cell
culture concentration was based on OD value at 595 nm, that has been studied for its
relationship with its corresponding viable cell numbers) in saline (0.85%), along with 100 pL
of PAA solution. After a 5-minute exposure, the solution was neutralized with 50 pL of 1%
sodium thiosulfate. To test the susceptibility of biofilms, stainless steel coupons with pre-
formed biofilm were placed into 1 mL of PAA solution. After 5 min, they were transferred to

1% sodium thiosulfate to neutralize the sanitizer.

4.2.7 Detachment of biofilm populations and cell enumeration

The number of culturable cells in the biofilm matrix was determined using a bead vortex mixing
method reported previously with minor modifications (Hayrapetyan et al., 2015). In short, each
coupon was rinsed three times using sterilized distilled water to remove the planktonic cells
and transferred into a 25 mL glass bottle filled with 10 mL of 0.1% peptone buffered water
(containing 1% NaCl) and 5 g of glass beads (5-8 mm diameter), followed by 1 min vortex
mixing to disrupt the biofilm matrix from the stainless steel surface and obtain individual cells.
Serial 10-fold dilutions of the biofilm cell solution were prepared and CFU enumeration was

examined on 3% NaCl TSA plates after incubation at 37 °C for 18 h.
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4.2.8 Identification of potential functional genes for biofilm resistance

Raw reads were kindly offered by Plant and Food Research Ltd. (New Zealand), which
sequencing was conducted by Centre for Fisheries, Environment and Aquaculture Science
(CEFAS, UK) using MiSeq with a coverage of 40-120X. Raw reads were processed to clean
low-quality reads, low-quality sequences, trim adapters, estimate genome size and quality
control using Bactopia (version 2.1.0, involving built-in tools of BBTools, fastq-scan, Lighter,
Mash, and fastQC) (Petit III & Read, 2020). Cur-offs for reads quality check are minimum
sequencing coverage of 20, per read sequencing quality of Q12, minimum mean read length of
49 bp. Sequencing data for continued steps used standard of maximum coverage per genome
of 100 X, estimated genome size of between 100000 bp and 18040666 bp. De novo assembly
using the assemblers SPAdes (version 3.15.2) and Velvet (version 1.2.10) were generated for
each genome. SPAdes used k-mers (21, 33, 55) to build de Brujin graphs and generate contigs.
The mismatch careful mode and error correction procedure were used to improve the assembly
(Bankevich et al., 2012). De novo assembly was also performed via de Brujin-based Velvet
and Velvet Optimizer, sizes of the k-mer (substrings of length k contained within a biological
sequence) applied were of 31, 51, 71, 91, 121 (Zerbino & Birney, 2008) respectively. The
quality of the draft assembly was evaluated using QUAST (version 5.0.2) and CheckM (version
1.1.3) (Gurevich et al., 2013; Parks et al., 2015), criteria to assess the assemblies involves
contig numbers, N50, total length, misassembled contigs length, GC depth, genome

completeness.

The amino acid sequences of all V. parahaemolyticus candidates were analyzed using Roary
version 3.13.0 with MAFFT as the alignment tool. Comparative analysis of these genomes was
presented using a Flower plot. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis was conducted using BlastKOALA (https://www.kegg.jp/blast koala/). The variances

in KEGG pathways across strong biofilm-forming strains (PFR30J09 and PFR34B02) and the
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reference strain (RIMD2210633) of V. parahaemolyticus were visualized using ggplot2

(version 3.4.0).

4.2.9 Data analysis

Viable colony counts were enumerated and transformed as logio CFU/mL or logio CFU/cm?.
The mean and standard deviation (SD) for V. parahaemolyticus cell counting was based on
three biological replicates and three technical replicates. One-way analysis of variance
(ANOVA) with a Duncan’s multiple range test (p < 0.05) indicated significance of the results,
analysis was conducted using SPSS Statistics software (version 29.0.2.0; IBM®, New York,
United States). Principle component analysis (PCA) was used to compare biofilm cell
resistance against commercial PAA, the analysis was conducted using XLSTAT-Premium

software (version 19.3).

4.3 Results

4.3.1 Susceptibility of V. parahaemolyticus to sodium hypochlorite

4.3.1.1 Susceptibility of V. parahaemolyticus planktonic cells to sodium hypochlorite

Planktonic cells were reduced by approximately 0.9 logio CFU/mL with 16 mg/L chlorine and
they were reduced by 1.49-2.79 logio CFU/mL with 35 mg/L chlorine (Figure 4.1). There was
variation in the chlorine sensitivity of different strains with 35 mg/L chlorine, with PFR30J09
and PFR37E03 producing low reductions of 1.76 and 1.49 logio CFU/mL, respectively,
whereas PFR21C03, PFR37C06, and PFR37D08 were reduced by 2.33, 1.81, and 2.24 logio
CFU/mL, respectively. Following exposure to 63 mg/L chlorine, all V. parahaemolyticus
planktonic cells decreased to undetectable levels on agar plates, a reduction of > 7 logio

CFU/mL.
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4.3.1.2 Susceptibility of V. parahaemolyticus biofilm cells to sodium hypochlorite

Biofilms of V. parahaemolyticus required a chlorine concentration roughly 75 times greater
than that needed for planktonic cells, to decrease the culturable cells to undetectable levels (<
10 CFU/cm?) using the CFU counting method (Figure 4.2). A concentration of 1176 mg/L
chlorine was required to lower the V. parahaemolyticus culturable cell populations on stainless
steel coupons by 1.74-2.28 logio CFU/cm?. The smallest declines were observed in the
PFR30J09 and PFR34B02 biofilms, with cell populations decreasing by 1.78 and 1.91 logio
CFU/cm?, respectively. When biofilms were treated with 4704 mg/L chlorine, the cell
populations of all strains except PFR30J09 and PFR34B02 were reduced to undetectable levels

(< 10 CFU/cm?).

4.3.2 Susceptibility of V. parahaemolyticus to PAA

4.3.2.1 Efficacy of PAA against planktonic V. parahaemolyticus cells

Figure 4.3 displays the effect of PAA on planktonic V. parahaemolyticus cells. The untreated
control cells of planktonic V. parahaemolyticus ranged from 7.27 logio CFU/mL to 7.84 logio
CFU/mL. The concentrations of PAA ranged from 5 to 50 ppm. A concentration of 5 ppm
produced a < 2.00 logio CFU/mL reduction. At 15 ppm, there was an average cell decrease of
2.70 £ 0.40 (mean + SD) logio CFU/mL. PAA of 35 ppm resulted in an average cell reduction
of 4.76 + 0.38 logio CFU/mL. At 50 ppm PAA, there were no viable cells detected, indicating

a cell reduction of > 7.00 logio CFU/mL (with a 1.00 logio CFU/mL detection limit, Figure 4.3).

4.3.2.2 Efficacy of PAA against V. parahaemolyticus on stainless steel coupons

Figure 4.4 illustrates the effectiveness of PAA in inactivating V. parahaemolyticus biofilms
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grown on stainless steel surfaces. V. parahaemolyticus biofilm cells averaged 7.50 £ 0.21 logio
CFU/cm? in the untreated control. PAA of 10 ppm, produced log reductions ranging from 1.86
to 2.06 logio CFU/cm?. The average cell numbers decreased by 2.80 + 0.52 logio CFU/cm? after
treatment with 50 ppm of PAA. Higher biofilm cell reduction was recorded for 100 ppm of
PAA treatment, averaging of 3.19 + 0.44 logio CFU/cm?. Cell reductions after PAA treatment
using 200 ppm, were over 5.00 logio CFU/cm? (undetectable) for most strains. However, the
two strongest biofilm formers (PFR30J09 and PFR34B02) still showed average cell numbers
of 2.60 and 2.52 logio CFU/cm?, respectively, indicating that concentrations exceeding 200

ppm of PAA are required to inactivate their biofilm communities.

4.3.3 Evaluation of PAA as a chlorine alternative sanitizer considering PAA residues

The original concentrations of peracetic acid and hydrogen peroxide in commercial PAA were
titrated as 44.78 £ 6.01 g/L and 235.82 + 6.37 g/L, respectively. The photometric method
applied to the diluted commercial PAA gave a linear relationship between peracetic acid
concentration (2 axis) and ODsso (3 axis) of ¥ = 0.0373x + 0.0694 (R?= 0.9436), while the
one between H,O; (x axis) and ODsso (V axis) was ¥ = 0.1032x + 0.2655 (R?= 0.998). The
residues of peracetic acid and hydrogen peroxide in different dilutions of commercial PAA
following biofilm treatment are listed in Table 4.1. The residue concentrations were higher for
the PAA treatment of robust biofilm communities of PFR30J09 and PFR34B02, indicating less

diffusion into these biofilm matrices and lower effectiveness of the sanitizers.
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Table 4. 1 Residues of peracetic acid (PAA) and hydrogen peroxide (H20:) after treating biofilms formed by different V. parahaemolyticus strains.

PAA residue (mg/L) *

H20: residue (mg/L) *

PAA dilution 200 ppm 100 ppm 50 ppm 10 ppm 200 ppm 100 ppm 50 ppm 10 ppm
PFR21CO03 1.884B:2+£0.16 1.774%+0.17 1294821016  0.254BC¢+0.16 18.27 B¢-2 4+ 0.37 17.94°+0.61 6.79 4+ 0.08 1.749+0.08
PFR24B07 2AB24(0.17 1.84%®+0.18 1.615°+0.35 0.16 ABC-c+0.17 21.6 8¢2+0.62 18.93 A*+0.49 6.474Bc+£034 1.66459+0.07
PFR29A03 2.75 %2+ 0.44 235Ba4£028  2.01%°+0.2 0.09 ABC-c £ (.15 21.51 22+ 0.61 18.74 ¢*+£0.12 6.524B¢+£ 023 1.484B¢4+ (.06
PFR30G02 3.29P2+0.17 2.865+0.25 2.07%°¢+0.16 0.38¢4+0.15 21.1 P2+ 1.9 18.49 A2+ 1.17 6.138¢2+£0.07  1.46 B4+ 0.17
PFR30J09 4.16 %2+ 0.33 3.362°+03 2.48Dc+0.22 0.404+0.16 23.85 482+ (.87 19.22 B2+ 453 6.128¢¢+0.15 1.2284+0.05
PFR34B02 54%2+0.21 5.3352+£0.16 3.045°+04 0.71 B¢+ 0.14 24.49 A2+ 0.98 19.09 A-°+0.17 6.44 4B+ (.18  1.48 AB¢4 1 0.05
PFR37C06 2.034B240.18  1.624°+0.15 1.234Bc1£0.15 038%9+0.19 19.46 P2+ 0.77 17.2782+0.15 5230102 1.5 ABC¢4.£ 0.06
PFR37D08 1.79 42+0.13 1.6342+0.15 0.994°+0.14 0Ac+0.14 18.83 P-2+£3.02 17.8242+1.18 599860+ 0.4 1.06 F:4+0.25
PFR37E03 221824+0.16 1.714°+0.14 1.234Bc£0.14  0.1348%410.16 17.4122+0.96 18.09 42+ 0.84 578P2+0.32  1.36PE4+0.06

RIMD2210633  2.114B2+0.16 1.53A°+0.22 1.154¢£0.19 0.03 AB-44+0.21 17.33 22+ 2.07 16.55 AB-2 £ 2.59 645482+ 0.63 1.24PERd1 (.14

*Within the same examined strains, means not followed by the same letter are significantly different (p < 0.05). The upper-case letters reflect significant

difference between the strains, the lower-case letters presented significant difference after treatment using PAA of different concentrations within the strain.
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4.3.4 Genotype characteristics for biofilm resistance of strong biofilm-forming strains

PCA analysis revealed that PFR30J09 and PFR34B02 had distinct biofilm communities in
terms of PAA resistance compared to the other strains (Figure 4.4). This is in accordance with
the results from Section 4.3.1. According to PCA analysis in Figure 4.5a, PFR30J09 and
PFR34B02 formed a distinct group; these two strains were strong biofilm formers as we
discussed in Chapter 3 above, while 3 clinical strains (including RIMD2210633) and other
environmental strains own lower biofilm-forming abilities. In Figure 4.5b, there are 3854 core
genes shared by these ten V. parahaemolyticus candidate strains, with PFR30J09 having 778
shell genes and 282 unique genes, while PFR34B02 had 765 shell genes and 239 unique genes
and the reference strain RIMD2210633 had 481 shell genes and 240 unique genes. KEGG
analysis was used to compare functional variances based on the shell genes and unique genes
in V. parahaemolyticus. Figure 4.5¢ shows that PFR30J09 and PFR34B02 had more genes in
certain functional pathways, such as for microbial metabolism in diverse environments,
degradation of aromatic compounds, pentose and glucuronate interconversions, amino sugar
and nucleotide sugar metabolism, fructose and mannose metabolism, benzoate degradation,
xylene degradation, dioxin degradation and mismatch repair. RIMD2210633, being the
pathogenetic strain, had more gene counts in the pathway of polyketide sugar unit biosynthesis,

bacterial secretion system and flagellar assembly than those of PFR30J09 and PFR34B02.
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Figure 4. 5 Distinctive patterns of PAA resistance of V. parahaemolyticus biofilm and determination of the functional genes in resistant cells.

(a) PCA analysis results of PAA resistance in various V. parahaemolyticus biofilm cells. (b) Pangenome analysis of V. parahaemolyticus candidate
strains. (c) KEGG annotation for shell and unique genes from strong biofilm forming strains (S1: PFR30J09, S2: PFR34B02) and reference strain

RIMD2210633, respectively. Multiple colors represent different KEGG pathways. The round shapes represent gene count values.
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4.4 Discussion

In this study, the effective chlorine concentration required to kill biofilm cells of V.
parahaemolyticus on stainless steel coupons was approximately 75-fold higher (4704 mg/L
free available chlorine, > 5 logio CFU/cm? cells reduction) than that required to kill planktonic
counterparts (63 mg/L, > 5 logio CFU/mL cells reduction). In a previous published study, V.
parahaemolyticus, a planktonic culture was reduced by 2.2 logio CFU/mL from 7.6
logio CFU/mL by a 30s treatment with sodium hypochlorite (35 mg/L available chlorine
concentration, pH not specified) (Quan et al., 2010). In another study, the planktonic cells were
treated with sodium hypochlorite (81 mg/L available chlorine concentration, pH 10.8) for 3
min, with no cells detectable from an initial cell concentration of 7.85 logio CFU/mL (Chen et
al., 2016). In determining sodium hypochlorite efficacy for killing biofilm cells on biotic
surfaces, Roy et al. (2021) assessed a 5 min sodium hypochlorite treatment (50, 100, 200, and
300 mg/L, pH not specified), reducing V. parahaemolyticus biofilm cells from 0.54 to 2.59 and
0.64 to 2.32 logio CFU/cm? on shrimp and crab surfaces, respectively, from initial
concentrations of 6.87 and 7.37 logio CFU/cm?. The concentrations of sodium hypochlorite
required to eliminate biofilm cells have been determined in many other species. Corcoran et al.
(2014) reported 500 mg/L sodium hypochlorite was not effective against a Salmonella biofilm,
with a reduction of 1.11 logio CFU/coupon after 90 min treatment. Cruz and Fletcher (2012)
reported 3600 mg/L chlorine as the minimal effective concentration (99.999% reduction)
against L. monocytogenes biofilm cells. For E. coli O157:H7 attached to cantaloupe rind
surfaces for 2 h, a > 5 logio reduction occurred after treatment with 2000 mg/L of sodium
hypochlorite. For 12 h old biofilms, 2000 mg/L could only achieve a 1.86 logio reduction (Fu
etal., 2017). The effect of sodium hypochlorite on biofilms is dependent on a range of variants,
the age of the biofilm, the structure of the biofilm matrix, the chlorine concentrations, pH and

treatment time (Yuan et al., 2021).
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In this PAA trial, PAA of 50 ppm resulted in a planktonic cell reduction of > 7.00 logio
CFU/mL when initial V. parahaemolyticus cells averaged 7.64 logio CFU/mL. Wong et al.
(2018) reported PAA at a concentration above 5 ppm (65.75 uM) was bactericidal to the wild-
type V. parahaemolyticus strain, KX-V231, and using 5, 7.5 or 15 ppm of PAA resulted in the
killing of 1.00, 2.00 or 4.50 logio CFU/mL of planktonic cells, respectively. However, the
exposure time of PAA in the current study was only 5 min, which is much shorter than the one-
hour exposure time reported by Wong et al. (2018). This may explain why different effective
PAA concentrations for killing planktonic V. parahaemolyticus strains were reported between
the two studies. Little has been reported about PAA treatment of V. parahaemolyticus biofilm
communities. In this study, the difference in sensitivity between planktonic and biofilm cells
to PAA treatments demonstrated a likelihood that the biofilm matrices lowered the cell

susceptibility to the sanitization.

Microorganisms of different species are known to vary in their sensitivity to sanitizers. Wang
et al. (2020) reported that Mycobacterium psychrotolerans was reduced to undetectable levels
(< 1.70 logio CFU/mL) with 20 ppm of PAA treatment for 5 min, while 40 ppm for 1 min also
inactivated the cells to undetectable levels (inoculum concentration of ~ 5.2 X 10° CFU/mL).
In another study, 80 ppm of PAA exposure for 5 min was reported to inactivate E. coli O157:H7
cells by 1.5 and 1.5 logio CFU/g from sliced apple and shredded lettuce surfaces, respectively
(Rodgers et al., 2004). PAA at 90 ppm is the minimum inhibitory concentration for planktonic
S. Thompson (Nahar et al., 2022). Melchior et al. (2007) indicated inactivation of cells in a
biofilm depends on the sensitivity of each strain in the biofilm. For L. monocytogenes biofilms
formed on polystyrene and stainless steel, PAA of 2000 ppm reduced the biofilm cells by 2.80
logio CFU/cm? and 3.50 logio CFU/cm?, respectively (Poimenidou et al., 2016). The use of a

wide collection of strains for the assessment of the bactericidal activity of sanitizers seems to

83



be necessary to ensure the optimal concentration is used, and the precise concentrations of PAA

and H>O» should be detailed.

PAA has shown potential for use in seafood or other meat related environments. For example,
Thi et al. (2015) reported that 50 ppm of PAA (240 s exposure) decreased E. coli (3.8 logio
CFU/mL) levels below the detection level (< 1.00 logio CFU/g) on Pangasius fillets. Wang et
al. (2020) reported that 80 ppm PAA on saury (Cololabis saira) surfaces, for 1 min led to a
0.50 logio CFU/cm? reduction in M. psychrotolerans, while a 5 min exposure time decreased
the biofilm by 2.23 logio CFU/cm? (initial inoculum size of ~ 10 CFU/ ¢cm?). PAA treatment
also has the potential to extend shelf life of stored fish at 4 °C (Wang et al., 2020). Similar
results have been reported in poultry and the treatment of beef with 200 ppm PAA delayed the

onset of spoilage by 7, 21, and 54 days at 4, 2, and -1 °C, respectively (Yang et al., 2021).

PAA has generally been found to be a more effective sanitizer than sodium hypochlorite against
planktonic cells of various microorganisms (Vazquez-Sanchez et al., 2014). However, Alasri
et al. (1992) investigated the biocidal activity of some sanitizers against E. coli, P.
aeruginosa and S. aureus, and found that chlorine (sodium hypochlorite) was more effective
than PAA, even when the latter was considered in combination with H,O,. Comparing the
sodium hypochlorite effective concentration in inactivating V. parahaemolyticus biofilm cells
in Section 4.3.1, PAA at 200 ppm was more effective in reducing cells to non-detectable levels
for 80% of strains from stainless steel coupons whereas sodium hypochlorite could not achieve
this result, though it depends on the concentration of effective chlorine in the sodium
hypochlorite. In a similar research, exposure to 100 ppm of sodium hypochlorite and PAA
reduced biofilms cells of three food borne pathogens (E. coli, Salmonella Typhimurium and L.
monocytogenes) by 0.50 to 3.63 and 2.83 to 5.78 logio CFU/coupon (5 cm x 2 cm), respectively

(Park et al., 2012).
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Cleaning is essential before use of the sanitizers to remove food soils and/or EPS of biofilms,
for example, Li et al. (2014) studied effect of food residues (milk, beef gravy and tuna gravy)
on benzalkonium chloride and alkyldiaminoethylglycine hydrochloride in removing biofilms
(E. coli 026, P. aeruginosa, S. aureus, B. cereus, and B. cereus spores) from polystyrene and
ceramic dishes, pointed out food residues protect pathogens from dehydration and disinfectant
treatment, and highlighted a proper cleaning process is a must before disinfectant treatment.
Krysinski et al. (1992) reported that presence of milk reduced inactivation efficacy of L.
monocytogenes biofilms on stainless steel and plastic conveyor belt surfaces, pointing out that
cleaning must precede sanitization. Previous studies reported sanitizers of quaternary
ammonium chloride, chlorine dioxide, and peracetic acid/hydrogen peroxide gave 7 log cycle
kills of thermophilic Bacillus species, but residues of glycocalyx was left on stainless steel
surfaces after treatment of quaternary ammonium chloride and chlorine dioxide (Flint et al.,
1999; Parkar et al., 2004). Using sanitizers to treat biofilms may reduce cell numbers in
biofilms, but it will not achieve removal of the glycocalyx (Brooks & Flint, 2008; Flint et al.,
1999). The remained glycocalyx on surfaces by unproper cleaning and sanitization, will lead

to recolonization of the bacteria and recurred contamination.

Oxidizing sanitizers kill pathogens by oxidizing the cell wall and causing lysis, or by diffusing
through the cell wall and oxidizing the intracellular material (United States Environmental
Protection Agency EPA 832-F-12-030). PAA treatment of M. psychrotolerans cells was found
to cause damage to the cell membrane and cell surface without damaging chromosomal DNA
or protein profiles, suggesting a mechanism involving oxidative damage (Wang et al., 2020).
Although the mechanisms of planktonic V. parahaemolyticus resistance to PAA are not fully
understood, it is believed that the accumulation of reactive oxygen species and the presence of

catalase genes katEl and katE?2 contribute to resistance (Wong et al., 2018).
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In this study, the resistance of robust biofilm matrices and physiological heterogeneity across
strains may have contributed to variances in biofilm resistance. The variations in metabolic
pathways identified within robust biofilm-forming strains could explain the resistance to
sanitization in V. parahaemolyticus. Related results have been reported in recent studies. Wang
et al. (2023) identified that chlorine sanitization induced E. coli on pea sprouts into a VBNC
state with differentiated metabolic pathways and metabolite contents (culturable counterparts
as the control). The metabolic pathways for amino acids, organic acids, sugars, alcohol, and
nucleotide derivatives contributed to dormancy and resistance against sanitizers. Electrolyzed
water acts as a sanitizer containing high oxidative and chlorine components. Electrolyzed water
(4 mg/L free available chlorine) in addition to 50 °C heat treatment reduced E. coli by 2.31
logio CFU/mL. Liu et al. (2020), through metabolomic analysis, demonstrated discriminative
metabolic pathways of amino acid metabolism, nucleotide synthesis as well as lipid
biosynthesis resulting in cell adaptation and stress response against the electrolyzed water and

mild heat treatment in E. coli O157:H7.

This study pointed out a potential relationship between the metabolism of biofilm cells and
sanitizer resistance. However, how metabolite patterns vary with sanitization treatment time is
not clear. Inactivation kinetics is a predictive approach to determine the efficacy of sanitizers
over time on biofilm cells. Zhao et al. (2022) reported the inactivation kinetics against
electrolyzed water combined with ultrasound treatment. A modified Weibull model (R?: 0.81—
0.97; RMSE: 0.04-0.71) was a good fit, providing detailed information during the
decontamination process. This study also screened metabolite profiles of E. coli biofilm cells,
showing that the ultrasound treatment disrupted nucleotide metabolism and the electrolyzed
water suppressed pathways of nucleotide biosynthesis, amino acid biosynthesis and energy-
associated metabolism, suggesting a decreasing presence of nucleotide-related compounds

(e.g., uridine, ATP, ADP) and most carbohydrates.
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The present study provides hypotheses for understanding biofilm resistance based on whole
genome sequencing. Integrated omics may provide more detailed information to understand
antimicrobial and antibiofilm activities of various sanitizers (Lin et al., 2023; Liu et al., 2023;
Mao et al., 2022). A combination of transcriptomics, proteomics, and metabolomics will help
the verification of results from whole genome sequencing. Further exploration is needed to
understand how the genes cooperate in V. parahaemolyticus and how they are quantitatively

regulated.

4.5 Conclusion

This research evaluated the efficacy of the most widely used sanitizer, sodium hypochlorite, to
eliminate V. parahaemolyticus cells, confirming the ineffectiveness of its recommended
concentrations on inactivating biofilm cells on food contact surfaces. This study also evaluated
the efficacy of using commercial PAA to sanitize V. parahaemolyticus planktonic cells and
biofilm cells formed on stainless steel surfaces, mimicking the scenarios in the seafood industry.
PAA of 50 ppm resulted in total inactivation (>7.00 logio CFU/mL) of planktonic cells. PAA
of 200 ppm reduced > 5.00 logio CFU/cm? biofilm cells from stainless steel surfaces for 80%
of V. parahaemolyticus strains. Strong biofilm-forming strains showed decreased efficacy
owing to robust biofilm matrices and metabolism heterogeneity in the cells. Cleaning is an
essential step prior to sanitization, considering sanitizers enable to reduce cell numbers in

biofilms but can not achieve in removing glycocalyx.
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Chapter 5. Comparative genome identification
of accessory genes associated with strong

biofilm formation in V. parahaemolyticus

This chapter is an adaptation of material that was published (published article reproduced in

Appendix IX) as a peer-reviewed article:

Wang, D., Fletcher, G. C., Gagic, D., On, S. L., Palmer, J. S., & Flint, S. H. (2023).
Comparative genome identification of accessory genes associated with strong biofilm

formation in Vibrio parahaemolyticus. Food Research International, 166, 112605.
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5.1 Introduction

Microbial cells can colonize different surfaces including biotic (e.g., shellfish), equipment (e.g.,
conveyor belts, stainless steel processing bench, pipes), or packaging materials (e.g., glass,
polystyrene), forming complex community matrices covered by EPS (Lianou et al., 2020).
Biofilms enable increased resistance by shielding pathogens and spoilage bacteria from
environmental stresses, acting as hot spots for horizontal gene transfer (HGT) of virulence
genes, and transforming previously benign strains into pathogens (Stalder & Top, 2016). The
enhanced resistance of biofilms poses challenges for hygienic treatments in the food industry,
thereby increasing the risks of cross-contamination and foodborne illness outbreaks (Gkana et
al., 2017; Yuan et al., 2018). Sanitizers at recommended concentrations that are effective
against V. parahaemolyticus planktonic cells, are ineffective to control biofilms therefore
normal hygienic treatment cannot eradicate biofilm. Investigating key molecular mechanisms

responsible for biofilm formation may help in devise novel control measures for biofilm.

Flagella and pili are often associated with the first stage of biofilm formation. V.
parahaemolyticus uses polar and lateral flagella for motility. Polar flagella (driven by sodium
ions) are used for swimming, and lateral flagella (driven by protons) for swarming (Kim &
McCarter, 2000; McCarter, 2001). The polar flagella function as a mechano-sensor, resulting
in a reduction in flagellar rotation and activation of the lateral flagella expression (Verstraeten
et al., 2008). Mature V. parahaemolyticus biofilm formation requires mannose-
sensitive hemagglutinin (MSHA) pili, virulence-associated toxin co-regulated pili (TCP) and
chitin-regulated pili (ChiRP) to aggregate, attach and promote EPS synthesis (Yildiz & Visick,
2009). cpsA-J (vpal403-vpal412) is required for the synthesis of capsular polysaccharide A
(CPSA), a major component of the V. parahaemolyticus biofilm (Yildiz & Visick, 2009).

vp1476-vp1458 is a conserved ortholog of the syp locus in V. fischeri which is responsible for
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wrinkled colonies, pellicle formation and matrix production (Yildiz & Visick, 2009). vp0190-
vp0214 regulates the synthesis of lipid A, the core components of lipopolysaccharide (LPS)
(Chen et al., 2010). However, it has not been determined which of these or other genotypes are

responsible for strong biofilm formation in this bacterium.

The current study demonstrated genomic features of V. parahaemolyticus with weak,
intermediate, and strong biofilm forming abilities, and the comparative genome analysis
deciphered the exclusively molecular mechanisms of persistent V. parahaemolyticus on
seafood contact surfaces, thereby providing insights for the design of novel biofilm control

strategies.

5.2 Methods

5.2.1 Strains and growth conditions

Ten V. parahaemolyticus strains were chosen for this investigation (Table 3.1), seven of them
were isolated from seafood processing plant wastewater by Plant and Food Research Ltd. New
Zealand. Two were pathogens provided by the Institute of Environmental Science and Research
Ltd. (ESR), New Zealand. The V. parahaemolyticus reference strain RIMD2210633 was
kindly provided by Dr. Tetsuya lida from Osaka University, Japan. According to previous
studies, two strains, PFR30J09 and PFR34B02, were putative strong biofilm formers, whereas
PFR21C03 and PFR37D08 were weak biofilm forming strains (Wang, 2022). Isolates from -
80 °C bead storage system were recovered by shaking incubation at 37 °C, 120 rpm using 3%
NaCl TSB. Cells were centrifuged (8427 x g, 5 min) to obtain a cell pellet, that was washed

and suspend in sterile saline to adjust the cell concentration to 7 logio CFU/mL.
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5.2.2 Genome assembly and annotation

Raw reads were kindly offered by Plant and Food Research Ltd. (New Zealand), for which
sequencing was conducted by the Centre for Fisheries, Environment and Aquaculture Science
(CEFAS, UK) using MiSeq with a coverage of 40-120X. Raw reads were processed to clean
low-quality reads, low-quality sequences, trim adapters, estimate genome size and quality
control using Bactopia (version 2.1.0, involving built-in tools of BBTools, fastq-scan, Lighter,
Mash, and fastQC) (Petit III & Read, 2020). Cur-offs for reads quality check are minimum
sequencing coverage of 20, per read sequencing quality of Q12, minimum mean read length of
49 bp. Sequencing data for continued steps used standard of maximum coverage per genome
of 100 X, estimated genome size of between 100000 bp and 18040666 bp. De novo assembly
using the assemblers SPAdes (version 3.15.2) and Velvet (version 1.2.10) were generated for
each genome. SPAdes used k-mers (21, 33, 55) to build de Brujin graphs and generate contigs.
The mismatch careful mode and error correction procedure were used to improve the assembly
(Bankevich et al., 2012). De novo assembly was also performed via de Brujin-based Velvet
and Velvet Optimizer, sizes of the k-mer (substrings of length k contained within a biological
sequence) applied were of 31, 51, 71, 91, 121 (Zerbino & Birney, 2008) respectively. The
quality of the draft assembly was evaluated using QUAST (version 5.0.2) and CheckM (version
1.1.3) (Gurevich et al., 2013; Parks et al., 2015), criteria to assess the assemblies involved
contig numbers, N50, total length, misassembled contigs length, GC depth, genome
completeness. Predicted coding sequences from bacterial genome assemblies were generated
by Prokka (version 1.14.5) with default parameters, together with translated coding genes,

genomic features and GFF version annotations were obtained (Seemann, 2014).
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5.2.3 Average nucleotide identity (ANI) and phylogeny analysis

Average nucleotide identity (ANI) was analyzed using JSpecies (version 3.9.0) to measure the
similarity among genomes by pairwise comparison based on nucleotide sequences (Richter et
al., 2016). In this study, we also included the pathogen genomes of E. coli K-12 ER3413, L.
monocytogenes ATCC 19117, V. parahaemolyticus RIMD2210633, V. parahaemolyticus
BB220P, V. cholerae ATCC 14035, V. fischeri ES114 and V. vulnificus ATCC 27562 to obtain
a more complete view. To estimate the evolutionary relationship of V. parahaemolyticus
genomes, phylogeny analysis was conducted based on 16s rRNA and ortholog clustering. DNA
sequences were loaded into Barrnap (https://github.com/tseemann/barrnap) that applies
HMMER 3.1 to search for ribosomal RNA genes. The 16s rRNA sequences were collected and
aligned via MEGAX (version 10.2.6) software. A Maximum Likelihood phylogenetic tree was
constructed using the nearest neighbor interchange model. Ortholog clustering analysis was
performed via OrthoFinder2 (version: 2.5.4) using protein-coding genes. The orthogroups
where species had single-copy genes were aligned via MAFFT. The phylogenetic tree was built

by the IQ-TREE with 1000 bootstrap replications.

5.2.4 Homology clustering and pangenome analysis

Pangenome analysis to reveal core, dispensable and unique content was conducted using Roary
and Anvi’o (Eren et al., 2015; Page et al., 2015). According to Roary (version 3.11.2), protein
sequences with annotation were loaded and an all-against-all BLASTP was used to cluster
proteins. The sequence identity of over 95% was set as the threshold for clustering protein
homologues. Anvi’o clustered homologues based on the similarity of amino acid sequences
and interactive visualization of results used the anvio-display-pan function. A circular graph

contained information on gene numbers in gene clusters, maximum number of paralogs,
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genomic homogeneity index, functional homogeneity index, combined homogeneity index,

and single copy gene (SCG) clusters.

5.2.5 Comparative genome analysis

Four genomes, two from strong biofilm formers (PFR30J09 and PFR34B02) and two from
weak biofilm formers (PFR21C03 and PFR37D08) were compared. Orthologous gene families
and gene duplication events were analyzed via OrthoFinder2 and compared with a protein
similarity search using DIAMOND (version 0.9.18). Another approach to predict orthologous
gene clusters was performed using OrthoVenn2, which is based on all-to-all protein similarity
comparisons and orthologous clusters using the Markov Cluster algorithm, the E-value and

inflation value were set as le-5 and 1.5, respectively.

Functional assignment was conducted while examining functional domain distributions in
Clusters of Orthologous Groups (COG) categories and looking for genes associated with strong
biofilm formation. In addition, the DAVID database (https://david.ncifcrf.gov/) was used to
annotate gene sets for Gene ontology (GO) terms. DAVID enables visualization of many-
genes-to-many-terms relationships and clusters genes into groups. This was followed by a
KEGG pathway analysis using BlastKOALA (https://www.kegg.jp/blastkoala/). A false

discovery rate (FDR) value smaller than 0.05 was used as the cut-off for significance.

5.2.6 Identification of potential horizontal transfer genes

HGTector was used to predict the presence of horizontal gene transfer among genomes with
BLASTP parameter thresholds of 60% identity, 60% coverage and an E-value of le-5.
HGTector differentiates self (rank, genus; taxid: 662), close (rank, order; taxid: 135623) and
distal gene groups by the gene hit bitscore (Zhu et al., 2014). Cut-offs were determined by

taking the midpoint between the first peak and valley from the distribution of self, close and
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distal groups. HGT genes were identified with a close weight smaller than the close cut-off but

a distal weight greater than the distal cut-off (Yang et al., 2019).

5.2.7 Congo red indicator assay

Expression of extracellular polymeric cellulose was evaluated using the Congo red indicator
method reported by Fang et al. (2022). Overnight culture was streaked onto agar plates and
incubated at 37 °C for 48 h. The colony of red, brown, pink and white indicates the production

of curli and cellulose, curli, cellulose, and none, respectively.

5.2.8 Anthrone absorbance assay

Cellulose determination was based on a previous study with minor modifications (Anriany et
al., 2006). Briefly, 3 g cells (wet weight) of each sample were scratched from agar plates, mixed
with 5 mL 8:2:1 acetic acid-nitric acid-distilled water and boiled for 30 min and centrifuged at
11000 rpm for 5 min. The pellet was washed with 1 mL distilled water and 1 mL acetone
separately and left to dry overnight. The dried sample was dissolved in 1 mL H2SO4 (95%).
Next, 0.1 mL was mixed with 0.5 mL anthrone solution (0.2 g in 100 mL H>SO4) and the
absorbance determined at 620 nm. Crystalline cellulose (25 mg/mL, 50 mg/mL and 100mg/mL)

was used as absorbance standards.

5.2.9 In silico cellulose synthase operon sequence analysis

The cellulose synthase operon genes of V. parahaemolyticus were BlastP searched against 138
V. parahaemolyticus reference genomes. The cellulose synthase genes of each genome were
aligned using ClustalW. The accession numbers for nucleotide sequences of the genomes are
attached in Table 5.4. The phylogeny of these cellulose synthase operons was analyzed using
FastTree. The evolutional information was inferred using the Neighbor Joining method with a

bootstrap consensus of 1000 replicates. The evolutionary distances were calculated using the
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Maximum Likelihood Method and are in the units of the number of base substitutions per site.
The amino acid sequences of V. parahaemolyticus RIMD2210633 were retrieved from the
National Centre for Biotechnology Information (NCBI) Database and selected as the reference
genome, followed by generating it into local database for BLASTP searching via diamond
(Buchfink et al., 2021). Each sequenced V. parahaemolyticus genome was searched to identify

the presence of genes (with > 70% identity and > 70% sequence coverage) (Fang et al., 2022).

5.2.10 Data availability

The sequence data determined in this work was deposited in the NCBI database under project
accession No. PRINA808748. The cellulose operon information for the strains used in this

study are presented in Table 5.4.

5.3 Results and discussion

5.3.1 Genome assembly and annotation

The size of the V. parahaemolyticus genomes after trimming were from 5110607 bp to 5437835
bp, with an average value of 5290577 bp (Table 5.1). The GC contents of these genomes were
not significantly different, ranging from 45.16% to 45.47%. Genome annotation was obtained
from Prokka, which was to predict the coding DNA sequences (CDS) in the assemblies. The
amount of CDS varied from 4591 to 4937. The variations in genome size and number could be
due to gene diversity during evolution of V. parahaemolyticus isolates. The strain V.
parahaemolyticus RIMD2210633 isolated from Japan was used as the reference genome for
most of the molecular analysis. This genome consisted of chromosomes of 5165770bp, genes
of 4832bp and a GC content of 45.4%. Overall, assembled genomes provided reasonable gene
completeness and represented a reliable resource for analysis. In the present study, the largest

genomes and highest gene numbers were observed in the environmental strain PFR30J09 and
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PFR24B07. This was in accordance with reports by Pang et al. (2019) that there were 4718
genes on average from 19 V. parahaemolyticus environmental isolates compared with 4580
genes on average from 20 clinical isolates, suggesting higher genetic diversity and
environmental adaptability in the environmental isolates. For the assembly of genome
PFR30J09, it has highest number of contigs and total length, which shows oddity. Though the
assemble was rational and the assembly met the assessment criteria of “Gold samples were
defined as those having greater than 100 coverage, per-read mean quality greater than Q30,
mean read length greater than 95 bp, and an assembly with fewer than 100 contigs. Silver
samples were defined as those having greater than 50 coverage, per-read mean quality greater
than Q20, mean read length greater than 75 bp, and an assembly with less than 200 contigs.
Bronze samples were defined as those having greater than 20 coverage, per-read mean quality
greater than Q12, mean read length greater than 49 bp, and an assembly with fewer than 500
contigs” (Petit III & Read, 2020), another study on a wider group of V. parahaemolyticus would

be worth examining.

5.3.2 ANI analysis and phylogenetic tree

ANI provides the most commonly used criteria to define intra- or inter species relationships in
prokaryotic genomes. ANI of > 95% represents the intraspecies boundaries (Jain et al., 2018).
In this study, sequenced genomes revealed a high nucleotide identity (97.98-99.67%),
indicating they belong to the same species, V. parahaemolyticus and PFR strains are from a
common origin (Figure 5.1). V. parahaemolyticus nucleotide identity compared with other
Vibrio spp. was 70.98-76.15%. The ANI across all Vibrio spp. ranges from 69.78% to 76.15%.
The ANI results for E. coli K-12 ER3413 and L. monocytogenes ATCC 19117 are below 70%,
demonstrating they are of different genera. Nucleotide acid sequences of 16S rRNA have been

used for decades to assign phylogenetic relationships (Figure 5.1).
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In this study, the phylogenetic relationship of V. parahaemolyticus species with other non-
Vibrio species appears somewhat controversial. Among selected 16S rDNA sequences of
Escherichia coli K-12 ER3413, L. monocytogenes ATCC 19117, V. parahaemolyticus
RIMD2210633, V. parahaemolyticus BB22OP, V. cholerae ATCC 14035, V. fischeri ES114

and V. vulnificus ATCC 27562, the V. parahaemolyticus from the present study remained in
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Table 5. 1 Summary of assemblies of V. parahaemolyticus genomes.

Assembly PFR21C03 PFR24B07 PFR29A04 PFR30G02 PFR30J09 PFR34B02 PFR37C06 PFR37D08 PFR37E03
Contigs 93 133 129 99 329 104 95 85 110
Total length 5338398 5417990 5402653 5172378 5437835 5367801 5218301 5149233 5110607
GC (%) 45.27 45.16 45.19 45.27 45.47 45.19 45.25 45.24 45.27
CDS 4830 4937 4905 4659 4913 4857 4725 4639 4591
rRNA 7 8 8 7 5 8 9 8 7
tRNA 119 112 115 102 110 117 116 106 112
tmRNA 1 1 1 1 1 1 1 1 1
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one subclade with V. parahaemolyticus RIMD2210633 and V. parahaemolyticus BB220P,
indicating that they are closely related. The most divergent species are E. coli K-12 ER3413
and L. monocytogenes ATCC 19117. Another method to assign the phylogenetic relationship
is based on the orthologous groups, using 275 conserved single copy orthogroups, seen in
Figure 5.1. The result was consistent with the phylogeny analysis based on 16S rDNA
similarity that V. parahaemolyticus was located in the same clade with V. parahaemolyticus
RIMD2210633 and V. parahaemolyticus BB220OP, and E. coli K-12 ER3413 and L.
monocytogenes ATCC 19117. Among the subclade of V. parahaemolyticus species, PFR30J09
showed a lot of branching, suggesting some differences with other V. parahaemolyticus species.
These data provide an evolutionary picture of sequenced V. parahaemolyticus genomes and

reveal evolutionary distances among most studied food pathogens.

5.3.3 Pangenome analysis

The sizes of core and dispensable genomes were estimated using pangenome analysis via two
distinct pipelines, Roary and Anvi’o. Roary analysis suggested there were 3253 core genes
(33.20%, gene families shared by all genomes of a taxonomic unit), 2266 shell genes (23.13%,
gene families shared by part of genomes), 4278 cloud genes (43.67%, gene families that are
only present in certain genomes) out of 9797 genes in 9 sequenced V. parahaemolyticus
genomes. The genome group is open, indicating that additional data input will alter the
proportion of the core genome and that new orthogroups will be discovered. Despite both Roary
and Anvi’o approaches use the MCL algorithm to identify clusters, the Anvi’o pangenomics
workflow identified fewer gene clusters (6845), which may have led to a smaller number of

Core genes.

The differences might be due to their different ways to establish orthologs of protein clusters;

Roary divides groups of homologous sequences into paralogs and orthologs using conserved
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Figure 5. 1 Phylogenetic analysis and amino acid identities across genomes.
(a) Phylogeny based on a heatmap with row and column dendrograms from the average nucleotide identity (ANI) values. (b) The Maximum
Likelihood phylogeny was constructed using the 16s rDNA sequences. (¢) Maximum Composite Likelihood phylogeny was constructed based on

single copy orthogroups.
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Figure 5. 2 Genomes of V. parahaemolyticus exhibit genetic diversity.
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(a) Strain-specific gene families of nine V. parahaemolyticus genomes computed by the Anvi'o pangenome analysis pipeline employing the default
setting. This figure present gene clusters across genomes, single-copy core gene (SCG) clusters, functional homogeneity (Fuc. Homogeneity Ind.),
geometric homogeneity (Geo. Homogeneity Ind.), max number of paralogs (Max num paralogs), number of genes in gene caller (Num genes in
GC), number of contributing genomes for gene clusters (num contributing genomes). (b) A comparison of protein orthologues in weak and strong
biofilm-forming V. parahaemolyticus, generated by OrthoVenn2 with an E-value setting of 1e-5. (c¢) Protein-protein-interaction (PPI) network of
136 gene families exclusively present in strong biofilm-forming V. parahaemolyticus. Network was generated via STRING database

(https://cn.string-db.org) based on 136 accessory gene families , network nodes represent proteins, edges represent protein-protein associations.
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gene neighborhood information, while Anvi’o clusters orthologs based on the homology and
synteny of genes (Maturana & Cérdenas, 2021). The low portion of core genome size (~
33.20%) suggests that V. parahaemolyticus species may contain more accessory genes that are
critical for adaptation to different environments and survival. A similar finding has been

reported in a previous V. parahaemolyticus study by Pang et al. (2019) and Qin et al. (2021).

5.3.4 Comparative genome analysis

Genomes of strong biofilm formers (PFR30J09 and PFR34B02) and weak biofilm formers
(PFR21C03 and PFR37D08) were collected for a comparative genome analysis to elucidate
the common and different genomic features. OrthoVenn2 identified 136 gene families as being
exclusively present in strong biofilm producers. The GO annotation was performed to assign
the functional category of these 136 unique gene families. The significantly enriched GO terms
include UDP-glucose metabolism (GO: 0006011), cellulose biosynthesis (GO: 0030244),
rhamnose metabolism (GO: 0019299) and O antigen biosynthesis (GO: 0009243) (Table 5.2).
Notably, cellulose synthesis, thamnose catabolic and metabolic processes are absent in the V.
parahaemolyticus reference strain RIMD2210633. These distinctive characteristics that may
play crucial roles in robust biofilm formation. BlastKOALA was used to assign the amino acid
sequences to KEGG functions, resulting in 24.3 percent (33/136) of them being successfully
annotated, whereas the majority of them remain unidentified. The most frequently annotated
pathways were metabolic pathways (ko01100), microbial metabolism in diverse environments
(ko01120), pentose and glucuronate interconversions (ko00040), fructose and mannose
metabolism (ko00051), biosynthesis of secondary metabolites (ko01110), galactose
metabolism (ko00052) as well as starch and sucrose metabolism (ko00500). These pathways
represent functions associated with the synthesis and metabolism of simple/complex sugars,

which may aid in the utilization of diverse nutrient sources and adaptation to environmental
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stress. Gene clusters associated with cellulose synthesis, rhamnose catabolism, and metabolic
process were identified via KEGG gene annotation that was consistent with the result from GO
enrichment (Table 5.3). Additionally, the CRISPR-Cas system was identified in the unique 136
gene families via KEGG annotation that has been reported to play critical roles in
environmental stress defense, DNA repair and biofilm formation in microorganisms. In this
study, the CRISPR-Cas system in V. parahaemolyticus was identified as the subtype I-F,
encoded by cas gene csy3, consistent with previous studies (Liu et al., 2021; Makarova et al.,
2011). However, whether and how the CRISPR-Cas system promotes biofilm formation in V.
parahaemolyticus is not understood. The genome data also indicated that strong biofilm
forming strains are more likely to have mshA, mshC and mshD genes that are lacking in the
weak biofilm forming strains. MSHA is required for early attachment of V. cholerae to abiotic
surfaces (Yildiz & Visick, 2009). Cells that are deficient in msh4 cannot perform cell
aggregation although they are involved in the formation of three-dimensional structures
(Moorthy and Watnick, 2004). In V. parahaemolyticus, mshA mutants of V. parahaemolyticus

show reduced adherence to surfaces (Shime-Hattori et al., 2006; Williams et al., 2014).
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Table 5. 2 Gene ontology (GO) enrichment analysis of unique genes from strong biofilm forming strains. *

GO terms ID Name p-value

G0:0019301 rhamnose catabolic process 1.25E-06
GO:0006011 UDP-glucose metabolic process 4.96E-06
G0:0030244 cellulose biosynthetic process 0.000356
G0:0019299 rhamnose metabolic process 0.000704
G0:0009243 O antigen biosynthetic process 0.001724

*These pathways were assigned based on GO dataset GO enrichment analysis (https://geneontology.org/docs/go-enrichment-analysis/), this table lists

significant shared GO terms by set of genes and p value (probability or chance of seeing at least x numbers of genes out of the total n genes in the list annotated

to a particular GO term).
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Table 5. 3 Enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) functional assignment of unique genes from strong biofilm forming
strains.

KO Gene name EC number Pathways/associated functions

K02851  wecA, UDP-GIcNAc:undecaprenyl- 2.7.8.35 00542 O-Antigen repeat unit biosynthesis
phosphate/decaprenyl-phosphate GleNAc-1- 00572 Arabinogalactan biosynthesis - Mycobacterium
phosphate transferase 01100 Metabolic pathways

K01785  alM, aldose 1-epimerase 5.1.33 00010 Glycolysis / Gluconeogenesis

00052 Galactose metabolism

01100 Metabolic pathways

01110 Biosynthesis of secondary metabolites

01120 Microbial metabolism in diverse environments

K00694  bcsA, cellulose synthase 24.1.12 00500 Starch and sucrose metabolism
Cellulose biosynthesis
KO01119  ¢cpdB, 2'.3'-cyclic-nucleotide 2'- 3.1.4.16/3.1.3.6 00230 Purine metabolism
phosphodiesterase / 3'-nucleotidase 00240 Pyrimidine metabolism
01100 Metabolic pathways
K00008  gutB, L-iditol 2-dehydrogenase 1.1.1.14 00040 Pentose and glucuronate interconversions

00051 Fructose and mannose metabolism
01100 Metabolic pathways
K02554  mhpD, 2-keto-4-pentenoate hydratase 4.2.1.80 00360 Phenylalanine metabolism
00362 Benzoate degradation
00621 Dioxin degradation
00622 Xylene degradation
01100 Metabolic pathways
01120 Microbial metabolism in diverse environments
01220 Degradation of aromatic compounds
K01813  rhaA, L-rhamnose isomerase 5.3.1.14 00051 Fructose and mannose metabolism
01100 Metabolic pathways
01120 Microbial metabolism in diverse environments
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K00848

K01629

K00963

K00040

K16694
KO08138

K03765
K19130
K19129
K19128
K19127

rhaB, rhamnulokinase

rhaD, rhamnulose-1-phosphate aldolase

UTP glucose-1-phosphate uridylyltransferase

uxuB, fructuronate reductase

tuaB; teichuronic acid exporter

xylE; MFS transporter, SP family, xylose:H+
symportor

cadC; transcriptional activator of cad operon
csy4, CRISPR-associated endonuclease Csy4
csy3, CRISPR-associated endonuclease Csy3
csy2, CRISPR-associated endonuclease Csy?2
csyl, CRISPR-associated endonuclease Csyl

2.7.1.5

4.1.2.19

2.7.7.9

1.1.1.57
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00040 Pentose and glucuronate interconversions
00051 Fructose and mannose metabolism

01100 Metabolic pathways

01120 Microbial metabolism in diverse environments
00040 Pentose and glucuronate interconversions
00051 Fructose and mannose metabolism

01100 Metabolic pathways

01120 Microbial metabolism in diverse environments
00040 Pentose and glucuronate interconversions
00052 Galactose metabolism

00500 Starch and sucrose metabolism

00520 Amino sugar and nucleotide sugar metabolism
00541 O-Antigen nucleotide sugar biosynthesis
01100 Metabolic pathways

01110 Biosynthesis of secondary metabolites

01240 Biosynthesis of cofactors

01250 Biosynthesis of nucleotide sugars

00040 Pentose and glucuronate interconversions
01100 Metabolic pathways

Translation

Transporters

Transporters

Transcription factors

Prokaryotic defense system
Prokaryotic defense system
Prokaryotic defense system
Prokaryotic defense system



K07012

K15342
K03534

K02855

KO07733
K03630
K06877

K03574

K20543
K20542
K20541

cas3; CRISPR-associated endonuclease/helicase
Cas3

casl; CRISP-associated protein Casl

rhaM; L-rhamnose mutarotase

rhaS; AraC family transcriptional regulator, L-
rhamnose operon regulatory protein RhaS

alpA; prophage regulatory protein
radC; DNA repair protein RadC
DEAD/DEAH box helicase domain-containing

protein
mutT,  NUDTI15,  MTH2; 8-0x0-dGTP
diphosphatase

bcesC; cellulose synthase operon protein C
besZ; endoglucanase
bcsB; cellulose synthase operon protein B

3.1.--/5.6.2.4

5.1.3.32

3.6.1.55

32.14

Prokaryotic defense system

Prokaryotic defense system

Fructose and mannose metabolism

Metabolic pathways

Microbial metabolism in diverse environments
Fructose and mannose metabolism

Metabolic pathways

Microbial metabolism in diverse environments
Transcription factors

Replication and repair

Poorly characterized

DNA repair and recombination proteins

Cellulose biosynthesis
Cellulose biosynthesis
Cellulose biosynthesis
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V. parahaemolyticus employs multiple strategies to promote robust biofilm formation, and
some of these strategies interact. The interaction between rhamnose metabolism, cellulose
biosynthesis, and UDP-glucose metabolism was observed through protein-protein-interaction
(PPI) analysis. GalU was connected with genes encoding capsular polysaccharide and those
encoding cellulose synthesis. The ability to colonize and the altered core oligosaccharide of
galU-deficient V. cholerae strains were approximately 50 to 100-fold diminished. Regmi and
Boyd (2019) reported that the rha gene cluster, encoding rhamnose catabolic and metabolic
processes, had limited distribution among V. parahaemolyticus. In the present study, the
presence of rhamnose catabolic and metabolic processes may have contributed to substrate
utilization and increased biofilm formation. UTP glucose-1-phosphate uridylyltransferase,
catalysing the conversion of glucose-1-phosphate into UDP-glucose, is a crucial precursor for
glycogen synthesis and was detected only in strong biofilm-forming strains. UDP-glucose is a
precursor for the synthesis of the Vibrio polysaccharide synthesis (VPS) in Vibrio cholerae,
and UTP glucose-1-phosphate uridylyltransferase may have aided V. parahaemolyticus in
producing UDP-glucose and contributed to robust biofilm formation. ORFs are shown to
encode a variety of glycotransferases that ulitize nucleotidylated sugars to add sugars to a
growing repeat unit. In E. coli, the wecA gene is known to initiate the synthesis of
enterobacterial common antigen, certain O polysaccharides, and biofilm by catalysing the
transfer of N-acetylglucosamine to undecaprenol phosphate (Und-P), a lipid carrier (Greiner et
al., 2004). WcaJ (WP_053807672.1) catalyses the first step in colanic acid synthesis by the
attachment of glucose-1-phosphate onto undecaprenyl phosphate (Und-P), yielding the
intermediate undecaprenyl-pyrophosphoryl-Glu (Patel et al. 2012), while WercA
(WP_045605560.1) transfers the GIcNAc-1-phosphate moiety onto Und-P, yielding
undecaprenyl-pyrophosphoryl-GlcNAc, which is the lipid intermediate involved in the

synthesis of O-antigen and biofilm (Lehrer et al. 2007). WzxC is a colanic acid exporter and
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an inner membrane protein that transfers polysaccharide units across the inner membrane.
Colanic acid contributes to the intricate three-dimensional architecture of biofilms. However,
colanic acid mutants of E. coli form biofilms with a significantly lower profile than wild-type
cells (Danese et al., 2000; Verstraeten et al., 2008). In addition to the known virulence factors
that aid in the colonisation and formation of biofilms, other factors involved in biofilm
formation of V. parahaemolyticus are unknown. The presence of cellulose synthase operons in
robust biofilm forming V. parahaemolyticus suggests that the cellulose component is one of
the robust biofilm phenotypes, but for now, cellulose has only been reported in environmental
isolates of V. parahaemolyticus. In other microorganisms, bacterial cellulose production is
considered a virulence factor, and this could be the same in V. parahaemolyticus. 1t should be
determined whether the presence of the cellulose synthesis gene cluster in V. parahaemolyticus

is incidental or widespread.

5.3.5 Verification of cellulose production

Strong biofilm forming strains PFR30J09 and PFR34B02 produced red colonies on the Congo
Red Assay, indicating the production of curli and cellulose (Figure 5.3). However, the weak
biofilm forming strains, PFR21C03 and PFR37D08, only produced brown colonies, suggesting
no cellulose was produced. The absence of cellulose biosynthesis in PFR21C03 and PFR37D08
is consistent with the results from the anthrone absorbance assay indicating no cellulose in
PFR21C03 and PFR37D08 while cellulose was detected in PFR30J09 and PFR34B02 with
ODe20 of 0.234 £ 0.0356 and 0.185 + 0.0546 (Figure 5.3), respectively. Crystalline cellulose

was used as a control with 25 mg/mL producing an ODs2o of 0.235 £ 0.0092.
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Figure 5. 3 Cellulose production at the phenotypic and genomic level in V. parahaemolyticus.

(a) Colony morphotypes on CRI agar plates indicating cellulose/curli production; (b) Anthrone absorbance assay to determine cellulose production
in V. parahaemolyticus, crystalline cellulose (CC) chemical was assayed as the control. (¢) Diagram of cellulose synthase operon in V.

parahaemolyticus, consisting of besG, besE, besQ, besA, besB, besZ, and besC. (d) Evolutionary relationships between cellulose synthase operons

119



in V. parahaemolyticus. The cellulose synthase genes of selected genome were aligned using Clustal W, and the phylogenetic tree was inferred using the

Neighbor-joining method through FastTree.
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5.3.5 Putative horizontal gene transfer

Horizontal gene transfer is the major driver of genetic diversity, providing bacteria with
properties that enable adaptation to various environments. An average of 126 + 4.2 and 156 +
45.3 potential HGT gene families were identified in weak and strong biofilm forming strains
respectively as gene acquisition from outside Vibrionales. There were 123 and 129 predicted
HGT events in PFR21C03 and PFR37D08 and 188 and 124 in PFR30J09 and PFR34B02
respectively. The results indicate that strong biofilm forming strains have more putative
horizontal gene transfer than the weak biofilm forming strains. This may relate to better
adaption to diverse environments through biofilm formation. The phylum of Proteobacteria
(taxid: 1224) and Gammaproteobacteria (taxid: 1236) were suggested to be the main donor
taxa, acquiring 39.5 £3.54 and 51 £21.21, 52.5 £ 0.71 and 60 + 9.90 HGT genes among weak
and strong biofilm forming strains, respectively. This observation is not surprising as the
aquatic environments are preferred by Proteobacteria and Gammaproteobacteria, providing
many opportunities for recombination. The unique gene clusters of rhamnose metabolism and
the CRISPR-Cas system present in strong biofilm forming strains appear to be obtained by
HGT events, that have resulted in gene diversity. Interestingly, the cellulose synthase operon
was not included in the putative HGT event result, indicating the cellulose synthase function
present in V. parahaemolyticus was from the order within Vibrionales. In this study, this bcs
gene cluster was only presented in environmental isolates, and whether cellulose synthase

operon only exists in environmental strains globally requires further study.

5.3.6 Prevalence of the cellulose synthase operon in V. parahaemolyticus genomes

The cellulose synthase operon was present in 22 out of 138 V. parahaemolyticus reference
genomes from the NCBI dataset. The cellulose synthase operons of 22 V. parahaemolyticus

genomes were aligned with one another, revealing a cellulose synthase operon conservatism.
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Figure 5.4 depicts a diagram of the bcs locus and the transcription direction of cellulose
synthase genes. The cellulose biosynthetic cluster was inserted on the chromosome 1 between
the ybbJ and cnoX genes, except for strain V. parahaemolyticus HA2 that includes two genes,
the helix-turn-helix (HTH) domain containing gene and the IS630 family gene (RefGenome:

GCF_002504185.1).

Although the genomic analysis indicated that their cellulose synthase genes seem highly
conserved in V. parahaemolyticus, the evolutionary analysis demonstrated these genes from
each genome were not 100% identical, suggesting the bcs operon might be useful in
distinguishing V. parahaemolyticus isolates. Interestingly in the present study, strong biofilm
forming strains of PFR30J09 and PFR34B02 were clustered into a subgroup based on the
cellulose operon. This section also examined whether the bcs gene cluster was restricted to
environmental isolates. The results indicated that cellulose synthase operons were present in
both environmental (73.08 percent, 19/26) and pathogenic (26.92 percent, 7/26) strains. Recent
research analyzed the global population structure of unrelated clinical and environmental V.
parahaemolyticus isolates and identified epistatic interaction between gene clusters for Type
VI secretion system 1 (T6SS1) and cellulose biosynthesis in the flexible genome (Cui et al.,
2015). However, in the present study, cellulose production may be associated with the presence
of Type VI secretion system (T6SS) that is characterized by VgrG and Hcp (Table 5.4),
regardless of whether the strains are clinical or environmental. This suggests different
populations with distinct genomic characteristics. In this study, the gene co-occurrence analysis
identified there were 468 co-occurring genes along with bcsA. These comprised the CRISPR-
Cas system (cas, cys gene families), type II secretion system (eps gene family), rhamnose
metabolic process (rha gene family) and capsular polysaccharide synthesis (wec gene family)
co-occurring with besA, which was consistent with previous results from PPI analysis for two

strong biofilm-forming V. parahaemolyticus.
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Table 5. 4 Summary of the cellulose synthase operon in V. parahaemolyticus. *

Genome Strain Nation }BSOSamp le Source TLH TRH TDH VgrG T6SS  Hcp T6SS
GCF_0013047 South  Korea: SAMNO0314  Environment:

75.1 FORC_006 Gyeongnam 0318 cutting board - i i * *
GCF_0065177 China: SAMNI1212  Environment:

95.1 Vb0624 Shenzhen 3413 market - i i - -
gscf 0025041 HA2 China:Tianjin (S)i‘l\(;INO768 Environment: aquaculture + - - + +
?Scf 0041945 D3112 China ??21;41\1 1059 Environment: seawater + - - + +
GCF_0017586 South  Korea: SAMNO0370 .

05 1 FORC 023 Pusan 1448 Homo sapiens + - - + +
GCF_0022097 SAMNO557 .

2519 MAVP-Q USA 9852 Homo sapiens + + + + +
GCF _0164030 India: SAMN1684

45.1 8ITDH2 Mangaluru 4329 Seafood L * *
GCF _0133938 . SAMNI1157 )

45 1 LVPI China 9495 Seafood: crayfish + - - + +
OGSCF 0004304 FDA R3l1 USA:LA 3?81\241\102 17 Seafood: oyster + - + + +
GCF_0168345 . SAMN1684 o

551 HP1 India: Kumta 4529 Seafood: shrimp + - - + +
gscf 0217300 VP157 China:Tianjin 212A91\6/IN1 718 Seafood: shrimp + - - + +
g}scf 0017008 CHN25 China 2?51\541\103 32 Seafood: shrimp + - - + +
GCF_0016360 FORC 014 South  Korea: SAMNO0345 Seafood: toothfish N i i N N
35.1 - Pusan 7164

GCF_0122749 SAMNI1264

251 2012V-1165 USA 2230 Stool + + - + +

123



GCF_0016821 SAMNO0376

75 1 MAVP-Q USA 6034 Stool + + + + +

GCF_0022209 SAMNO0604

853 MAVP-R USA 2545 Stool + + - + +

GCF_0097635 SAMNI1264

65.1 2013V-1181 USA 2285 Stool + + + + +

gscf 0005684 UCM-V493 Unknown ??21\141\10308 Unknown + - - + +

GCF_0036127 South  Korea: SAMNO0762

15.1 FORC 071 Seoul 9009 Unknown + - - + +

GCF_0122748 AMS51557 USA SAMNI264 Unknown + - + + +

65.1 8303

GCF_0036126 South  Korea: SAMNO0762

95 1 FORC 072 Seoul 9020 Unknown + - - + +

GCF_0097640 2012AW-0224 USA SAMNI264 Unknown + - - + +

55.1 8278

PFR30G02  PFR30G02  New Zealand - Environment: —seafood - + +
plant wastewater

PFR30J09 PFR30J09 New Zealand - Environment: ~—seafood - - +
plant wastewater

PFR34B02  PFR34B02  New Zealand - Environment: ~—seafood - + +
plant wastewater

PFR37C06 PFR37C06 New Zealand - Homo sapiens + - - + +

*TLH stands for thermolabile hemolysin in V. parahaemolyticus, TDH stands for thermostable direct hemolysin, TRH stands for TDH-related hemolysin. T6SS

stands for Type VI Secretion System in V. parahaemolyticus.
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Figure 5. 4 Molecular mechanisms of biofilm formation in V. parahaemolyticus.

The known molecular mechanism was based on published studies (Abidi et al., 2022; Guo et al., 2020), presented using the solid line; the dash

line represents the finding in this study.
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5.4 Conclusion and perspectives

The expansion of gene families is a common strategy enabling bacteria to cope with diverse
and changing environments. In this study, strong biofilm forming strains had high genetic
diversity. In V. parahaemolyticus, the low percentage of the core genome (~ 33.20%) suggests
more accessory genes that are critical for survival in diverse environments. This study
identified that the phyla of Proteobacteria (taxid: 1224) and Gammaproteobacteria (taxid:
1236) were the main donor taxa for the genetic diversity in the strong biofilm forming strains.
This observation is not surprising since aquatic environments are preferred by Proteobacteria
and Gammaproteobacteria, providing many opportunities for recombination. Genes that are
differentially abundant in strong biofilm forming genomes were associated with cellulose
biosynthesis, thamnose and other sugar metabolism, MSHA pili led attachment as well as the
CRISPR-Cas system. Genes responsible for rhamnose metabolism and catalytic process, the
CRISPR-Cas system as well as cellulose biosynthesis were believed to originate from HGT

whereas cellulose biosynthesis was acquired within the order of Vibrionales.

This study is the first to show the correlation between cellulose secretion and robust biofilm
formation in V. parahaemolyticus. The cellulose biosynthesis locus was initially assumed to be
absent from other Vibrio species (Yildiz & Visick, 2009). The bcs operon responsible for
cellulose production has been proposed for the classification and standardization of the
nomenclature in Proteobacteria (Romling & Galperin, 2015). The distinctions of the bcs gene
profiles from Proteobacteria are primarily from three areas: 1) the presence of the bcsD gene,
2) the presence of the bcsE and besG genes (and the absence of besD), 3) the absence of besD,
besE, or besG (Romling & Galperin, 2015). A putative operon identified in V.
parahaemolyticus has an organization similar to E. coli-like bcs operons, that have been found

in E. coli, Salmonella, Yersinia enterocolitica, V. fischeri and Pseudomonas (Romling &
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Galperin, 2015). Cellulose has been considered as one of the major causes of robust biofilm
and strong resistance in Salmonella, Cronobacter and E. coli in the food industry (Hu et al.,
2015; Kim et al., 2022; Sharma, 2012). Cellulose is an architectural element in biofilm matrices,
providing advantages in water retention, porosity, mechanical resistance, low antigenicity and
interaction with saccharidic and proteinaceous components of both bacteria and hosts. It
enables biofilm with high sanitizer resistance. Solano et al. (2002) compared the effect of
30 ppm of sodium hypochlorite on the survival of biofilms of wild-type and cellulose mutants
of S. Enteritidis formed on glass, 75% of the wild-type cells surviving a 20 min exposure to the
disinfectant, while only 0.3% of the cellulose-deficient mutant cells survived, indicating the

protective function of cellulose.

The interaction of the cellulose synthesis gene cluster and other genes in V. parahaemolyticus
is unknown. A previous study identified epistatic interaction in the flexible genome between
gene clusters for T6SS1 and cellulose biosynthesis, while clinical strains tend to depend on the
antibacterial activity of T6SS1 proteins for survival in the aquatic milieu (Cui et al., 2020). The
strains that lack T6SS depend on cellulose production (Cui et al., 2020). However, among the
138 V. parahaemolyticus genomes examined in the present study, the cellulose synthase operon
was found to be present in both environmental (73.08%, 19/26) and pathogenic strains (26.92%,
7/26), and all cellulose synthase operons are not associated with the T6SS system. The reason
for this discrepancy could be different clonal complexes of V. parahaemolyticus genomes used
in the present study that differ those used in the earlier study. Symbiosis polysaccharide protein
SypF has been identified in association with cellulose biosynthesis and production in V. fischeri
via the polysaccharide biosynthesis protein VpsR, indicating that cellulose contributes to
symbiotic initiation by promoting biofilm formation on the symbiotic organ surfaces (Darnell

et al., 2008). In this study, the interaction between the VpsR homologue CpsR and cellulose
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production was also identified in V. parahaemolyticus, reported for the first time, but whether

cellulose plays roles in symbiosis in V. parahaemolyticus requires further investigation.

Although the present study demonstrated for the first-time cellulose is expressed and plays
critical roles in persistence on abiotic surfaces in V. parahaemolyticus, the precise biochemical
functions and chemical structures of cellulose component in biofilm matrices requires further
identification. Indeed, the chemical elements of cellulose vary slightly between species with
distinct bes operon structures. For example, in E. coli, the cellulose in the biofilm matrix has
been identified as phosphoethanolamined, whereas in Pseudomonas, the cellulose is
amorphous. These differences have been comprehensively reviewed by (Abidi et al., 2022).
Cellulase and enzymes may be opportunities in dismantling V. parahaemolyticus biofilms,
additionally, inhibition of c-di-GMP signaling-dependent cellulose synthase have been
reported as perspective approaches to control biofilm formation, for instance, Thongsomboon
et al. (2018) reported that cellulose production in E. coli is controlled by c-di-GMP via
regulating PilZ domain of BesA and BesE-BesF-BesG transmembrane signaling pathway, and
BesG is the potential target for inhibiting cellulose biosynthesis considering it is indispensable
for the Bes synthase functions in E. coli. Richter et al. (2020) pointed out c-di-GMP roles in
the control of E. coli biofilm EPS cellulose production, revealed direct interaction of
diguanylate cyclase DgcC and phosphodiesterase PdeK with cellulose synthase complex.
However, limited is understood about mechanisms of bacterial cellulose synthase in V.
parahaemolyticus, further study of inhibiting c¢-di-GMP dependent cellulose production is

required to help on V. parahaemolyticus biofilm prevention and destruction.
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Chapter 6. Transcriptome analysis of V.
parahaemolyticus planktonic and biofilm cells

using RNA sequencing (RNA-seq)

This study is in preparation and about to be submitted to journal.
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6.1 Introduction

Comparative genomics has identified some sets of genes associated with biofilm formation in
Chapter 4 and 5 (Wang et al., 2023). However, expression of these genes is necessary for their
active involvement in biofilm formation. Comparative RNA analysis of planktonic and biofilm
cells assists in understanding functional genes involved in biofilm formation. For instance,
RNA-seq analysis identified 1292 (23.5%) genes were differentially expressed in biofilm cells
and planktonic cells of B. cereus ATCC 14579 (Caro-Astorga et al., 2020). This study found
that biofilm and planktonic populations were metabolically differentiated with rearranged
metabolic pathways including the synthesis of the extracellular matrix, sporulation,
reinforcement of the cell wall, activation of the ROS detoxification machinery and production
of secondary metabolites in the biofilm cells. Chung et al. (2021) used RNA-seq to understand
how S. aureus FORC 062 interacted with chicken breast, showing upregulation of
carbohydrate metabolism, lipid metabolism, amino acid deamination, amino acid/dipeptide
transporters, enterotoxin production, type VII secretion system and tetracycline resistance
proteins as well as downregulation of amino acid biosynthesis. This demonstrated S. aureus
FORC 062 utilized carbohydrates and lipids as nutrient sources and may import and utilize

amino acids rather than synthesize them during colonization of chicken breast.

The present study compared the gene expression of planktonic and biofilm cells of V.
parahaemolyticus, to understand the importance of specific genes expressed or repressed

during biofilm formation.
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6.2 Methods

6.2.1 Cell cultures

V. parahaemolyticus PFR21C03, selected as a representative strain isolated from a seafood
environment in New Zealand, was used for this study. More information can be found in

Section 3.2.1, Chapter 3.

6.2.2 Biofilm cell development and detachment

Coupon preparation, biofilm development and biofilm cell detachment are detailed in Sections

4.2.2 and Section 4.2.7, Chapter 4.

6.2.3 RNA extraction and sequencing

Total RNA was extracted using Trizol® Max™ Bacterial RNA Isolation Kit (Invitrogen™,
Thermo Fisher Scientific, USA) as described by the product manual. V. parahaemolyticus
culture (1.5 mL, containing 10%~10° cells; biofilm cells were aseptically swabbed from
stainless steel coupons using RNase free cotton swab, planktonic cells were collected according
to Section 3.2.1) was transferred to a sterile prechilled tube, and centrifuged at 6000 x g for 5
min at 4 °C. The supernatant was removed, the pellet of cells mixed with preheated Max™
Bacterial Enhancement Reagent (200 pL; Invitrogen™, Thermo Fisher Scientific, USA).
Heated the tube to 95 °C for 4 min to lyse the cells. Trizol® reagent (1 mL; Invitrogen™
Thermo Fisher Scientific, USA) was added to the lysate and held at room temperature for 5
min. Cold chloroform (0.2 mL; Thermo Fisher Scientific, USA) was added and after 2-3 min,
centrifuged the tube at 12000 x g for 15 min at 4 °C. The upper, colorless phase was transferred
to another tube, to which 0.5 mL of cold isopropanol (Thermo Fisher Scientific, USA) was

added and held at room temperature for 10 min. The RNA pellet was collected after
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centrifugation at 15000 x g for 10 min at 4 °C, washed using 75% ethanol, and resuspended in
50 uL of prechilled RNase free water (Invitrogen™, Thermo Fisher Scientific, USA). This
protocol was processed on ice. Triplicate was prepared for each sample of biofilm and

planktonic cells.

RNA samples were sent to a contract laboratory to remove rRNA and prepare an RNA library
for RNA-seq (AZENTA Life Sciences Ltd., USA). Total RNA of each sample was quantified
and qualified by Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA),
NanoDrop (Thermo Fisher Scientific, USA) and 1% agrose gel. 1 pg total RNA with RIN value
above 7 was used for following library preparation. Next generation sequencing library
preparations were constructed according to the manufacturer’s protocol (NEBNext® Ultra™
RNA Library Prep Kit for [llumina®; Illumina, San Diego, CA, USA). Then libraries with
different indices were multiplexed and loaded on an Illumina HiSeq instrument according to
manufacturer’s instructions (Illumina, San Diego, CA, USA). Sequencing was carried out
using a 2x150bp paired-end configuration; image analysis and base calling were conducted by

the HiSeq Control Software + OLB + GAPipeline-1.6 on the HiSeq instrument.

6.2.4 RNA-seq data analysis

Raw data was assessed for quality and filtered to remove adapters, reads containing N <5 %
and reads of quality value Q < 15 using SOAPnuke (version 1.5.2) (Chen et al., 2017). Clean
reads were aligned to reference genome of RIMD2210633 and assemble using HISAT2
(version 2.2.1) (Kim et al., 2019). The aligned reads were assembled using StringTie (version
2.2.1) (Pertea et al., 2015), and combined with Cuffmerge (version 2.2) (Trapnell et al., 2010).
Quantitative expression analysis was conducted via Bowtie2 (version 2.4.5) and RSME
(version 1.3.1) (Langmead & Salzberg, 2012; Li & Dewey, 2011), to align clean reads to the

reference sequence, and calculate the expression of genes and transcripts. Reads were
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normalized to transcripts per million (TPM), and differentially expressed genes (DEGs) were

identified between the control group (planktonic cells) and the sample group (biofilm cells)

using DESeq?2 (https://github.com/thelovelab/DESeq?2), cut-offs for the significant differential
genes were Padj < 0.05 & Log2 Fold Change > |2| (Wang et al., 2010). Significantly
differentiated genes were displayed using a Volcano Map and Scatter Plot in R. RNA-seq data

analysis was completed by BGI Tech Solutions (Hongkong) Co. Ltd.

6.2.5 Functional enrichment analysis

mRNAs were aligned to KEGG database (https://www.genome.jp/kegg/) and uniprot database
(https://www.uniprot.org) to obtain KEGG annotation and GO annotation using diamond
(version 2.0.15.153) (Buchfink et al., 2021), enriched functional modules were generated based
on annotations above and hypergeometric model, an FDR < 0.05 was used as the cut-off for

significance.

6.3 Results and discussion

6.3.1 Differentially expressed genes (DEGs) between V. parahaemolyticus planktonic and

biofilm cells

Clean reads were aligned to a reference genome RIMD2210633, the average mapping ratio of
reads from the control group (planktonic cells) was 87.58% (uniquely mapping ratio was
86.16%). The mapping ratio of reads from the case group (biofilm cells) averaged 92.47%
(uniquely mapping ratio was 90.33%). Known ORF/genes from the control group averaged
3872, while those from the case group averaged 3849. Information about the transcript
expression level is in Supplemental Figure 1 according to the values of fragments per kilobase

of transcript per million fragments mapped (FPKM <= 1 indicates a gene with a very low
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expression level, FPKM > 1 & < 10 indicates a gene with a low expression level, FPKM > =

10 indicates a gene highly or moderately expressed).

DEGs were obtained based on comparing transcripts of V. parahaemolyticus planktonic cells
and young biofilm cells (6-h old). The reason for collecting young biofilm cells was due to the
routine sanitization protocol of 2-6 h on seafood processing surfaces. Transcriptome expression
will help understand expression profiles of biofilm cells and highlight gene targets to design
hygiene strategies to interfere with biofilm formation in 2-6 h. According to results from
Section 3.3.2, PFR21C03 produced 6.63 logio CFU/cm? cells in biofilm communities on

stainless steel coupons after 6 h.

DEGs analysis based on DESeq2 revealed 74 significantly differentiated genes between
planktonic cells and biofilm cells (Padj < 0.05 & Log2 Fold Change > |2|). A Volcano Map
demonstrated the distribution of DEGs between planktonic and biofilm cells of V.
parahaemolyticus (Figure 6.1). Annotation of DEGs is shown in Table 6.1, listing the lotus tag,
reference protein ID, gene name, protein name and associated GO terms. The ratio of DEGs
was 1.6% compared with the coding capacity of 4742 (ORFs in reference genome). This result
suggests the biofilm population was at the initial stage of biofilm formation. Upregulated and
downregulated DEGs are listed in Table 6.1, there were 11 upregulated and 65 downregulated

genes among the DEGs.
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Figure 6. 1 Gene level volcano map of Planktonic-vs-Biofilm cells in V. parahaemolyticus.
The x axis represents the fold change after conversion to log2, and the ¥ axis represents the
significance value after conversion to logl0. Red indicates significantly different genes; grey

indicates non-significantly different genes.
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Table 6. 1 Annotations for Differentially Expressed Genes (DEGs) in Planktonic-vs-Biofilm cells.

Lotus tag Ref protein Gene/old Protein Gene ontology (GO) terms Up-/Down-
lotus tag regulated  genes
(Up/Dw
abbreviation)
VP_RS00075 WP_005458680.1 VP00I8  Hsp20 family protein - Dw
VP_RS16645 WP _005463958.1 | VPA0287 chaperonin GroEL GO:0005515 - protein  binding; Dw
GO:0016887 - ATP hydrolysis activity;
GO:0006457 - protein folding
VP_RS17910 WP _005433302.1 VPA0563 Dps family protein GO:0008199 - ferric iron binding, Dw
G0:0016491 - oxidoreductase activity
VP_RS15195 WP _005451019.1  punC, purine nucleoside GO:0016020 - membrane, GO:0042910 - Dw
VP3064  transporter PunC xenobiotic  transmembrane transporter
activity, GO:1990961 -  xenobiotic
detoxification by transmembrane export
across the plasma membrane
VP_RS12600 - Dw
VP_RS17435 WP 010649632.1 | VPA0460 PAS factor family protein | - Dw
VP_RS22220 WP 000224891.1 deoD, purine-nucleoside G0:0004731 - purine-nucleoside  Dw
VPAI475 phosphorylase phosphorylase activity, GO:0043096 -
purine nucleobase salvage
VP_RS16485 WP _005464033.1 | VPA0252 @ hypothetical protein - Dw
VP_RS07960 WP _004416416.1 VPI1653  tripartite tricarboxylate | - Dw
transporter permease
VP_RS08215 WP _005446094.1 | VP1706 | hypothetical protein Dw
VP _RS18295 WP _017448113.1 VPA0645 dihydrolipoamide G0:0006096 - glycolytic process Dw
acetyltransferase ~ family
protein
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VP_RS18305 WP _005431459.1  pdhA, pyruvate  dehydrogenase | GO:0045250 -  cytosolic  pyruvate Dw
VPA0647 = (acetyl-transferring) El1 dehydrogenase complex, GO:0004739 -
component subunit alpha  pyruvate dehydrogenase (acetyl-
transferring) activity, GO:0006086 - acetyl-
CoA biosynthetic process from pyruvate
VP_RS07955 WP _005426618.1 VPI1652  tripartite tricarboxylate = GO:0005215 - transporter activity Dw
transporter TctB  family
protein
VP_RS19270 WP_000035884.1 | VPA0S857 @ hypothetical protein - Dw
VP_RS18845 WP 020196304.1 VPA0766 YbaK/EbsC family protein - Dw
VP_RS16120 WP 007161257.1 | rimK, L-glutamate ligase GO0:0005524 - ATP binding, GO:0046872 -  Dw
VPAO173 metal ion binding, GO:0036211 - protein
modification process
VP_RS21995 WP 005392455.1  zau azurin GO:0005507 - copper ion binding, Dw
GO:0009055 - electron transfer activity
VP_RS11590 WP _005436580.1 | gipD, glycerol-3-phosphate G0O:0009331 - glycerol-3-phosphate | Dw
VP2388  dehydrogenase dehydrogenase complex, GO:0004368 -
glycerol-3-phosphate dehydrogenase
(quinone) activity, GO:0006072 - glycerol-
3-phosphate metabolic process
VP_RS04695 WP _005486978.1 VP0958 CBS  domain-containing Dw
protein
VP_RS05440 WP _005459987.1 | htpX, protease HtpX G0O:0004222 -  metalloendopeptidase | Dw
VPI118 activity, GO:0006508 - proteolysis
VP_RS16105 WP _011080224.1 VPAQ0I70 arginine decarboxylase GO:0008792 - arginine decarboxylase Dw
activity,  GO:0008295 -  spermidine
biosynthetic process
VP_RS20705 WP _015313398.1 | VPA1156 | electron transfer | GO:0009055 - electron transfer activity Dw
flavoprotein subunit

beta/FixA family protein
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VP _RS23630 WP _017063012.1 - hypothetical protein - Dw
VP_RS07000 WP 005451837.1 | VP1443  TerB  family  tellurite - Dw
resistance protein
VP_RS16650 WP _005395278.1 - hypothetical protein - Dw
VP_RS18030 WP 012129104.1 | VPA0588 @ hypothetical protein - Dw
VP_RS19250 WP _010649293.1 VPA0853 DUF1097 domain- GO:0005886 - plasma membrane Dw
containing protein
VP_RS18385 WP 014234059.1  VPA0666 YgjV family protein - Dw
VP_RS06545 WP _017630977.1 VP1349  4-hydroxyphenylpyruvate = GO:0003868 - 4-hydroxyphenylpyruvate Dw
dioxygenase dioxygenase activity, GO:0006559 - L-
phenylalanine catabolic process,
GO0:0006572 - tyrosine catabolic process
VP_RS15065 WP 005461432.1 | VP3037  5- G0O:0004638 - Up
(carboxyamino)imidazole | phosphoribosylaminoimidazole
ribonucleotide synthase carboxylase activity, GO:0005524 - ATP
binding, GO:0046872 - metal ion binding,
GO:0006189 - 'de novo' IMP biosynthetic
process
VP_RS18555 WP _009704179.1 VPA0703 hypothetical protein Dw
VP_RS03190 WP _011078440.1 | purL hosphoribosylformylglycin = GO:0004642 - Up
amidine synthase phosphoribosylformylglycinamidine
synthase activity
VP_RS14035 WP _009843368.1 VP2852 | co-chaperone GroES G0:0005524 - ATP binding, GO:0140662 - Dw
ATP-dependent protein folding chaperone
VP_RS22195 WP 001038492.1 | VPA1469 Lpp/Oprl family alanine- - Dw

zipper lipoprotein
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VP_RS02990 WP 010446203.1 VP0622  alanine/glycine: cation GO:0016020 - membrane, GO:0005283 - Dw
symporter family protein amino acid: sodium symporter activity,
GO:0006814 - sodium ion transport,
G0:0006865 - amino acid transport
VP_RS08185 WP 005464548.1 | exsA, type III secretion system - Up
VP1699 | transcriptional  regulator
ExsA
VP_RS11815 WP _010436196.1 VP2436 @ deoxyribose-phosphate GO:0004139 -  deoxyribose-phosphate  Dw
aldolase aldolase  activity, = G0O:0009264 -
deoxyribonucleotide catabolic process
VP_RS06810 WP _005373381.1 | tssB, type VI secretion system GO:0003674 - molecular function,  Dw
VP1402  contractile sheath small GO:0033103 - protein secretion by the type
subunit VI secretion system
VP _RS15460 WP _005428499.1 - hypothetical protein - Dw
VP_RS19080 WP 014234292.1 | cra, catabolite GO0:0003677 - DNA binding, GO:0006355  Dw
VPAOS814 | repressor/activator - regulation of  DNA-templated
transcription, GO:0009750 - response to
fructose
VP_RS17005 WP _000846696.1 VPA0367 spermidine/putrescine GO:0055052 - ATP-binding cassette Dw
ABC transporter substrate- (ABC) transporter complex, substrate-
binding protein binding subunit-containing, GO:0019808 -
polyamine binding
VP_RS22810 WP 012130061.1 | VPA1599 patatin-like phospholipase | - Dw
family protein
VP_RS11810 WP 008218776.1  VP2435  thymidine phosphorylase GO:0009032 - thymidine phosphorylase Dw

activity, GO:0006139 - nucleobase-
containing compound metabolic process
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VP_RS20540 WP 017634262.1 | VPAI112] acyl-CoA dehydrogenase GO:0016627 - oxidoreductase activity, Dw
family protein acting on the CH-CH group of donors
VP_RS11420 WP 012128724.1 VP2352  transcriptional  regulator - Dw
BolA
VP_RS14055 WP _009698897.1 | VP2857 | CpxP family protein - Dw
VP_RS16115 WP _005459284.1 VPA0I72 RimK/LysX family protein - Dw
VP_RS04920 WP 005481867.1 VPI1008 | porin GO:0016020 - membrane, GO:0015288 - Up
porin activity
VP_RS16100 WP _006741236.1 VPA0I69 agmatinase GO:0008783 - agmatinase activity, Dw
GO:0008295 - spermidine biosynthetic
process
VP_RS21325 WP _009846872.1 | VPAI286 MarR family | GO:0003677 - DNA binding, GO:0003700  Dw
transcriptional regulator - DNA-binding transcription factor activity
VP_RS22805 WP _005480168.1 VPA1598 N-acetylglucosamine- - Dw
binding protein GbpA
VP_RS02075 WP 000749332.1 | VP0433 | Do family serine | GO:0030288 - outer membrane-bounded | Dw
endopeptidase periplasmic space, GO:0004252 - serine-
type endopeptidase activity, GO:0005515 -
protein binding, GO:0006508 - proteolysis,
GO:0006950 - response to stress
VP_RS00735 WP _000961392.1 VP0149  hypothetical protein - Dw
VP_RS06815 WP _005426840.1 | tssC, type VI secretion system GO:0033104 - type VI protein secretion  Dw
VP1403  contractile sheath large system  complex, GO:0003674 -
subunit molecular function, GO:0033103 - protein
secretion by the type VI secretion system
VP_RS07815 WP _010448069.1 VP1624  Bax inhibitor-1/YccA | - Dw

family protein
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VP_RS10165 WP 001907465.1 | oppB, oligopeptide ABC | GO:0016020 - membrane, GO:0055085 - Up
VP2090  transporter permease OppB | transmembrane transport
VP_RS04940 WP _005378407.1 csgD, cold shock  domain- GO:0008156 - negative regulation of DNA Dw
VP1012  containing protein CspD replication, GO:0009409 - response to cold
VP_RS10610 WP _017106165.1 | ¥P2185 | amidophosphoribosyltransf GO:0004044 - Up
erase amidophosphoribosyltransferase  activity,
GO:0009152 - purine ribonucleotide
biosynthetic process
VP _RS14295 WP 017091565.1 purH, bifunctional G0:0003937 - IMP cyclohydrolase activity, Up
VP2896 | phosphoribosylaminoimida GO:0004643-
zolecarboxamide phosphoribosylaminoimidazolecarboxamid
formyltransferase/IMP e formyltransferase activity, GO:0009152 -
cyclohydrolase purine ribonucleotide biosynthetic process
VP_RS16780 WP 017447972.1 | VPA0314 DMT family transporter GO:0005215 -  transporter  activity, Dw
GO:0055085 - transmembrane
VP_RS19550 WP 005479370.1 VPA0914 hypothetical protein - Dw
VP_RS15795 WP 015312785.1 | VPA0O113 @ hypothetical protein - Dw
VP_RS17190 WP _005480191.1 pyrC, dihydroorotase GO:0004151 - dihydroorotase activity, Up
VPA0408 G0:0009220 - pyrimidine ribonucleotide
biosynthetic process
VP_RS20335 WP 017447449.1  VPA1077 DUF5666 domain- | - Dw
containing protein
VP_RS04575 WP _005384268.1 VP0939  Tim44 domain-containing - Dw
protein
VP_RS05990 WP _004726370.1  VP1233 @ GrxA family glutaredoxin | - Dw
VP_RS00770 WP 005384732.1 VP0I56  uracil-xanthine permease GO:0016020 - membrane, GO:0015205 - Up
family protein nucleobase transmembrane transporter
activity
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VP_RS15440 WP 010453583.1 VPA0040 DUF413 domain- | - Dw
containing protein
VP_RS00395 WP _005379165.1 VP0076  universal stress protein - Dw
UspA
VP_RS21330 WP 005477256.1 | VPA1287 CDF family Co(II)/Ni(II) GO:0016020 - membrane, GO:0008324 - Dw
efflux transporter DmeF monoatomic cation transmembrane
transporter  activity, GO:0006812 -
monoatomic cation transport, GO:0055085
- transmembrane transport
VP_RS09705 WP 005385782.1 VPI1997  ABC transporter permease = G0:0042626 - ATPase-coupled  Up
transmembrane transporter activity,
GO:0140359 - ABC-type transporter
activity
VP_RS14115 WP_005428788.1 | VP2869 | cation acetate symporter - Dw
VP_RS16715 WP 015312889.1 VPA0300 DUF1254 domain- - Dw
containing protein
VP_RS21045 WP 004730049.1 VPAI1226 DUF496 family protein - Dw
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6.3.2 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis

of DEGs

To have a physiological screen of functions related to DEGs, functional KEGG pathway
enrichment was performed. This identified 29 KEGG pathways, with 23 of them located in the
metabolism (Supplemental Table 1). Within these 29 pathways, those containing most genes
were representing metabolic pathways (KEGG: ko01100). They were biosynthesis of
secondary metabolites (KEGG: ko01110), purine metabolism (KEGG: ko00230), propanoate
metabolism (KEGG: ko00640), valine, leucine and isoleucine degradation (KEGG: ko00280),
pyrimidine metabolism (KEGG: ko00240) and biofilm formation (KEGG: ko02025). These
pathways indicated changes in global metabolism, amino acid metabolism, nucleotide
metabolism, carbohydrate metabolism and cellular community in the biofilm cells of V.
parahaemolyticus (Figure 6.2). In KEGG database, model microorganisms were used, such as
E. coli, P. aeruginosa, and V. parahaemolyticus was not included as a model microorganism.
Pathway of “Biofilm formation - Pseudomonas aeruginosa” was assigned by KEGG database
based on DEGs, indicating V. parahaemolyticus DEGs have genes functioning similarly in the

biofilm formation.

This result agrees with Caro-Astorga et al. (2020), where the biofilm population of B. cereus
rearranged nucleotides and energy metabolism, changed the production of secondary
metabolites and synthesis of extracellular matrix. The production of secondary metabolites was
upregulated in the biofilm cells, contributing to colonization and protection against competitors.
In the present study, there were 9 DEGs identified in the biosynthesis of secondary metabolites
(KEGG: ko01110), the upregulated genes were VP3037 (purK), purH and VP2185 (purF) and
downregulated genes were VPA0645, pdhA, glpD, VPA1121, deoD. Upregulation of pur genes

and downregulation of deoD contribute to nucleotide metabolism in the present study. Interplay
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between nucleotide metabolism and biofilm formation is conserved in multiple bacteria, for
example, E. coli, P. aeruginosa and Vibrio cholerae (Garavaglia et al., 2012). In the present
study, VPA0645, pdhA, glpD and VPAI12] modify metabolite flux to differentiate planktonic
and biofilm cells via propanoate metabolism (KEGG: ko00640), valine, leucine and isoleucine
degradation (KEGG: ko00280) and glycerophospholipid metabolism (KEGG: ko00564). In
another study, Bifidobacterium longum co-culturing with Bacteroides ovatus (Case group A),
B. ovatus co-culturing with Enterococcus faecalis (Case group B), Bacteroides ovatus co-
culturing with E. faecalis and Lactobacillus gasseri (Case group C), all identified DEGs
assigned to the biosynthesis of secondary metabolites (KEGG: ko01110), in comparison with

the sole culture (control group) to form biofilms (Xu et al., 2023).

In the present study, genes of VP3037 (purK), purL, purH, VP2185 (purF) and deoD were
assigned to purine metabolism (KEGG: ko00230), with VP3037 (purK), purl, purH and
VP2185 (purF) upregulated and deoD downregulated. The expression of purine metabolism
was highlighted using red colored rectangles (upregulated) and yellow rectangles
(downregulated) (Figure 6.3). This figure was generated based on KEGG Module database for
V. parahaemolyticus DEGs. The pur genes promote de novo purine biosynthesis (M00048).
Downregulation of deoD associates with repressed adenine ribonucleotide degradation

(M00958), guanine ribonucleotide degradation (M00959) and purine degradation (M00546).

In E. coli, deletion of purH using transposon mutagenesis induced E. coli biofilm dispersion
(Hadjifrangiskou et al., 2012). The inactivation of purH via constructing a purH mutant
influences adhesion factor expression (Garavaglia et al., 2012). In a Methicillin-Resistant S.
aureus, the purF mutant had significantly lower ADP and ATP levels and less biofilm
formation in vitro (Li et al., 2021). However, in another study of E. coli, sole deletion of purF

did not influence the adherence in vitro, but led to that ApurF mutant was unable to form
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biofilms in yeast extract-Casamino Acids (YESCA) medium (Shaffer et al., 2017). In the
present study, VP2435 (deoA), deoD and pyrC were associated with pyrimidine metabolism
(KEGG: ko00240) and nucleotide metabolism (KEGG: ko01232) in V. parahaemolyticus,
which is likely to be associated with adhesion and EPS production. In V. cholerae, pyrimidines
control EPS production and biofilm formation via the regulator CytR (Haugo & Watnick, 2002),
suggesting a relationship between pyrimidine metabolism and biofilm formation. Intracellular
nucleotide availability influences transcription of curli operons in E. coli, suggesting a link
between curli production and pyrimidine metabolism (Garavaglia et al., 2012). In a study to
investigate gene expression in early biofilm of Streptococcus pneumoniae using microarray,
expression of purine and pyrimidine nucleotide metabolic pathways might be required for the

growth of cells in biofilms and the initial stage of biofilm formation (Yadav et al., 2012).

152



Enriched KEGG_PATHWAY

Alanine, aspartate and glutamate metabolism{
RNA degradationi @
Metabolic pathways{ ([
Drug metabolism - other enzymes| @
Nicotinate and nicotinamide metabolism{ ®
Glycerophospholipid metabolism{ ®
Ubiquinone and other terpenoid-quinone biosynthesis; @

Fatty acid degradation{ @

Pentose phosphate pathway{ @ Gene_number
[
Longevity regulating pathway - worm{ @ ( Al
One carbon pool by folate{ 0“'0“:
04
beta-Alanine metabolism{ @ 03

Phenylalanine metabolism{ ®

Tyrosine metabolism{ @

Biofilm formation - Pseudomonas aeruginosa { °
Biosynthesis of secondary metabolites- [}
Arginine and proline metabolism+ °

Pyrimidine metabolism{ [ ]

Propanoate metabolism { o

Valine, leucine and isoleucine degradation { [ ]

Purine metabolism{ [ ]
0.2 0.4 0.6
Rich Factor

Figure 6. 2 Enriched Kyoto Encyclopedia of Genes and Genomes (KEGQG) pathways by

Differentially expressed genes (DEGs).

The x axis presents the enrichment ratio, the ¥ axis presents class name of KEGG pathways,
darkness of blue indicates the enriched significance, and size of round shape presents the

number of genes annotated to this KEGG class.
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Figure 6. 3 Upregulated and downregulated genes in purine metabolism. (a) Upregulated pur genes in purine metabolism map and the influenced
KEGG module. Red shapes represent upregulated genes and yellow represent downregulated genes. Red line in (a) indicates module of de novo
purine biosynthesis (M00048), red line in (b) represents modules of adenine ribonucleotide degradation (M00958), guanine ribonucleotide

degradation (M00959) and purine degradation. Colored shapes were generated based on KEGG Module database for V. parahaemolyticus DEGs.
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Figure 6.3 Upregulated and downregulated genes in purine metabolism. (b) downregulated gene in purine metabolism map and the influenced
KEGG modules. Red shapes represent upregulated genes and yellow represent downregulated genes. Red line in (a) indicates module of de novo
purine biosynthesis (M00048), in (b) represents modules of adenine ribonucleotide degradation (M00958), guanine ribonucleotide degradation

(M00959) and purine degradation. Colored shapes were generated based on KEGG Module database for V. parahaemolyticus DEGs.
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In the present study, genes of VPA0645, pdhA and VPA1211 were assigned to pathways of
propanoate metabolism, and valine, leucine and isoleucine degradation. All these three genes
were downregulated (Figure 6.4), colored shapes in the figure were generated based on KEGG
Module database for V. parahaemolyticus DEGs. Similarly, Suyama et al. (2023) found
downregulation of propanoate, valine, leucine and isoleucine metabolism in a model for
Bordetella pertussis biofilm using proteomic expression. In the planktonic cell model, there
was an increased conversion from pyruvate to acetyl-CoA which was fed back to the TCA
cycle and upregulation of these pathways. According to annotation from the KEGG database,
VPA0645 is a putative dihydrolipoamide acetyltransferase. Downregulation of this gene
indicates a slowdown of leucine degradation. In the present study, pdhA, encoding pyruvate
dehydrogenase (acetyl-transferring) E1 component subunit alpha, is responsible for acetyl-
CoA biosynthetic from pyruvate. The downregulation of pdh4 might have slowed down the
propanoate metabolism and influenced the TCA cycle. glpD encodes glycerol-3-phosphate
dehydrogenase but little is known about the activity of this gene in V. parahaemolyticus except
for the relationship between cold induced damage and glpD. In P. aeruginosa, the glpD gene
is required for the production of a key virulence factor, and deregulation of glycerol metabolism
(Scoffield & Silo-Suh, 2016). In L. monocytogenes incubation under aerobic and anaerobic
conditions, g/pD is upregulated in the presence of oxygen and downregulated in the absence of

oxygen (Crespo Tapia et al., 2018).

6.3.3 Gene ontology (GO) term enrichment analysis of DEGs

The gene ontology database is another resource to investigate the functions of DEGs between
biofilm cells and planktonic cells in V. parahaemolyticus. There were 33, 39 and 30 genes
assigned to Cellular Components class (12 pathways involved), Molecular Function class (59

pathways involved) and Biological Processes class (48 pathways involved), respectively.
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Pathways with more assigned DEGs included: membrane (GO:0016021), cytoplasm
(GO:0005737), plasma membrane (GO:0005886) and metal ion binding (GO:0046872) (Figure

6.5, Supplemental Table 2).

In DEGs of biofilm (48-h old) and planktonic cells of Brucella abortus, Cellular Components
class associated with the cell membrane (GO: 0016021), cytoplasm (GO: 0005737) and plasma
membrane (GO: 0005886) (Tang et al., 2020), and this agrees with the present study. In another
study, the pathway associating with the cell membrane (GO: 0016021) was related to DEGs
after Lactiplantibacillus pentosus oils adapted to sunflower or olive oils (Alonso Garcia et al.,
2023). A similar result was reported by Xu et al. (2021), suggesting role of this pathway in
environmental response and adaptation. Wang et al. (2023) suggested that the genes involved
in the membrane and cytoplasm pathways might play a key role in spoilage of meat, seafood

and milk.

In Figure 6.5b, the electron transfer activity (GO:0009055) was identified as one of the
enriched GO terms for Molecular Function, involving genes of glpD, VPAI156, zau, and
VP1233. The gene zau was assigned to another GO term of metal ion binding (GO:00046872).
Metal ion binding supports enhancing ionic bridges in EPS and biofilm development (Chen et
al., 2019). Ion binding is related to growth and maturation of biofilms with the ion metabolism
enabling targets to prevent and control biofilm (Wang et al., 2015). de novo IMP biosynthesis
(GO:0006189) appears to be related to DEG functions in V. parahaemolyticus biofilm cells.
Genes of purH, purL, VP3037 (purK) and VP2185 (purF) were upregulated and are responsible
for purine metabolism and the upregulation of these genes would improve IMP biosynthesis in

V. parahaemolyticus biofilm cells. See Figure 6.3a and Figure 6.5 for more information.
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Figure 6. 4 DEGs in propanoate metabolism and valine, leucine and isoleucine degradation pathway.

(a) Downregulated genes in propanoate metabolism pathway. Yellow rectangular shapes represent downregulated genes. Colored shapes were
generated based on KEGG Module database for V. parahaemolyticus DEGs.
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Figure 6. 4 DEGs in propanoate metabolism and valine, leucine and isoleucine degradation
pathway. (b) Downregulated genes in valine, leucine and isoleucine degradation pathway.
Yellow rectangular shapes represent downregulated genes. Colored shapes were generated

based on KEGG Module database for V. parahaemolyticus DEGs.
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6.3.4 Annotation of biofilm-forming related DEGs

T3SS1 consists of a basal body between in the inner and outer membrane of bacterial cells. A
needle extends into the extracellular space, allowing delivery of bacterial effectors to the
extracellular space (Zhang & Orth, 2013). T3SS1 exists in both environmental strains and
clinical strains of V. parahaemolyticus, acting as a virulence factor (Zhang & Orth, 2013).
ExsA is a type III secretion system transcriptional regulator in V. parahaemolyticus, positively
regulating transcription of T3SS1 genes (Zhou et al., 2008). Upregulation of exsA indicates
transcription of T3SS1 and effector production in the extracellular space. In addition,
expression of #ssB and tssC were observed, and these encode the T6SS system. T6SS is

generally is used by Gram negative bacteria to deliver a toxic effector to attack adjacent cells

(Toska et al., 2018).

Genes of degP, VP1652 (tctA) and VP1653 (tctB) were assigned to two component system
pathways (Supplemental table 1). fct4 and tctB are putative tricarboxylic transport membrane
proteins. fctA encodes a key enzyme of carboxylic acids and is located in the periplasm of the
cell wall and tctB is responsible for transporter activity. These two genes are responsible for
downregulation of catabolite repression, suggesting a contribution to biofilm formation of V.
parahaemolyticus (Franzino et al., 2022). oppB is an oligopeptide ABC transporter permease,
functioning to transport oligopeptides. oppB is associated with quorum sensing, influences
substrate transportation in and out of the cell, and affects V. parahaemolyticus biofilm
formation (Wang et al., 2022). GbpA is an adhesin protein and contributes to colonization of
V. parahaemolyticus on surfaces. According to results from Section 3.3.2 in the present study,
V. parahaemolyticus biofilm cells reached a maximum cell number at 6" hour followed by a

decrease in cell numbers on stainless steel surfaces. This may explain the downregulation of
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gbpA in 6-h old biofilm cells, as it is the initiation to modulate cells to reduce attachment and

reach a balance of cell numbers on surfaces.

Proteins discussed above might be modified to adjust gene expression and influence biofilm
formation in V. parahaemolyticus. For instance, VP0433 (degP) is a serine protease that
functions in cell envelop protein folding and protein degradation according to the KEGG
annotation. In V. cholerae, comparative proteomics revealed DegP roles in incorporation of
nine proteins into outer membrane vesicles (OMYV), including proteins functioning in chitin
utilization, biofilm matrix formation and Type II Secretion System (Altindis et al., 2014). This
study indicated DegP acted as a target for intestinal colonization and virulence blocking drugs,
suggesting that small molecules to inhibit DegP functions, particularly targeting the PDZ2
domain, are perspective compounds against V. cholerae. In another study, azathioprine was
identified being able to inhibit WspR-dependent c-di-GMP biosynthesis via interfering with
PurH function and intracellular nucleotide pools in P. aeruginosa, therefore prevented its
biofilm formation and virulence production (Antoniani et al., 2013). How to validate the
homolog functions in V. parahaemolyticus, and how to apply these to control V.
parahaemolyticus biofilm formation, require further study. Safe, green, and cost-effective
biofilm control strategies own advances in the food industry to protect seafood safety and
quality. Application of the designed, novel biofilm strategies in food commodities
environments will be other steps to apply this in V. parahaemolyticus biofilm control in the

food industry.

6.4 Conclusion

RNA-seq demonstrated V. parahaemolyticus encountered changes in gene expression and
physiological changes when converting from planktonic to biofilm cells. Differential gene

expression revealed biofilm cells rearranged nucleotide and energy metabolism. Biosynthesis
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of secondary metabolites, purine and pyrimidine metabolism, propanoate metabolism, and
valine, leucine and isoleucine degradation appear to be required in the young V.
parahaemolyticus biofilms. DEGs show that these cells were in a developing biofilm. Genes
of purH, purF, pdhA and degP are potential genetic targets for biofilm prevention and control

of V. parahaemolyticus.
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6.6 Supplemental files
gene expression in each sample
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Supplemental Figure 1. Expression level of each replicate on gene level.

The X-axis indicates the sample name, the Y-axis indicates the number of genes, and the shades of color indicate different expression levels of

transcript. B21C030x indicates results from sample of biofilm cells of PFR21C03, P21C030x indicates results from sample of planktonic cells of

PFR21CO03. Each cell sample (biofilm/planktonic cells) has three replicates included for sequencing and analysis.
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Supplemental Table 1. KEGG pathway enrichment analysis based on DEGs.
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Supplemental Table 2. GO terms enrichment analysis based on DEGs.
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Chapter 7. Discussion
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7.1 Final discussion

An increase in the number of cases of V. parahaemolyticus food poisonings across more
locations in the world is associated with an increase in seawater temperatures due to global
warming (FAO, 2021). V. parahaemolyticus is isolated from seafood, seafood markets and
industry processing plants (Cruz et al., 2015; FAO, 2021; F. Han et al., 2017; Martinez-Urtaza
et al., 2010; Odeyemi, 2016). In nature, most bacteria live in biofilms, which are self-secreted
niches that provide protection from harsh environments, preventing the removal of pathogens
and effectiveness of sanitizer treatment in the food industry. The increasing V.
parahaemolyticus infection rates and biofilm-forming problems (Chapter 2) are causing
concerns in the seafood industry in maintaining food safety. Biofilm formation of V.
parahaemolyticus was evaluated on the surfaces of seafood processing plant (polystyrene,
stainless steel) (Chapter 3). The efficacy of commercial sanitizers sodium hypochlorite and
PAA were determined in Chapter 4, providing information of effective concentrations of
sanitizers killing V. parahaemolyticus in the seafood industry. Comparative genome analysis
between genomes of strong and weak biofilm forming strains found out 136 accessory genes
responsible for strong biofilm formation in V. parahaemolyticus (Chapter 5). Gene expression
was used to provide additional information on genomic characteristics involved in biofilm

formation in V. parahaemolyticus (Chapter 6).

7.1.1 Biofilm formation of V. parahaemolyticus and its susceptibility to sanitizers

At 25 °C, V. parahaemolyticus isolates from the seafood industry formed biofilms on the
stainless steel of over 7 logio CFU/cm? after 6 h incubation, similar to previous studies (Chen
et al., 2020; Guo et al., 2020; Han et al., 2016; Q. Han et al., 2017; Li et al., 2020; Mougin et
al., 2019; Ning et al., 2021; Roy et al., 2021; Sun et al., 2019; Tan et al., 2021). In addition to

bacterial numbers, biofilm formation was assessed using a crystal violet assay and BFI values
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in microtiter plates (Figure 3.1, Chapter 3). Epifluorescence microscopy was used to visualize
the biofilm to determine the approximate proportion of live and dead cells, the extent of EPS
and an indication of the layers of cells in the biofilm (Figure 3.3, Chapter 3). There was some
variation in the ability of different strains to form biofilm, according to the growth dynamics

of biofilm cells, the results of the BFI, and fluorescence microscope screening.

When treating V. parahaemolyticus biofilms with free available chlorine at 1176 mg/L (pH
6.5-6.9, ambient temperature), the cell populations on stainless steel coupons were reduced by
1.74-2.28 logio CFU/cm? (Figure 4.2, Chapter 4). Increasing concentrations of sodium
hypochlorite inactivated more biofilm cells of V. parahaemolyticus. When biofilms were
treated with 4704 mg/L chlorine, cell populations were reduced to undetectable levels (< 10
CFU/cm?), except for biofilms formed by PFR30J09 and PFR34B02. The result also revealed
ineffectiveness of sodium hypochlorite in removing V. parahaemolyticus biofilms from

stainless steel surfaces at recommended concentrations.

PAA treatment of V. parahaemolyticus biofilm required 22.39 mg/L to inactivate 2.80 logio
CFU/cm? cells on stainless steel coupons (Figure 4.4, Chapter 4). It was consistent with the
results for sodium hypochlorite. When treated with PAA at 89.56 mg/L, biofilm cells formed
by weak and intermediate biofilm formers were reduced by > 5.00 logio CFU/cm?. However,
this concentration cannot inactivate biofilm cells formed by the strong biofilm formers,
PFR30J09 and PFR34B02 were reduced by 2.60 and 2.52 logio CFU/cm?, respectively. This

shows the importance of the extent of biofilm formation and sanitizer resistance.

For all sanitizer trials on pre-formed biofilm, the biofilm preparation and cell numbers reached
were the same with ~ 7 logio CFU/cm? (Figure 4.2 & Figure 4.4). This suggests that the
increased sanitizer resistance in the strong biofilm formers is not due to differences in cell

numbers. Possible reasons are differences in the density of the biofilm or the nature of the EPS
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matrix inhibiting the penetration of the biofilm by the sanitizers. Other possible explanations
could be differences in the metabolic activity of the cells in the biofilm. Effect of sanitizer on
biofilms is dependent on the microbial variants, the age of the biofilm, the structure of the

biofilm matrix, the effective sanitizer concentrations, pH and treatment time.

7.1.2 Key genes for robust biofilm formation

Prospective genes for robust biofilm formation and sanitizer resistance was characterized via
pangenome analysis and functional pathway analysis (Section 4.3.4, Chapter 4). PFR30J09 and
PFR34B02 contain more genes in certain functional pathways when compared with the
reference genome. These include genes in metabolic pathways in diverse environments.
Presumably, these provide PFR30J09 and PFR34B02 the ability (e.g., in energy utilization,
adaptation, etc.) to form more biofilms and resistance to environmental stress. Comparative
genome analysis identified 136 accessory genes exclusively in strong biofilm forming strains.
These genes may contribute to robust biofilm formation. Functional assignment of these genes
to a Gene Ontology database, revealed an association with cellulose biosynthesis, rhamnose
metabolic and catabolic processes, UDP-glucose processes, and O antigen biosynthesis (p <
0.05). Strategies of CRISPR-Cas system and MSHA pilus-led attachment in the strong biofilm-
forming V. parahaemolyticus were implicated via KEGG annotation. Cellulose is a component
in the robust biofilm matrix (See detail in Chapter 5). Its biosynthesis operon consists of bcsG,

besE, besQ, besA, besB, besZ, besC.

7.2 Limitations

This study investigated biofilm formation of V. parahaemolyticus single species in static
biofilm using 3% NaCl TSB as the media, however, in nature, biofilms are generally made of

multiple species and survive in natural flowing and nutritious environments. Multiple
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genes/pathways functioning to form biofilm and adapting to the environment, is the result of
multiple genes as revealed in Chapters 4, 5 and 6. Gene expression may vary in the biofilm

depending on the conditions, but there are no reports of this for V. parahaemolyticus.

Although the present study demonstrated cellulose has a role in robust biofilm formation in V.
parahaemolyticus, precise biochemical functions and the chemical structures of cellulose
require further exploration. Chemical elements of cellulose vary between species. For example,
in E. coli, the cellulose in the biofilm matrix has been identified as phosphoethanolamined,
whereas in Pseudomonas, the cellulose is amorphous. Interactions between cellulose and other
components in extracellular matrix may be of interest to understand the biofilm matrix, as well
as to develop novel and effective biofilm control measures, such as cellulase, c-di-GMP
denpendent signaling roles in biofilm control. Perspective targets of purH, purF, pdhA and
degP in V. parahaemolyticus biofilm formation, and their applications to control biofilms in

the food industry require further study.

7.3 Further work

Biofilm formation includes multiple steps: attachment, microcolony formation, matrix
formulation, and dispersion. Attachment has been reported as beginning of biofilm formation,
with cells attaching to a surface and starting to form intercellular communication. Multiple
factors influence cell attachment, including surface conditioning, surface charge, surface
roughness, hydrophobicity, surface micro-topography, mass transport and growth medium
(Flint et al., 1997; Flint et al., 2000; Palmer et al., 2007; Palmer et al., 2010). Signaling
pathways, such as quorum sensing, c-di-GMP, participate in regulation of biofilm formation,
influencing nutrient digestion, intracellular carbon flux and environment adaptation (Hengge,
2009; Kjelleberg & Molin, 2002). Other factors influence V. parahaemolyticus biofilm, include

biofilms formed by Gram-negative/Gram-positive bacteria, biofilms formed by single
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species/multiple species, communities formed on biotic surfaces/abiotic surfaces, and growth

in static/flowing conditions, require further exploration.

Increasing seawater temperatures are believed to be associated with V. parahaemolyticus
prevalence (Velez et al., 2023). V. parahaemolyticus cannot grow at <5 °C, but grows well at
16-19 °C. The Optimal temperature for biofilm formation of V. parahaemolyticus is 25°C
rather than 15°C and 30 °C (Song et al., 2017). Another study found 15-37 °C favored biofilm
formulation and at 4 °C and 10 °C, V. parahaemolyticus formed monolayers (Han et al., 2016).
Optimum pH for V. parahaemolyticus growth is 7.8-8.6, and it can survive when pH ranges

from 4.8 to 11. Effects should be included to assess risks of V. parahaemolyticus biofilms

(Velez et al., 2023).

V. parahaemolyticus demonstrated “biobrick” strategies to form biofilms, meaning that several
pathways might have played roles in the robust biofilm formation. This has been indicated by
results in Chapters 4 and 5. Genes/pathways contribute to robust biofilm formation by
interplaying with each other, to assist V. parahaemolyticus in developing a robust biofilm
formation. Sorting out hub gene(s) within “biobrick™ strategies will help understand biofilm
formation and narrow down genetic targets for developing novel control strategies against

biofilms.

In the present study, cellulose was identified as important in developing robust biofilm and is
associated with sanitizer resistance. This association could be confirmed through gene knock
outs, chemical treatment to remove cellulose or altering the growth conditions to limit cellulose
production. According to a study by Romling and Galperin (2015), chemical structures and
components of cellulose can be different depending on the species, and this needs to be

investigated for V. parahaemolyticus biofilms.
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The O-antigen in V. parahaemolyticus is associated with biofilm formation (Chapter 4), but
whether O-antigen is critical for robust biofilm formation is unknown. In Xylella fastidiosa, a
rhamnose-rich O-antigen contributes to cell attachment, cell-cell aggregation and biofilm
formulation, and the absence of this rhamnose-rich O-antigen compromised the ability to
colonize host (Clifford et al., 2013). Kierek and Watnick (2003) reported that V. cholerae O139
O-antigen is critical for Ca** dependent biofilm development in sea water. However, in the
present study, there was no further determination of the role of V. parahaemolyticus O-antigens,

this is an opportunity for further research.
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ARTICLE INFO ABSTRACT

Keywords: As global warming increases the g hical range and freq y of Vibrio parahaemolyticus infections, its
Climate change formation of biofilms providing bacteria greater resistance to stress and contributing to the persistence of
Bioﬁlm pathogens, is threatening the seafood industry. V. pamhaemolyncus has a number of advantages leading to
Life cycle biofilm formation. This study reviews recent advances in und g V. parah lyticus biofilm formation on

Molecular mechanisms

. biotic and abiotic surfaces, discusses research gaps in the mechamsm of biofilm formation and examines
Control strategies

promising biofilm control strategies to overcome current limitations of chemical disinfectant. This information
will deepen our understanding of V. parahaemolyticus biofilm formation, as well as help design and optimize

V. parahaemolyticus biofilm control strategies for the seafood industry.

1. Introduction

V. parahaemolyticus is a curved rod, Gram-negative bacterium that
naturally exists in the marine environment. It can be prevalent in oys-
ters, clams, fish, shrimps, mussels, scallop and periwinkle (Odeyemi,
2016), and infections involve the consumption of raw or undercooked
seafood. V. parahaemolyticus survives at 5-45 °C and achieves substantial
growth when seawater temperatures are over 14-19 °C. This explains
why this pathogen is prevalent in summer and autumn seasons. Global
warming has caused an increasing geographical range and frequency of
V. parahaemolyticus infections. Repeated cases of infection and out-
breaks have been reported in unexpected areas where there were pre-
viously no or only sporadic cases (Table 1).

V. parahaemolyticus has advantages enabling biofilm formation in
seafood environments. V. parahaemolyticus forms biofilm assisted by a
dual flagellar system - polar and lateral flagella (Kim & McCarter, 2000),
which is not the case with Escherichia coli, Salmonella spp. and Listeria
monocytogenes pathogens. This dual flagellar system allows
V. parahaemolyticus to move under various conditions, thereby adjusting
to different environments and attaching onto surfaces.
V. parahaemolyticus can produce an active chitinase, enabling it to

* Corresponding author.
E-mail address: d.wang3@massey.ac.nz (D. Wang).

https://doi.org/10.1016/j.1wt.2022.113182

adsorb onto chitin- and copepod-surfaces (Makino et al., 2003). This
helps V. parahaemolyticus initiate colonisation of seafood due to the
capability to degrade and utilize chitinous materials of seafood surfaces.
Biofilm communities are covered by extracellular polymeric substances
(EPS) and show facilitated persistence within the seafood plant surfaces.
Biofilms are posing challenges for hygienic treatments and risks of
pathogen outbreaks.

Understanding V. parahaemolyticus biofilm formation will help
develop biofilm decontamination techniques in seafood scenarios and
reduce risks of V. parahaemolyticus infections. This study reviews new
findings and conclusions about V. parahaemolyticus biofilm formation in
seafood and processing plant environments, as well as describes recent
advances in understanding the mech of V. parah: lyticus bio-
film formation. It will contribute to overcoming the limitations of cur-
rent chemical disinfectant treatments and help develop novel cost-
effective control strategies to meet the requirements of achieving and
maintaining product safety and quality in the seafood industry.

Received 6 October 2021; Received in revised form 3 January 2022; Accepted 29 January 2022

Available online 3 February 2022

0023-6438/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1 Table 2
Emerging Vibrio food poisoning in unexpected regions. Different methods to determine V. parahaemolyticus biofilm.
Region Year No. of cases Infection route Reference Method Applicati Limitati
France 2010-2019 91 Seafood FAO (2021) Colony formation Enumeration of Only detects (Chen et al.,
Canada 2020 21 Oysters Units (CFU) culturable cells in culturable biofilm 2020; Guo
Canada 2015 82 Oysters the biofilm matrix populations, but not et al., 2020;
England 2010-2020 22 Seafood dormant, viable but  Han et al.,
New Zealand 2019-2020 40 Mussels non culturable 2016, 2017; Li
communities; et al., 2020;
Underestimates Mougin et al.,
2. Overview of V. parahaemolyticus biofilm formation in seafood biofilm populations ~ 2019; Ning
related environments due to cell et al., 2021;
aggregation; Roy et al.,
. . 3 3 Time consuming. 2021; Sun
2.1. Fundamentals of V. parahaemolyticus biofilm formation in seafood etal,, 2019;
related environments Tan etal.,
2021)
V. parahaemolyticus forms biofilms on marine biotic surfaces and Microtiter plate Q of - Lack of sensitivity;
L. L . L. .. assay - crystal biomass through Lack of consistency;
abiotic surfaces under appropriate incubation conditions, functioning as violet dye & crystal violet stain  Dead cells will be
a source of pathogenic bacteria with 10-1000 times the resistance to biofilm stained and
hygiene treatments than planktonic counterparts. Table 2 ises ion index included as the
published methods for detecting V. parahaemolyticus biofilm. While (BFD o biomass volume.
these methods have contributed to a deeper understanding of Microtiter plate Quantification of - Calgary device lid
. N N P . ) g assay - Calgary biomass and bottom plate
V. parahaemolyticus biofilm, each method has limitations. Certain tech- device are needed;
niques may concentrate exclusively on a single or a few aspects of CFU assay to
biomass, cell viability, VBNC population, matrix structure or biofilm enumerate cell
composition. Therefore, researchers commonly employ a combination numbers inside
. N . biofilm matrix still
of methods to detect and describe biofilm characteristics. needs to be
Odeyemi (2016) examined the prevalence of V. parahaemolyticus performed.
based on 48 published studies and discovered its presence in oysters, PMA-qPCR method  Quantification of ~ Expensive;
clams, fish, shrimp, and mussels was 63.4 %, 52.9 %, 51.0 %, 48.3 %, """’1: cell N Need :" use CFU[
0, : . . numbers In the assay to enumerate
and 28.0 %, respectively. .V. parahaemolyticus can form biofilms on the:se biofilm matrix cultivable cell
surfaces (Table 3), especially uneven seafood surface areas where pits population to obtain
and edges provide protections for biofilm communities from biocidal VBNC cell
treatments (Han, Mizan, Jahid, & Ha, 2016). V. parahaemolyticus biofilm _ population.
was identified on crab and shrimp surfaces by Han et al. (2016), and on Fluos “n of P use of
hri d 1 surf: b hrafudoull 1 microscopy living and dead fluorescence dye;
shrimp anq mU§se S| aces‘ y Ashrafudoulla et al. (2019). However, cell numbers Cell number counts
Rosa, Conceicao, Conceicao, and Timm (2018) discovered that through living and  are limited by
V. parahaemolyticus did not form biofilm on shrimp shells, the different dead cells stains microscopic view
results occurred which could be a result of different isolates examined. Confocal 1 Biofilm mati ::PP“' e of
Several studies have doc d that V. parah lyticus forms onloca’ faser g 'fmflx igh price 0 .
) L N scanning observation; fluorescence dye;
biofilms on abiotic surfaces (Table 3). Stainless steel, polystyrene, microscopy Structural Interference of self-
fibreboard, polypropylene boxes, and glass are among materials that (CLSM) imaging  detection fluorescence from
have the potential to support the biofilm production. V. parahaemolyticus X the matrix. )
can form biofilms on the internal pipe surfaces of water distribution Scanning electoral  Observe the General observation
i food i lants, which may contaminate the T CroSCoPY biofilm of biofilm
networks in seafood processing plants, w y (SEM) imaging morphology morphology, not
entire processing plant when the water is used. Seawater is frequently useful if used to
utilised as the initial stage in washing seafood instead of freshwater, compare biofilms
avoiding the depletion of restricted freshwater reserves. Many patho- with limited
ens do not grow well in but V. haemolyticus is an differences.
8 5 8 X = OO V. PR s 15 XTT [2, 3-bis (2- Determination of ~ Detection limit of
exception. Notably, washing water is routinely recirculated, allowing methoxy-4- biofilm metabolic ~ 10°-10® CFU/
V. parah lyticus to acc late and potentially develop biofilms on nitro-5- activity biofilm;
interior pipe surfaces (Di Pippo, Di Gregorio, Congestri, Tandoi, & sulfophenyl)-2H- Comparing the
Rossetti, 2018). Although chlorine and ultraviolet (UV) treatments are tetrazolium-5- metabolic activity
nl d to disinfect industrial t the ineffective at carboxanilide] within the biofilm
commonly used to disinfect industrial water, they are ineffective a (Sigma Aldrich, formed by same
removing biofilms from the water distribution network and seafood UK) method strain, strain
processing facilities. Moreover, cells may detach from bacterial biofilms variations may
and enter the water distribution system as a result of these treatments ";d“ce ‘;‘ff_m"c“
(Shikongo-Nambabi, Kachigunda, & Venter, 2010). :Ct:?:; ole
Phenol-sulphoacid Chemical method Can only detect
method to quantify extracellular
2.2. Biofilm life cycle 1lul. polysaccharide:
polymeric Low accuracy;
221. Swface attachment substance (EPS) Quantification of
V. parahaemolyticus forms biofilms using polar and lateral flagella. production f;i;:?::‘e;v“ or
Polar flagella (driven by sodium ions) are utilised for swimming, while EPS production can

lateral flagella (driven by protons) are used for swarming (Kim and

(continued on next page)
McCarter, 2000). Polar flagella function via the fla gene system, which is
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Table 2 (continued)

Method Application Limi fe
only be compared
by OD value.

RT-qPCR Quantifies Expensive;

expression levels
of biofilm relative
genes

Multiple steps to
extract clean RNA.

highly regulated and comprises three distinct types of gene clusters. The
polar flagella function as a mechano-sensor, resulting in a reduction in
flagellar rotation and activation of the laf gene-encoded lateral flagella
expression (Kim and McCarter, 2000). Swarming via lateral flagella
requires bacterial cells to reach certain numbers, and the morphology of
V. parahaemolyticus becomes elongated as it transitions from swimming
to swarming cells (Freitas, Glatter, & Ringgaard, 2020).
V. parahaemolyticus swarms, twitches, and glides across surfaces through
lateral flagella, pili and the secretion of slime surface adhesins, respec-
tively. The motility facilitates cell interaction with the surface, biofilm
formation as well as virulent infection of host cells (Rossi, Paroni, &
Landini, 2018). However, it is unknown whether the flagellum is lost
and/or degraded following surface attachment, or whether flagella serve
as structural components of the biofilm, and little is understood about
how the various forms of motility interact and initiate biofilm devel-
opment in V. parahaemolyticus.

2.2.2. Microcolony formation and the matrix

Swarm motility promotes surface colonisation through a decrease in
flagellar locomotion, adhesin protein secretion and exopolysaccharide
synthesis. Microcolonies are aggregates of 50 or fewer cells that form as
a forerunner to biofilm formation; small colony variants promote biofilm
aggregate production and antimicrobial tolerance, acting as a survival
strategy with a low reproduction rate (Steenackers, Parijs, Dubey, Fos-
ter, & Vanderleyden, 2016). Following microcolony development, the
cells become stronger and more stable due to the secretion of structural
components, exopolysaccharides, matrix proteins, and eDNA that work

LWT 158 (2022) 113182

as a "molecular glue" to aid attachment. The mechanism by which in-
dividual cells transform into cell aggregates, on the other hand, is not
completely understood.

Biofilm maturation results in cells buried deep within biopolymer
layers with a variety of mature matrix structures, including: 1) mono-
layer biofilms - V. parahaemolyticus was reported to form this structure at
4 and 10 °C (Han et al., 2016); 2) multilayer biofilms with large ag-
gregates of bacterial cells; 3) a matrix structure previously described for
other species but not yet been observed for V. parahaemolyticus, consist
of multi-layered biofilms with small aggregates at base and motile cells
covering the surface, and associate with a late mature biofilm and
dispersion (Houry et al., 2012). Chemical components contained within
the V. parahaemolyticus biofilm matrix, such as polysaccharides, proteins
and eDNA, shape the biofilm architecture by changing the biovolume,
porosity and mean thickness of the three-dimensional matrix (Tan et al.,
2018), but the mechanisms are poorly understood.

2.2.3. Dispersion

Dispersion is the final stage of the biofilm life cycle; cells inside the
biofilm actively escape from the extracellular matrix, resulting in eroded
biofilm matrices and bacterial cells that can migrate to new nutrition
and resource-rich environments (Steenackers et al., 2016). While it is
well established that dispersion is related with cell death and lysis, little
is known about the information in V. parahaemolyticus.

2.3. Envir

1 factors infl ing biofilm formation

Attachment and biofilm formation of V. parahaemolyticus to biotic
and abiotic surfaces are complicated processes that are influenced by a
variety of factors including temperature, composition of the attachment
medium, contact surface, cell surface, strain variants and so on.

2.3.1. Temperature

Temperature has been claimed to play a key role in influencing
V. parahaemolyticus biofilm formation. Song et al. (2017) reported that
V. parahaemolyticus produced better biofilm at 25 °C than at 15 °C and

Table 3
Biofilm formulation of V. parahaemolyticus on biotic and abiotic surfaces.
Surface Strain Inoculum size Incubation Biofilm formulation results References
parameters
Biotic Cocktail of V. parahaemolyticus Crab & shrimp: 1: 2500  Time: 24 h The higher CFU levels were observed on the crab ~ Han et al. (2016)
- crab KCTC 2471, KCTC 2729, ATCC dilution of OD 1.0 cell Temperature: 4, 10, surfaces (almost 8 log CFU/cm?) than on the
- shrimp 33844 suspension 15, 20, 25, 30, 35, shrimp surfaces (7 log CFU/cm?) at 25-37 °C. 30
Abiotic $S: 1:50 dilution of OD  and 37 °C °C was the optimum condition for biofilm
- Stainless 1.0 cell suspension formation (>8 log CFU/cm?).
steel
Biotic V. lyticus clinical isolates 10° CFU/mL, 10 mL Time: 24 h For shrimp surfaces, environmental isolates (Ashrafudoulla
- shrimp (ATCC17802, ATCC27969) and 8 Temperature: 30 °C formed 6.21-6.89 log; CFU/cm?, clinical etal., 2019),
- mussel other environmental isolates isolates formed 5.59-6.19 logio CFU/cm?. For
mussel surfaces, environmental isolates formed
5.91-6.40 log;o CFU/cm?, clinical isolates
formed 5.29-5.72 log,; o CFU/cm?.
Biotic 8 V. parahaemolyticus Original concentration ~ Time: 240 h (replace  No biofilms on shrimp shells, but on operculum Rosa et al. (2018)
- shrimp environmental isolates of overnight culture inoculum broth each  of fish (5-6 log1o CFU/cm?).

- Fish, white 48 h)

mouth Temperature: 37 °C
croaker
Abiotic V. parahaemolyticus ANSES 10° CFU/mL, 11 mL Time:3 h, 24 h, 48 h No big difference of biofilm formation at 8 and Mougin et al.
- Stainless collection 14-B3PA-0046 Temperature: 8 °C, 37 °C, ranging from 6 to 9 log;o CFU/cm? (2019)
steel 37°C
Abiotic V. parahaemolyticus ST55, 16 1:2 dilution of OD 1.5 Time: 1-8 h Clinical strains attached better on stainless steel Wong (2002)
- Stainless clinical and 12 envi: 1 cell i Temperature: 25 °C surface than did environmental strains. The cell
steel isolates density reached a peak at 6 or 8 h (6-8*10° CFU/
- glass mL) on stainless steel and glass surfaces and
declined thereafter.
Abiotic V. parahaemolyticus VP-C7 1:100 dilution of OD Time: 2h,8h,12h, When cultured at 15 °C, a mature biofilm only Song et al. (2017)
- glass 0.4 cell suspension 24hand 48 h forms after 48 h (biofilm thickness of 19.73 pm),
Temperature: 15, 25 while a mature biofilm forms between 12 and 24
and 37 °C hat 25 C° (biofilm thickness of 18.94-19.80 pm).
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37 °C. According to Han et al. (2016), V. parahaemolyticus develops
multi-layered biofilms at 15 and 37 °C, but monolayers at 4 and 10 °C. It
has been concluded that biofilm formation could be the main cause of
food safety problems at higher temperature (25-37 °C) (Han et al.,
2016).

2.3.2. Sodium chloride and glucose

Sodium chloride (NaCl) and glucose influence adhesion and matu-
ration of V. parahaemolyticus biofilms. For example, the adsorption of
V. parahaemolyticus onto plankton or chitin-containing materials was
observed at salinities as low as 1.7 % in estuary waters while salinity in
open ocean seawater is approximately 3.5 %. V. parahaemolyticus
formed the best biofilm in tryptic soy broth (TSB) containing 2 % NaCl
and the least biofilm in TSB containing 5 % NaCl. Glucose concentra-
tions of 0.005-0.015 % in TSB promoted biofilm formation, whereas
high glucose concentrations of 0.05 % inhibited the formation (Mizan,
Ashrafudoulla, Sadekuzzaman, Kang, & Ha, 2018).

2.3.3. Contact surface (charge, hydrophobicity)

The charge on the cell surface varies under different physiological
conditions, influencing bacterial attachment to surfaces. Cells of
V. parahaemolyticus are frequently negatively charged, and thus prefer to
attach to positively charged surfaces (Mizan et al., 2016). Besides,
V. parahaemolyticus biofilm formation is positively correlated with cell
surface hydrophobicity and is associated with the flagellar and proteins
on the bacterial cell outer membrane (Mizan et al., 2016). The hydro-
phobicity of contact surface (stainless steel, polystyrene and glass)
exhibited a negative correlation with the amount of eDNA, extracellular
protein and biofilm biomass in V. parahaemolyticus biofilms (Guo et al.,
2020). Instead of hydrophobic stainless steel, V. parah lyticus grows
a better biofilm on surfaces such as polystyrene and glass; this
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phenotype was related with different survival adaptation mechanisms
on these surfaces (Guo et al., 2020; Wong, 2002).

3. Molecular mechanisms of V. parahaemolyticus biofilm
formation

3.1. Positive regulators

The mechanisms by which V. parahaemolyticus biofilms form are
regulated by a systemic and integrated regulatory network. Though
there are numerous genes responsible for EPS biosynthesis and pro-
duction, the cps locus has been extensively studied and will be discussed
in Positive regulators and Negative regulators (Fig. 1).

CpsQ can activate the expression of the capsular polysaccharide
genes cpsA-cpsJ (vpal403-1412) in V. parahaemolyticus, thereby regu-
lating biofilm production. CpsQ is a c-di-GMP binding protein that is
regulated by intracellular c-di-GMP concentrations, and has been
demonstrated to be a positive, regulator of capsular polysaccharide
CPSA expression. It was reported that quorum sensing regulators OpaR
and AphA bind to the promoter region of the mfpABC operon to enhance
and repress mfpABC transcription, as well as repress and enhance cpsQ-
mfpABC operon expression, and influence biofilm development (Zhou
et al.,, 2013). Due to their accumulation at high cell density, it was
hypothesised that CpsQ and MfpABC might play a role in the mid-
dle/late stages of growth and pathogenesis. CpsQ contributes to capsule
expression when c-di-GMP levels are elevated, but it is not solely
responsible for biofilm formation; therefore, deletion of CpsQ does not
eliminate biofilm formation (Kimbrough, Cribbs, & McCarter, 2020).

CpsR is another transcription regulator that regulates the formation
of the biofilm matrix. CpsR is also not solely required for biofilm for-
mation in V. parahaemolyticus, but it is critical for the increased CPSA

,
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RpoS N\ l
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EnvZ OmpR .
N— Fis ——————>  OrrsRNA
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R e e 5
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CpxA CpxR 'l [ cpsk | —| AphA J-— oOpar H-NS ;
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Fig. 1. The transcriptional network of V. parahaemolyticus biofilm formation.
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expression elicited by c-di-GMP (Yildiz & Visick, 2009). It is required in
the ScrABC-dependent pathway to regulate swarming and EPS produc-
tion. Introduction of the cpsR1::Tn5 allele into the rugose scrA mutant
resulted in the transformation of a rugose colony to smooth colony, the
elimination of exopolysaccharide production, and a decreased capacity
for biofilm formation (Guvener & McCarter, 2003). CpsR acts prior to
CpsQ and can activate CpsQ and CpsS; the CpsS-CpsR-CpsQ regulatory
cascade is responsible for the EPS production (Guvener & McCarter,
2003).

Quorum sensing governs sets of cellular pathways, including
motility, virulence and biofilm formation through its master regulators-
AphA and OpaR. AphA is a small PadR family expression regulator with
an N-terminal winged-helix DNA-binding domain; AphA is activated at
low cell density, to promote the transcription of virulence, flagella-
mediated motility and biofilm formation (Zhou et al., 2013). In the
presence of low cell density, redundant Qrrj.4 SRNAs regulated by
LuxQ-LuxU-LuxO pathway inhibit opaR and cpsQ-mfpABC transcription,
thereby influencing the formation of V. parahaemolyticus biofilms (Liu,
Zhu, Zhang, & Zhao, 2021; Zhou et al., 2013).

3.2. Negative regulators

Signalling via chemotaxis ScrABC is involved in competitive colo-
nisation and the development of the biofilm matrix. ScrA is found in the
scrABC operon and promotes the expression of laf genes while repressing
the transcription of cps genes in V. parahaemolyticus (Boles & McCarter,
2002). SerC functions as a diguanylate cyclase (DGC), retains GGDEF
and EAL domains and is regulated by ScrA and ScrB translation, it can
promote CpsQ repression and c-di-GMP degradation (Kimbrough et al.,
2020). A scrABC operon mutation has a profound effect on gene
expression, resulting in decreased swarming activity, increased cellular
c-di-GMP levels, overproduced CPSA, crinkly colonies and enhanced
biofilm formation (Kimbrough et al., 2020).

CpsS is the dominant negative regulator in V. parahaemolyticus
(Yildiz & Visick, 2009). It is another member of the CsgD family and
contains a DNA-binding domain similar to that of CsgD. CpsS can inhibit
cpsR expression, while cpsR activates cpsQ, and CpsQ inhibits ¢psS. CpsS
represses CpsQ, but it is unknown whether it directly or indirectly reg-
ulates CpsQ. Deletion of cpsS results in capsule overexpression and
wrinkly colonies (Enos-Berlage, Guvener, Keenan, & McCarter, 2005).

OpaR governs biofilm formation through regulating CpsQ (Zhou
et al., 2013). The histone-like nucleoid structuring protein H-NS is a
“transcriptional silencer”, it is involved in the transcription of genes and
the folding of DNA and an expression activator of the cpsA-cpsJ operon
(Enos-Berlage et al., 2005). Mutants of hns fail to trigger CPSA produc-
tion and polar flagellar activity, thereby resulting in decreased biofilm
formation in V. parahaemolyticus (Enos-Berlage et al., 2005).

3.3. EPS synthesis genes

Numerous gene loci/genes have been identified as being involved in
the formation of the extracellular matrix of V. parahaemolyticus biofilms.
cpsA-J (vpal403-1412) is required for the synthesis of capsular poly-
saccharide A (CPSA), a major component of the V. parahaemolyticus
biofilm (Yildiz & Visick, 2009). cpsA-J is also required for the formation
of opaque colonies, rugose phase transmission of the colony and biofilm
development (Enos-Berlage & McCarter, 2000). vp1476-1458 is an
ortholog of the syp locus that is conserved in Vibrio fischeri, this locus was
reported to be responsible for wrinkled colonies, pellicle formation and
matrix production in V. fischeri (Yildiz & Visick, 2009).
V. parahaemolyticus shares 85.9 and 75.8 % similarities with the glyco-
syltransferase gene sypQ from Vibrio alginolytious 12G01 and Vibrio
harveyi ATCC BAA-1116 (Ye, Zheng, & Zheng, 2014), indicating the
relatedness with poly-N-acetylglucosamine (PNAG) biosynthesis and
function as an intercellular adhesin. Cellulose is typically found in
flagella or pili of Gram-negative bacteria; however, the cellulose
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synthase gene cluster is limited known in V. parahaemolyticus. Another
locus involved in V. parahaemolyticus biofilm formation is vp0214-0237,
which results in translucent colonies, decreased adherence to surfaces,
inhibition of swarming motility and interruption of biofilm maturation
(Enos-Berlage et al., 2005). Proteins and eDNA in the extracellular
matrix contribute to the structure and stability, but they are poorly
studied in V. parahaemolyticus.

3.4. Will pathogenicity infl

8! biofilm formation?

Virulence factors are typically associated with bacterial pathoge-
nicity. V. parahaemolyticus produces a variety of virulence factors,
including thermostable direct hemolysin (TDH), TDH-related hemolysin
(TRH) and two distinct type III secretion systems (T3SS1 and T3SS2)
(Makino et al., 2003). The pathogenicity of a strain and its ability to
form biofilms are related properties. Song et al. (2017) discovered that
pathogenic V. parahaemolyticus accumulates more biofilm matrix than
non-pathogenic strains. Similarly, Wong (2002) found that clinical
strains adhered more readily to stainless steel than environmental
strains, and that decreased c-di-GMP levels within cells can promote
biofilm formation and pathogenicity in V. parahaemolyticus. Zhang et al.
(2019) revealed that the transcription factor QsvR works in conjunction
with QS system to regulate the expression of virulence genes, T3SS1 and
pathogenicity island (PAI, T3SS2 and TDH), in V. parahaemolyticus.
AphA has a role in the initial colonisation stage, it activates T3SS1 genes
expression but inhibits the expression of PAI genes, thus boosting
V. parahaemolyticus cytotoxicity, whereas OpaR and QsvR act at a higher
cell density by activating PAI transcription, thereby enhancing enter-
otoxicity and causing severe gastroenteritis. QsvR can also maintain
basal levels of T3SS1 expression despite OpaR negatively regulates it.

1 Aicinfl

4. Li ion of ch
to overcome

ants and promising strategies

4.1. Limitation of chemical disinfectants

Chemical disinfectant treatment is a simple, cost-effective, and
widely used strategy for pathogen contamination control in the food
industry. Numerous studies to determine the efficacy of various chem-
ical disinfectants against V. parahaemolyticus biofilms have been con-
ducted (Table 4). While cleaning chemicals and disinfectants remove
soils and inactivate biofilm cells from seafood and plant surfaces, using
disinfectants alone at recommended concentrations makes it difficult to
control biofilm effectively; what is worse, recurrence and recolonization
of pathogen communities with increased acquired resistance may occur
(Rosa et al., 2018). Increased disinfectant concentrations are discour-
aged, as they may corrode plant surfaces, influence seafood sensory
attributes and produce chlorine and/or other by-products that are haz-
ardous to human health. Additionally, routine exposure of biofilm
populations to chemical disinfectants may also result in an increase in
VBNC state cells, which aids in the persistence of biofilm communities
on seafood processing plants. For instance, the routine use of chemical
disinfectants in cleaning and sanitation in smoked salmon processing
plants has resulted in the development of L. monocytogenes VBNC pop-
ulations that are resistant to environmental stress and difficult to erad-
icate (Brauge et al., 2020).

4.2. Promising strategies

As  chemical disinfectant treatments fail to remove
V. parahaemolyticus biofilms effectively, alternative strategies for miti-
gating these risks are required (Fig. 2).

4.2.1. Plant surface modification
Processing plant surface modifications have been studied to inhibit
biofilm colonisation and development. For example, it has been
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Table 4

The effect of chemical disinfectant treatment on V. parahaemolyticus biofilm.
Disinfectants Biofilm Reduction Reference
Sodium hypochlorite 240 h old biofilms formed on V. par biofilm of 2-5 log;o CFU/cm? were remained Rosa et al. (2018)

- 20 ppm chlorine (~20 mg/L  biotic and abiotic surfaces
chlorine), 10min

Sodium hypochlorite

- 4 mg/L chlorine, 1h

Hydrogen peroxide (H202)

- 0.08 %, 1h

Ozone

- 1.6 mg/L, 1h

Sodium hypochlorite

72 h old biofilm on glass slides

24 h old biofilm on shrimp and  Sodium hyp

The bacterial density dropped from 7.90 to 3.97 log CFU/cm?;

after treatment (~6 log1o CFU/cm? biofilm as control).

Shikongo-Nambabi et al.
(2010)

Inactivated cells to non-detectable levels from over 7 log;o CFU/cm?

Reduced ~ 2 logyo CFU/cm? biofilm cell densities.

of 3.78 and 3.32 log;o CFU/  Roy et al. (2021)

- 50-300 ppm, 6 % w/v crab surfaces
chlorine, S5min

Strong acidic electrolyzed

water (SAEW)

- 30 ppm chlorine (~30 mg/L
chlorine), 1-15 min

Strong acidic electrolyzed
water (SAEW)

- pH 2.3, 136.33 mg/L
chlorine, 30s

Acidic electrolyzed water

- pH 2.28, 52.26 mg/mL
chlorine, 10 min

and crab surfaces.

48 h old biofilm

48 h old biofilms on polystyrene
surfaces

cm? on shrimp and crab surfaces (6.87 and 7.37 log,, CFU/cm? as control);
SAEW achieved reductions of 1.42-3.05 and 1.14 to 2.56 log;o CFU/cm? on shrimp

Decreased viable V. parahaemolyticus from 6.90 to 3.33 log;o CFU/cm?.

The biovolume, eDNA, protein and polysaccharide content of V. parahaemolyticus
matrix was significantly reduced.

Han et al. (2017)

Li et al. (2020)

" QS signalling

¢-di-GMP signalling
i
£ Effect target

C N,
J Signal synthase
ignal receptor
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E— E— S
S
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® QS signaling interference
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©Promoted diffusion and pene

® Destruction of biofilm matrix, involving breaking down molecules of proteins,
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of chemical disinf

ants

(@ Cell membrane shrinkage, nucleotide acids damage, cell lysis or cell death

Destruction of biofilm matrix

Fig. 2. Promising inactivation forms of V. parah

demonstrated that sol-gel modification, in which the material is trans-
formed from a liquid to a gel state, reached to reduce the average
biomass weight attached. This was employed on milk processing plant
surfaces to reduce biomass, and this investigation indicated that the
biomass weight on stainless steel 316L and sol-gel-modified coupons in a
benchtop plate heat exchanger was 19.21 mg/cm? and 0.37 mg/cm?,
respectively (Liu, Jindal, Amamcharla, Anand, & Metzger, 2017). Bio-
surfactants are surface-interactive molecules that exhibit both hydro-
phobic and hydrophilic properties, for instance, BS-SLSZ2, the
biosurfactant derived from the marine bacterium Staphylococcus lentus,
which has been shown to hinder bacterial attachment, impair
bacteria-bacteria interactions, and prevent the formation of biofilms. At
adose of 20 g, V. harveyi and Pseudomonas aeruginosa biofilm formation
were inhibited by 80 % and 82 %, respectively (Hamza, Satpute, Ban-
purkar, Kumar, & Zinjarde, 2017).

biofilm ¢ itie
4.2.2. Physical strategies

4.2.2.1. Bubbles. The bubble technique is being developed for anti-
biofilm applications. Laser-induced vapour bubbles are used to enhance
the distance between sessile cells. Millimetre-sized air bubbles in water
significantly reduced the number of biofilm cells attached to stainless
steel and polypropylene surfaces by 1.6 and 0.9 log;, respectively, and
also removed the carbohydrate, protein and fat residues from stainless
steel surfaces (Burfoot, Limburn, & Busby, 2017). Shiroodi, Schwarz,
Nitin, and Ovissipour (2021) employed bubbles to treat
V. parahaemolyticus biofilms on plastic and stainless-steel coupons,
achieving reductions of 2.5 and 1.4 log; o CFU/cm? biofilm cells in 2 min,
respectively, and cell elimination of >7 logio CFU/cm? in 5 min.

4.2.2.2. Cold plasma. Cold plasma has received much attention for
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biofilm controlling due to its non-thermal, rapid, green and waterless
properties. The reactive species generated have been identified as the
primary components for antibiofilm abilities, as they can destroy biofilm
matrix, penetrate the structures and eventually lead the bacterial cells to
death. High-voltage cold plasma (80 kV) treatment of 60 s reduced
L. monocytogenes, Salmonella enterica and Pseudomonas fluorescens bio-
film cells by 3.76, 4.14 and 2.6 log;o CFU/mL from initial cell concen-
trations of 5.4 + 0.4 log;o CFU/mL, respectively (Patange et al., 2019).
Dielectric barrier discharge plasma treatment (1.1 kV, 30 min) reduced
E. coli in fresh oysters by 1.01 logio, while having no effect on the
glycogen content or texture of oyster meat (Choi et al., 2022), demon-
strating the potential for cold plasma application in seafood environ-
ments. However, the removal efficacy of V. parahaemolyticus biofilms is
limited known and requires further investigations.

4.2.2.3. Low-frequency and high-intensity ultrasound treatment. The ul-
trasound with a low frequency and a high intensity has been proposed to
be more effective at decontaminating biofilms, and the biofilm removal
is based on mechanical oscillation, free radicals (H - and .OH) and
hydrogen peroxide (H202) generated, as well as localized heating. 10 s
treatment of 40 kHz flat ultrasonic transducer achieved to remove E. coli
and Staphylococcus aureus dairy biofilms from stainless steel surfaces.
The high-intensity ultrasound has been examined for its application on
fish, involving salmon (S. salar), mackerel (S. scombrus), cod (G. morhua)
and hake (M. merluccius) fillets. The microorganism on fish surfaces were
significantly reduced, but no significant changes of lipid content, the
moisture level remained stable except hake (Pedros-Garrido et al.,
2017). Additional research of low-frequency and high-intensity ultra-
sound treatment on V. parahaemolyticus biofilm cells should be
conducted.

4.2.2.4. Ultraviolet-C (UV-C) treatment. UV-C spectrum (250-270 nm)
is lethal to a wide range of microorganisms, including bacteria, yeasts
and viruses. UV-C (5, 10 min) combined with 50-500 pg/mL peroxy-
acetic acid reduced Salmonella Enteritidis biofilm cells from stainless-
steel and silicone rubber surfaces by 3.10-6.41 log;o CFU/mL, UV-C
(5, 10 min) in combination with 0.5-2.0 % lactic acid reduced by
3.35-6.41 log1o CFU/mL (Byun et al., 2022). UV-C treatment of 5, 10 and
30 mW*s/cm? decreased V. parahaemolyticus biofilm communities by
1.37-2.53 and 0.75-1.94 log1o CFU/cm? on shrimp and crab surfaces,
respectively; UV-C (60 mW+s/cm?) along with sodium hypochlorite
(300 ppm) reached decrease of biofilm cells by 3.78 and 3.32 logio
CFU/cm? UV-C (60 mW*s/cm?) combined with slightly acidic electro-
lyzed water reduced V. parahaemolyticus biofilm cells by 4.41 and 4.06
logio CFU/cmz, respectively (Roy et al., 2021).

4.2.2.5. High hydrostatic pressure (HHP) treatment. HPP is another
nonthermal approach that has been demonstrated to be effective at
inactivating V. parahaemolyticus in the seafood industry. 400 MPa HHP
(20 °C, 3 min) decreased V. parahaemolyticus in oysters to undetectable
level from ~5 log;o CFU/g, and the characteristic taste of oyster meat
can retain for up to 15 days if refrigerated at -20 °C (Liu et al., 2022).
However, it is limited known about HPP efficacy on V. parahaemolyticus
biofilm cells in seafood, despite reports of its use against other food
pathogens. For example, Enterobacter sakazakii biofilm formation was
significantly reduced by 45 % when incubated for 24 h with 400 MPa
HHP (Liao, Tao, Li, Xu, & Wang, 2021).

4.2.2.6. Photodynamic inactivation (PDI). PDI involves the use of a
photosensitizer (PDI) activated by visible light, leading to reactive ox-
ygen species (ROS) production and consequently inactivation of mi-
crobial cells. Inactivation of microbes is caused by ROS which has
potential to deconstruct EPS, proteins, lipids and nucleic acids in biofilm
matrix (Tan et al., 2021). Chen et al. (2020) found that PDI treatment (5
min, 1.14 J/cm?) with 1.0 pM curcumin as the photosensitizer (PS)
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decreased V. parahaemolyticus (~8 log;p CFU/mL) to non-detectable
levels, it could downregulate virulence genes (tdh and toxR) and bio-
film formation related genes (oxyR, aphA, luxR and opaR) thereby con-
trolling V. parahaemolyticus biofilm contaminations, they also found that
20.0 pM curcumin PDI treatment (60 min, 13.68 J/cm?) achieved to
eradicate 48 h old V. parahaemolyticus biofilm on polystyrene surfaces.

4.2.3. Chemical strategies

4.2.3.1. Essential oils. Essential oils are plant-based extracts that
contain a variety of antibacterial and antibiofilm components. Citrus
peel essential oils inhibit V. parahaemolyticus biofilm formation by
repressing flagella gene transcription, T3SS effector function and
quorum sensing activities (Sun et al., 2019); at a concentration of 3.125
and 6.25 pg/mL, citral reduced 42 and 58 % autoinducer-2 (AI-2)
quorum sensing activity, respectively; 6.25 and 12.5 pg/mL of citral
decreased V. parahaemolyticus swimming and swarming by 20-47 % and
35-50 %, respectively; citral at a concentration of 12.5 g/mL was
observed to disrupt the three-dimensional V. parahaemolyticus biofilm
matrix with dispersed cells.

4.2.4. Biocontrol strategies

4.2.4.1. Small-molecule signal blocker. Interfering biofilm formation
with small molecules is a novel strategy; these molecules are referred to
as flagella inhibitors, quorum sensing inhibitors and c-di-GMP signalling
blockers. For example, diguanylate cyclase (DGC) has been identified as
a critical target for modulating the c-di-GMP process and biofilm for-
mation phenotypes, Christen et al. (2019) demonstrated that 4-(2,
5-dimethylphenoxy)-N-(4-morpholin-4-ylphenyl) butanamide and six
other small molecules in the low uM inhibited c-di-GMP signalling and
biofilm formation via regulation of the DGC in a non-competitive
manner. Similarly, 2,6-Di-tert-butyl-4-methylphenol (DTBMP) from
Chroococcus turgidus was found to inhibit initial V. parahaemolyticus
biofilm formation by interfering with hydrophobic activity, swarming
motility and quorum sensing, 250 pg/mL of DTBMP reduced 74 % EPS
production; DTBMP was also examined in vivo on pacific white shrimp,
and demonstrated anti-adherence efficacy without causing fatal effects
on the shrimp (Santhakumari et al., 2018).

4.2.4.2. Enzymes. Another alternative to biofilm contamination control
in the food industry are non-toxic and disruptive enzymes. For example,
endolysins are peptidoglycan hydrolases that can deconstruct biofilm
matrix and hydrolyse bacterial cell wall peptidoglycan, the combination
of endolysin Lysqdvp001 (60 U/g) and &-PL (e-poly-lysine, 0.20 mg/g)
can significantly reduce V. parahaemolyticus in Gadus macrocephalus,
Penaeus orientalis and oyster by 3.75, 4.16 and 2.50 log;o CFU/g,
respectively. The sole usage of e-PL reached -elimination of
V. parahaemolyticus biofilms by 28.67 %, 14.27 % and 12.67 %,
respectively, from polystyrene, glass and stainless-steel surfaces, though
Lysqdvp001 had no substantial effect; the cocktail of these two enzymes
removed 55.13 %, 44.43 % and 68.00 % of the biofilms, indicating the
synergistic effect of enzyme treatment may be due to the attack of
different V. parahaemolyticus target sites (Ning, Lin, & Wang, 2021).

4.2.4.3. Bacteriophages. Bacteriophages can destroy biofilms by
breaking down the biofilm matrix. For example, phage cocktails were
prepared by mixing phage isolated from cattle faeces; the phage cock-
tails inhibited E. coli 0177 biofilm formation at 25 °C within 24 h, and
reduced pre-formed biofilms to undetectable levels within 5 h (Montso,
Mlambo, & Ateba, 2021). Bacteriophage OMN was reported to kill 90 %
and 99 % V. parah ities on oyster meat surfaces after
48 and 72 h of treatment, respectably, showing the viability of bacte-
riophage application in seafood contexts (Zhang et al., 2018). However,
as much of the bacteriophage studies are limited to laboratory

lyticus cor
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conditions, additional work is required to apply in the industry.

5. Conclusi and ives

) 4

The persistence of the V. parahaemolyticus biofilm in the seafood
plant may result in pathogen recurrence and complicate hygienic
treatment. It is necessary to understand the mechanism by which
V. parahaemolyticus biofilms form. Specific questions include the
following: 1) Is the flagellum lost and/or degraded, or is flagella function
structural in the biofilm following surface attachment? 2) Do various
forms of motility collaborate, interact and trigger biofilm formation in
V. parahaemolyticus? 3) What are the mechanisms underlying the for-
mation of V. parahaemolyticus biofilm structures? 4) What are the
polysaccharides and protein components of the matrix at various stages
of biofilm development? 5) What is the mechanism behind biofilm
dispersal? 6) What are the interactions of transcriptional regulators and
biological pathways in biofilm formation and pathogenicity?

The most effective way to control V. parahaemolyticus biofilm
contamination is to inhibit V. parahaemolyticus colonisation and biofilm
formulation. In the seafood industry, biological-control, and safe and
cost-effective strategies are preferred but require more investigation.
Notably, while most novel biofilm decontamination strategies have been
evaluated in the laboratory, it is necessary to consider their regulatory
status and how they will be applied on an industrial scale.
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ARTICLEINFO ABSTRACT

Keywords: Vibrio parahaemolyticus is a marine oriented pathogen; and biofilm formation enables its survival and persistence
Bioﬁlm . on seafood pr ing plant, ing the hygienic practice. The objectives of this study are to assess the
Sodium hypochlorite ability of V. parahaemolyticus isolated from seafood related environments to form biofilms, to determine the

Whole genome sequencing (WGS)
Genomic feature
Multilocus sequence typing (MLST)

effective sodium hypochlorite concentrations required to inactivate planktonic and biofilm cells, and to evaluate
the genetic diversity required for strong biofilm formation. Among nine isolates, PFR30J09 and PFR34B02
isolates were identified as strong biofilm forming strains, with biofilm cell counts of 7.20, 7.08 log;o CFU/cm?,
respectively, on stainless steel coupons after incubation at 25 °C. Free available chlorine of 1176 mg/L and 4704
mg/L was required to eliminate biofilm cells of 1.74-2.28 log;o CFU/cm? and > 7 log;o CFU/cm?, respectively,
whereas 63 mg/L for planktonic cells, indicating the ineffectiveness of sodium hypochlorite in eliminating
V. parahaemolyticus biofilm cells at recommended concentration in the food industry. These strong biofilm-
forming isolates produced more polysaccharides and were less susceptible to sodium hypochlorite, implying a
possible correlation between polysaccharide production and sodium hypochlorite susceptibility. Genetic di-
versity in mshA, mshC and mshD contributed to the observed variation in biofilm formation between isolates. This
study identified strong biofilm-forming V. parahaemolyticus strains of new multilocus sequence typing (MLST)
types, showed a relationship between polysaccharide production and sodium hypochlorite resistance.

1. Introduction spread of V. parahaemolyticus infections. Outbreaks have been regularly

reported in countries with no or sporadic incidence in Canada, the

V. parahaemolyticus is a Gram-negative bacterium that naturally ex-
ists in aquatic environments and seafood, such as oyster, clam, mussel,
octopus, shrimp, crab and fish. The infections are associated with con-
sumption of raw or undercooked seafood. It grows substantially when
temperatures exceed 14-19 °C and is prevalent during the and
autumn seasons (Baker-Austin et al., 2010; Cruz et al., 2015). In the
United States, the average annual number of Vibrio infections increased
by 54 % between 2006 and 2017, and by 79 % in 2019 (Abanto et al.,
2020). The Cholera and Other Vibrio Illness Surveillance System in the
United States received 4116 reports of V. parahaemolyticus infections
between 2010 and 2018 (CDC, 2021). In China, they experience an
average of 523.5 cases each year during 2010 and 2020 (FAO, 2021).
Climate change has been proposed as an explanation for the global
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United Kingdom, France, North Europe, New Zealand and Australia
(Baker-Austin et al., 2020; Baker-Austin et al., 2018), raising concerns in
the food industry.

There have been 5149 V. parahaemolyticus isolates submitted to the
Molecular Typing and Microbial Genome Diversity (PubMLST) Database
by February 2022 (Jolley et al., 2018). Some pandemic clones are more
virulent than others and have been implicated in several previous out-
breaks. Sequencing type 3 (ST3) emerged in Asia in the mid-1990s and
spread throughout the world, becoming the most common pandemic
clone by 2012 (Nair et al., 2007). Sequencing type 36 (ST 36) strains
were restricted to the Pacific Northwest and Canada (Daniels et al.,
2000), but have spread further into Europe, involving the largest known
food-borne Vibrio outbreak reported in Spain in 2012 (Martinez-Urtaza
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et al., 2018). ST 36, according to Abanto et al. (2020), can disperse
intercontinentally due to its highly pathogenic and persistent nature,
posing a threat to the safety of seafood products and human health. The
epidemiology of V. parahaemolyticus infections has shifted from the
dominance of domestically redistricted strains to the transcontinental
spread of new clones. However, the relationship between ST and
biofilm-forming ability of V. parahaemolyticus is unknown.

Biofilm formation is a dynamic life cycle involving motility, attach-
ment, biofilm production and dispersal; once biofilm develops, the
endurance and environmental adaptability enable cells to survive
environmental stress. V. parahaemolyticus as a biofilm have advantages
in seafood environments. V. parah lyticus biofilm is d by a
dual flagellar system - polar and lateral flagella (Kim and McCarter,
2000), which is not the case with Escherichia coli, Salmonella spp. and
Listeria monocytogenes pathogens. V. parahaemolyticus can produce an
active chitinase, enabling it to adsorb onto chitin- and copepod- surfaces
(e.g. oysters, clams, fish, shrimp, and mussels, etc.) (Kaneko and Col-
well, 1975). This helps V. parahaemolyticus initiate colonization of sea-
food due to the capability to degrade and utilize chitinous materials of
seafood surfaces. V. parahaemolyticus biofilms form on stainless steel,
polystyrene, glass, and other abiotic surfaces in food processing equip-
ment and packaging materials, showing a higher resistance than their
planktonic counterparts, to cleaning and sanitation that may lead to
recurring contamination.

Chlorine-based disinfectants, such as sodium hypochlorite, are
oxidizing agents widely used for cleaning and disinfection in the food
industry due to low cost, easy-use and broad-spectrum bactericidal ac-
tivities. Although the concentrations of disinfectants required to elimi-
nate biofilm cells have been determined in many species such as L.
monocytogenes (Cruz and Fletcher, 2012) and Pseudomonas fluorescens
(Cai et al, 2019), information gaps remain in the response of
V. parahaemolyticus biofilm cells to sodium hypochlorite that may be
used in the seafood processing environment (Wang et al., 2022). Sodium
hypochlorite at recommended concentrations is inadequate to inactivate
V. parahaemolyticus so optimisation of treatment with sodium hypo-
chlorite is required. Shikongo-Nambabi et al. (2010) found that when
exposing mature V. parahaemolyticus biofilms for 1 h with sodium hy-
pochlorite (4 mg/L free available chlorine pH not specified), the bac-
terial density decreased from 7.90 to 3.97 log;o CFU/cm?. Another study
examined the efficacy of sodium hypochlorite in reducing the bacterial
population of V. parahaemolyticus in mature biofilms formed on stainless
steel, glass, and polystyrene, and discovered that a 10-min treatment
with sodium hypochlorite (20 mg/L available chlorine, pH not specified)
could reduce cell populations by as much as 3.0 log;o CFU/cm? from 5.5
log1o CFU/cm? (Rosa et al., 2018). However, information gaps remain in
these studies, in particular with reference to the pH and temperatures
used. Firstly, sodium hypochlorite dissolved in water will raise the pH
and reduce antimicrobial efficacy. In the food industry, it has been
recommended to adjust pH of sodium hypochlorite solution to 6.5-7.0
before the use on food contact surfaces. However, pH of sodium hypo-
chlorite solution was overlooked when killing biofilm cells in the above
studies. Additionally, sodium hypochlorite efficacy for removing biofilm
cells will depend on amount and nature of biofilm formation of
V. parahaemolyticus.

Despite widespread awareness of V. parahaemolyticus control in
seafood, there is a lack of understanding around V. parahaemolyticus
biofilm development and its resistance to sodium hypochlorite, partic-
ularly regarding the relationship between the phenotype and genotype.
Thus, the objectives of this study are to: (1) assess the ability of
V. parahaemolyticus isolates from different clones to form biofilms; (2)
determine the susceptibility of V. parahaemolyticus biofilm cells to so-
dium hypochlorite; and (3) decipher the genotype profiles of strong
biofilm formers using whole genome sequencing (WGS).

International Journal of Food Microbiology 385 (2023) 110011
2. Material and methods
2.1. Bacterial isolates and culture conditions

Nine V. parahaemolyticus strains were used in this study, seven of
them were isolated from New Zealand shellfish (isolation using alkaline
peptone water of pH 8.6-9.0) and were kindly provided by The New
Zealand Institute for Plant and Food Research Ltd. Another two strains
are clinical isolates, PFR37D08 (National Health Index (NHI) No. 75/
0294) and PFR37E03 (NHI No. CHE2822), provided by the Institute of
Environmental Science and Research (ESR), New Zealand.

Strains were stored at —80 °C using the low temperature bead stor-
age system (Protect; Thermo Fisher Scientific, USA). To recover, a bead
was picked using a needle aseptically, transformed into tryptic soy broth
(TSB) broth with 3 % NaCl and incubated at 37 °C with shaking at 120
rpm till cells enter stationary-phase (5-8 h). Cultures were centrifuged
(10,000 rpm, 5 min) and washed for three times using sterile PBS buffer,
the harvested cells were ready for use.

2.2. Motility assay

Swimming and swarming motility of V. parahaemolyticus were
measured as described previously by Sybiya Vasantha Packiavathy et al.
(2012) with minor modifications. Briefly, swimming motility was
characterized on agar plates containing 0.3 % agar, 1 % tryptone and 1
% NaCl; and swarming motility was on agar plates containing 0.5 %
agar, 0.8 % tryptone, 1 % NaCl and 0.5 % glucose. Cell suspension (5 pL)
of V. parahaemolyticus (ODsgs = 0.4 + 0.05) was stabbed into the centre
of media plates, and the motility was evaluated by determining the
migration of V. parahaemolyticus from the centre to the periphery of the
plate after incubation at 37 °C for 18 h.

2.3. Crystal violet assay

A cell suspension was diluted to obtain an ODsgs (Absorbance mea-
surements at 595 nm) of 0.15 + 0.05 using a microplate reader (Vari-
oskan Lux 3020-1333, Thermo Fisher, USA), and each 200 pL of cell
culture was added into the well of a 96-well flat-bottom microtiter plate.
The plate was incubated at 37 °C for 72 h, then the ODsg5 was examined.
The plate was inverted to remove the cultures, and each well was
washed three times using 230 pL of distilled water, followed by 230 pL of
ethanol to fix the cells for 10 min. The ethanol was removed, and the
plate was allowed to dry. Then, each well was stained with 230 pL of 2%
crystal violet (CV) for 10 min, washed three times using distilled water,
followed by 210 pL of 33 % acetic acid added into each well to dissolve
the CV stain. The absorbance of resulting solution in each well was
measured at 570 nm, and the biofilm forming index (BFI) of each strain
was evaluated using the following equation:

(ODs79 — ODs7gcon)

BFI =
(ODsgs — ODsgscon)

ODs;0 and ODsgs represent the absorbance value of sample wells at
570 nm and 595 nm, respectively. ODs70con and ODsgscon represent the
absorbance value of wells with only TSB with 3 % NaCl as a blank. The
degree of biofilm formation was classified according to Naves et al.
(2008): strong (BFI > 1.10), moderate (1.09 > BFI > 0.70), weak (0.69
> BFI > 0.35) and none (BFI < 0.35).

2.4. Biofilm development on stainless steel surface and cells enumeration

Prepared cell culture (1 mL, ~ 4 log;o CFU/mL) was pipetted into
each well of 48-well flat-bottom polystyrene plates, along with one pre-
cleaned and sanitised stainless-steel coupon (304 stainless steel, 1 x 1
cm). The number of culturable cells in the biofilm matrix was deter-
mined using a bead vortex mixing method reported previously with
minor modifications (Hayrapetyan et al., 2015). In short, each coupon
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was rinsed three times using sterile distilled water to remove the
planktonic cells and transferred into a 25 mL glass bottle filled with 10
mL of 0.1 % peptone buffered water and 5 g of glass beads (5-8 mm),
followed by 1 min vortex mixing to disrupt the biofilm matrix from the
stainless steel surface and obtain individual cells. 10-fold serial dilutions
of biofilm cell solution were prepared and colony forming unit (CFU)
enumeration was examined on 3 % NaCl tryptic soy agar (TSA) plates.

2.5. Susceptibility to sodium hypochlorite

Sodium hypochlorite solution was prepared aseptically and used
within 20 min. In brief, commercial concentrated sodium hypochlorite
(XY-12, ECOLAB, New Zealand) containing around 140 g/L available
chlorine (147 g/L sodium hypochlorite) was diluted in distilled water
and the pH was adjusted to a range of 6.7 to 6.9 using 1 M HCI. The
amount of free chlorine in the sodium hypochlorite solution was
determined using titration (Zheng and Brook, 2021).

To determine the sodium hypochlorite susceptibility of planktonic
V. parahaemolyticus cells, each well of 96-well polystyrene plates were
loaded with 180 pL cell suspension (~ 8 log;o CFU/mL) and 20 pL so-
dium hypochlorite solution. The reaction was neutralised with 50 pL of
1 % sodium thiosulfate after 5 min cells exposure to sodium hypochlo-
rite. Each set of experiments included a positive control (180 pL of
inoculum and 20 pL distilled water) as well as a negative control (180 uL
of saline and 20 pL of sodium hypochlorite). 10-fold serial dilutions of
cells were prepared and colony forming unit (CFU) enumeration was
examined on 3 % NaCl TSA plates. To determine the sodium hypo-
chlorite susceptibility of V. parahaemolyticus biofilm cells, coupons
containing pre-formed biofilm were placed into 48-well flat-bottom
polystyrene plates. 1 mL of sodium hypochlorite solution was pipetted
into each well, containing a coupon for 5 min, and then the coupon was
transferred to another well containing 1 % sodium thiosulfate to
neutralise the sodium hypochlorite. Cells on stainless steel coupons were
detached and counted as described earlier.

2.6. Fluorescence microscopy

To visualise the biofilm, coupons with cultured biofilms were rinsed
with sterile distilled water three times and allowed to half dry on a glass
microscope slide. To stain, 1 drop of calcofluor white stain was placed on
each coupon and left for 1 min before washing with sterile distilled
water and allowing to partially dry. The stained samples were examined
using an epifluorescent microscope (BX53; Olympus Corp., Japan)
equipped with a DAPI filter (excitation at 340-360 nm, emission at 410
nm), the images were captured by the cellSense Dimension programme.

2.7. Detection of biofilm forming related genes

The Centre for Environment, Fisheries, and Aquaculture Science
(CEFAS) did the DNA extraction, library construction and whole genome
sequencing of V. parahaemolyticus using MiSeq with a coverage of 40-
120x (Baker-Austin et al., 2020). Clean reads were used for de novo
assembly and annotation via the Bactopia pipeline using Velvet and
SPADES as the assembler (Petit and Read, 2020). The quality of
assembled contigs was assessed using QUAST and CheckM (Gurevich
et al., 2013; Parks et al., 2015). Genes related with colonization, toxin
production, EPS biosynthesis and Type II secretion system were selected
to detect the genetic diversity in V. parahaemolyticus (Table 2). The
amino acid sequences of V. parahaemolyticus RIMD 2210633 were
retrieved from the National Centre for Biotechnology Information
(NCBI) Database and selected as the reference genome, followed by
copying into a local database for BLASTP searching via diamond
(Buchfink et al., 2021). Each sequenced V. parahaemolyticus genome was
searched to identify the presence of genes (with >70 % identity and >
70 % sequence coverage) (Fang et al., 2022). The draft genomes were
submitted to GenBank under the BioProject PRIJNA808748 https
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://dataview.ncbi.nlm.nih.gov/object/PRINA808748?reviewe
r=26p271csjvbj6lm07mvgldooc.

2.8. Statistical analysis

All experiments were performed with two or three biological repli-
cates and three technical replicates. One-way variance analysis
(ANOVA) was generated to evaluate the significant differences among
experimental results with a p value below 0.05 considered as statistically
significant.

3. Results
3.1. Ability of V. parahaemolyticus to swim and swarm

The diameter of the migration on the agar plate reflected the ability
of V. parahaemolyticus to swim and swarm (Table 3). Each of the nine
strains demonstrated swimming ability, with the top three measuring
71.00 + 15.56 mm (strain PFR30G02), 69.33 + 17.48 mm (strain
PFR21C03) and 58.58 =+ 30.50 mm (strain PFR30J09). With a diameter
of 10.33 + 0.76 mm, strain PFR34B02 exhibited the least capacity to
swim. In the swarming motility assay, strain PFR29A04 had the lowest
value of 22.83 + 5.97 mm and strain PFR30J09 had the highest value of
60.33 + 8.25 mm.

3.2. Ability of V. parahaemolyticus to form biofilm

The CV assay and the BFI value revealed that PFR30J09 and
PFR34B02 formed the best biofilms, with BFI values of 1.214 and 1.060,
respectively (Fig. 1). Biofilm formation varies and a comparison be-
tween the good and poor biofilm formers may reveal the important
factors in biofilm formation. For other strains, the crystal violet staining
and BFI values were high in PFR29A04 and PFR37D08, and low for
PFR21C03, PFR24B07 and PFR37C06. Significant differences (p < 0.05)
were observed between means of the good and poor biofilm isolates.

Biofilm formation by V. parahaemolyticus on stainless steel coupons is
shown in Fig. 2. The detectable populations of V. parahaemolyticus in the
biofilm matrix increased from ~4 log;o CFU/cm? to ~7 logio CFU/cm?
at 25 °C within 24 h. Strains PFR30J09 and PFR34B02 formed the best
biofilms based on cell numbers with most reaching a maximum of
7.08-7.20 log1o CFU/cm? The PFR30J09 population increased from
3.83 log;o CFU/cm? at the first hour to 7.20 log;o CFU/cm? by the 6th
hour. The cell numbers of PFR34B02 increased from 3.46 log;o CFU/cm?
at the first hour to 7.08 logio CFU/cm? 6th hour. For PFR37D08 and
PFR37E03, an apparent delay in the onset of biofilm formation was
detected (growth curve peaked at 11th hour), indicating a long lag phase
in biofilm growth. PFR37D08, PFR37E03 and PFR21C03 produced the
lowest number of biofilm cells.

The polysaccharide content and the biofilm matrix were visualized
using epifluorescence microscopy following calcofluor white staining.
V. parah lyticus on stainless-steel coupons was stained after 6 h in-
cubation at 25 °C. The most biomass was produced by PFR30J09 and
PFR34B02 with dense and strong blue fluorescence (Fig. 3). Other
strains had a flat and loose sessile cell distribution with fewer cell
clusters. The microscopic result was consistent with other biofilm
assays.

3.3. Susceptibility of planktonic and biofilm cultures to sodium
hypochlorite

Planktonic cells were reduced by approximately 0.9 log;o CFU/mL
with 16 mg/L chlorine and they were reduced by 1.49-2.79 log;o CFU/
mL with 35 mg/L chlorine (Fig. 4). There was variation in the chlorine
sensitivity of different strains with 35 mg/L chlorine, with PFR30J09
and PFR37E03 producing low reductions of 1.76 and 1.49 log,o CFU/
mL, respectively, whereas PFR21C03, PFR37C06, and PFR37D08
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Fig. 1. Biofilm forming ability of V. parah
formation index (BFI) results (Mean + SD).

lyticus strains. (a) p

reduced by 2.33, 1.81, and 2.24 log;o CFU/mL, respectively. Following
exposure to 63 mg/L chlorine, all V. parahaemolyticus planktonic cells
decreased to undetectable levels on agar plates, a reduction of >7 log;o
CFU/mL.

Biofilms of V. parahaemolyticus required a chlorine concentration
roughly 75 times greater than that needed for planktonic cells, to
decrease the culturable cells to undetectable levels using the CFU
counting method (Fig. 5). A concentration of 1176 mg/L chlorine was
required to lower the V. parahaemolyticus culturable cell populations on
stainless steel coupons by 1.74-2.28 logyo CFU/cm?. The smallest de-
clines were observed in the PFR30J09 and PFR34B02 biofilms, with cell
populations decreasing by 1.78 and 1.91 log;o CFU/cm?, respectively.
When biofilms were treated with 4704 mg/L chlorine, the cell popula-
tion of all strains except PFR30J09 and PFR34B02 was reduced to un-
detectable levels.

3.4. Analysis of genetic diversity

The clinical isolates PFR37D08 and PFR37E03 had the tdh gene that
encodes thermostable direct hemolysin (TDH) toxins whereas other
stains did not, while all nine isolates had the tlh gene encoding ther-
molabile hemolysin (TLH). Genes common among the isolates were
those responsible for CPS polysaccharide biosynthesis, syp-like poly-
saccharide biosynthesis, chitin-regulated pili assembly, Type II secretion
system and colonization factor GbpA There were differences among
sequenced genomes located in genes of mshA, mshC and mshD that
contribute to attachment and biofilm formation in V. parahaemolyticus
(Fig. 6). Strain PFR21C03, PFR30G02, PFR37D08 and PFR37E03 lacked
these three genes, among which, PFR21C03 and PFR37E03 were iden-
tified as weak biofilm forming strains. The strong biofilm-forming strain
PFR30J09 and an intermediate one PFR37C06 possessed all these three
genes, meanwhile, intermediate biofilm-forming strain PFR24B07 and
strong biofilm former PFR34B02 had mshC and mshD. Strain PFR29A03
had the sole gene of mshA.

Combining information from Table 1, PFR37D08 of ST36 was

Strains

d the crystal violet values within 9 V. parahaemolyticus isolates. (b) shows their biofilm

identified as a weak biofilm former though it is the most prevalent
environmental pathogen. Strain PFR30J09 and PFR37C06 shared the
same nearest ST type of 2650, however, PFR30J09 was identified as the
strong biofilm former whereas PFR37C06 was not. Strain PFR34B02 of
potential ST 2648 was another strong biofilm forming strain.

4. Discussion

The persistence of the V. parahaemolyticus biofilm in seafood pro-
cessing plants may result in pathogen recurrence and complicate hy-
gienic treatment. In the present study, V. parahaemolyticus biofilms
required 75 times higher disinfectant concentrations than planktonic
cells, which raises concerns about developing and optimising biofilm
control strategies. This study advances our understanding of the
phenotypic and genetic interactions underlying V. parahaemolyticus
biofilm development, meanwhile demonstrated promising ways to
inhibit attachment of V. parahaemolyticus to surfaces via interfering with
the Mannose-sensitive hemagglutinin (MSHA) type IV pilus. This study
also identified two strains of novel MLST ST types that showed strong
biofilm on stainless steel, but whether they will remain strong on other
surfaces requires further investigation.

V. parahaemolyticus possesses dual flagella, polar flagella for swim-
ming and lateral flagella for swarming. The extent to which bacteria
swim and swarm contributes to the initial attachment and development
of biofilm structures (Wadhwa and Berg, 2022). However, in our study,
no strong links between swimming, swarming motility, and ability to
form biofilms were seen in our study (r = 0.063 and 0.016, respectively;
Table 3), implying swimming and swarming contribute to but did not
play essential roles in biofilm formation. Other motility modes, other
than swimming and swarming, for instance, twitching and gliding
motility may be present in V. parahaemolyticus but were not examined in
our study. This result is consistent with prior findings demonstrating
that motility is not strongly associated with the ability to produce bio-
films. Mizan et al. (2016) reported a weak negative correlation (—0.124)
between swarming motility and biofilm formation in V. parahaemolyticus
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Fig. 3. Epifluorescence microscope screen of sessile V. parahaemolyticus (6-hour old, 25 °C) on stainless steel. Blue fluorescence was emitted from calcofluor white
stain when binding with polysaccharides in biofilms. The indications for strains are as follows: (a) PFR21C03, (b) PFR24B07, (c) PFR29A04, (d) PFR30G02, (e)

PFR30J09, (f) PFR34B02, (g) PFR37C06, (h) PFR37D08 and (i) PFR37E03.

isolates, as well as a moderate positive association between swimming
motility and biofilm formation. No correlation was concluded between
motility and biofilm production in L. monocytogenes as reported by Di
Bonaventura et al. (2008), regardless of multiple temperatures tested.
Sheikh et al. (2001) suggested that the absence of motility in Escherichia
coli did not impair the ability to produce biofilms.

The BFI is normally determined to demonstrate biofilm-forming
ability using the microtiter plate assay (Lucero-Mejia et al., 2020). In
this study, BFI results suggested that PFR30J09 and PFR34B02 produce
strong biofilm, whereas PFR21C03, PFR37C06 and PFR37E03 produce
weak biofilm. PFR37D08 produced weak cell growth on stainless steel
but showed a relatively high crystal violet value on polystyrene. This
may be a result of the surface used with polystyrene favouring
PFR37DO08 rather than stainless steel. As the crystal violet stain will stain
dead and live cells the standard test on polystyrene may simply reflect
the difference between live sells (on stainless steel) compared with dead
and live cells (on polystyrene) (Chiba et al., 1998). Ideally a crystal vi-
olet test should also be done on the stainless steel surfaces to determine
if the observation is due to the nature of the substrate or the difference in
test methods.

Stainless steel is one of the most frequently used surfaces in the food
industry. In this study, CFU enumeration was used to detect viable and
countable V. parahaemolyticus cells living in biofilms on stainless steel
coupons. PFR30J09 and PFR34B02 formed the most biofilms. The
population in PFR30J09 biofilm rose from 3.83 to 7.20 log;o CFU/cm?
and the population of PFR34B02 increased from 3.46 to 7.08 log; o CFU/

em? within 6 h. The weak biofilm formers, such as PFR37D08, had
growth curves with a delay in the rise of cell counts. Calcofluor white
stain can bind to f-linked polysaccharides and emit blue fluorescence.
Epifluorescence microscopy provided a direct, visual approach to define
microbial biofilm forming ability. PFR30J09 and PFR34B02 were
confirmed as strong biofilm forming strains under epifluorescence mi-
croscopy, with dense cell clusters and a structured matrix, whereas
others showed flat and loose cell clusters. Using multiple assays for
biofilm formation, the results were consistent for PFR30J09 and
PFR34B02 therefore these were chosen as the strong biofilm formers for
this study, PFR21C03 and PFR37D08 were selected as the weak biofilm
strains for this study.

Studies on the inactivation of V. parahaemolyticus are limited. In this
study, the effective chlorine concentration required to kill biofilm of
V. parahaemolyticus was approximately 75-fold higher than that required
to kill planktonic counterparts. In one published study,
V. parahaemolyticus planktonic culture was reduced by 2.2 log;o CFU/
mL from 7.6 log1o CFU/mL with 30s treatment of sodium hypochlorite
(35 mg/L available chlorine concentration, pH not specified) (Quan
et al., 2010). In another study, the planktonic cells were treated with
sodium hypochlorite (81 mg/L available chlorine concentration, pH
10.8) for 3 min, with no cells detectable from an initial cell concentra-
tion of 7.85 logyo CFU/mL (Chen et al., 2016). For sodium hypochlorite
efficacy for killing biofilm cells on biotic surfaces, Roy et al. (2021)
assessed 5 min sodium hypochlorite treatment (50, 100, 200, and 300
mg/L, pH not specified) reduced V. parahaemolyticus biofilm cells from
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Fig. 6. Genetic diversity of biofilm-forming genes in V. parahaemolyticus isolates. The presence and absence of biofilm-forming related genes; the blue represents the

presence of the gene, white represents the absence.

Table 1

Information of strains applied in this study.
Strains MLST ST Nearest ST match (loci hits) dnaE gTB recA dtdS pntA pyrC tnaA
PFR21C03 2632 - dnaE (226) &rB (25) recA (97) dtds (19) pntA (26) pyrC (49) tnaA (26)
PFR24B07 New ST 2651(6) dnaE (175) &TB (235) recA (3) dtdS (85) pntA (65) pyrC (—68) tnaA (23)
PFR29A04 1357 - dnaE (162) 7B (399) recA (80) dtds (150) pntA (11) pyrC (158) tnaA (51)
PFR30G02 1772 - dnaE (47) 2B (287) recA (19) dtdS (252) pntA (245) pyrC (18) tnaA (217)
PFR30J09 New ST 2650(3) dnaE (60) &TB (406) recA (366) dtds (390) pntA (18) pyrC (94) tnaA (47)
PFR34B02 New ST 2648(6) dnaE (36) B (4 recA (81) dtds (27) pntA (26) pyrC (82) tnaA (225)
PFR37C06 New ST 2650(5) dnaE (60) &TB (406) recA (257) dtdS (390) pntA (~156) pyrC (221) tnaA (47)
PFR37D08 36 - dnaE (21) 7B (15) recA (1) dtds (23) pntA (23) pyrC (—21) tnaA (16)
PFR37E03 1140 - dnaE (19) 7B (295) recA (295) drdS (223) pntA (136) pyrC (1D tnaA (13)

In this table, dnaE, gyrB, recA, dtdS, pntA, pyrC and tnaA are hc k

genes in V. parat

lyticus, and distinct parameters reflect their varied multilocus sequence

typing (MLST) information. All 7 housekeeping loci matched with the PubMLST database otherwise, nearest match and loci hit numbers were shown above.

0.54 to 2.59 and 0.64 to 2.32 log;o CFU/cm? on shrimp and crab sur-
faces, respectively, from initial concentrations of 6.87 and 7.37 logio
CFU/cm?.

The concentrations of sodium hypochlorite required to eliminate
biofilm cells have been determined in many species. Corcoran et al.
(2014) reported 500 mg/L sodium hypochlorite was not effective
against Salmonella biofilm, with a reduction of 1.11 log;o CFU/coupon
after 90 min treatment. Cruz and Fletcher (2012) reported 3600 mg/L
chlorine as the minimal effective concentration (99.999 % reduction)
against L. monocytogenes biofilm cells. For E. coli 0157:H7 attached to
rind surfaces for 2 h, a > 5 log; g reduction occurred after treatment with
2000 mg/L of sodium hypochlorite. For 12 h old biofilms, 2000 mg/L
could only achieve a 1.86 logjo reduction (Fu et al., 2017). The effect of
sodium hypochlorite on biofilms is dependent on the variants, the age of
the biofilm, the structure of the biofilm matrix, the chlorine concen-
trations, pH and treatment time (Yuan et al., 2021).

In the present trial on biofilm cells, the strong biofilm formers
PFR30J09 and PFR34B02 required a greater chlorine concentration,
possibly due to more polysaccharide production and a more organised
matrix architecture. Similarly, Danese et al. (2000) reported the poly-
saccharide colonic acid is critical for the complex three-dimensional
structure and depth of biofilms in E. coli K-12. In Staphylococcus
aureus, the presence and expression of the gene ica, which encodes the
polysaccharide poly-N-acetylglucosamine (PNAG), are credited with
maintaining the integrity of the biofilm architecture and it's resistance to
biocidal compounds (Schwartz et al., 2012). Brauge et al. (2018) iden-
tified the absence of N-acetylglucosamine in teichoic acids caused less
adhesion onto surfaces and modified biofilm architecture in L. mono-
cytogenes, thereby reducing tolerance to rinsing and cleaning procedures
in seafood environments. A relationship between higher resistance and
more polysaccharide production was suggested in this study. This could
result from the effect on the structure of the matrix causing difficult in
sodium hypochlorite to diffuse into or break down the biofilm.

Mature V. parahaemolyticus biofilm formation requires type IV pili
(mannose-sensitive haemagglutinin type IV pili, MSHA and chitin-
regulated pili, ChiRP), EPS biosynthesis and secretion as well as other
regulatory factors. Based on the presence and absence of biofilm-
forming related genes in this study, the differences among sequenced
V. parahaemolyticus genomes were mainly located at the msh gene
clusters that encode MSHA in V. parahaemolyticus and TLH toxin pro-
ducing genes. MSHA has been reported to be required for early

attachment to abiotic surfaces. In V. cholerae, the mshA deficient cells
cannot perform cell aggregation though they form three dimensional
structures (Moorthy and Watnick, 2004). In V. parahaemolyticus, mshA
mutants of V. parahaemolyticus exhibited a lower ability to adhere to
surfaces (Shime-Hattori et al., 2006; Williams et al., 2014). Similar re-
sults were found for V. fisheries, mutants of mshA or mshN genes in that
they were defective for biofilm formation (Visick et al., 2013). Our study
indicated that, PFR30J09, the strongest biofilm-forming strain, did not
exhibit deficiencies in any of the following genes: mshA, mshC or mshD.
In contrast, the weak biofilm forming strains, PFR21C03 and PFR37D08,
showed an absence of these three genes. PFR34B02 showed stronger
resistance against sodium hypochlorite but did not have the mshA gene,
indicating that there were other factors responsible for the high EPS
production and this requires further investigation. MSHA is modulated
by c-di-GMP and MshE has as a high-affinity for the c-di-GMP receptor
(Floyd et al., 2020), suggesting the possibility of using it to interfere with
colonization and biofilm development of V. parahaemolyticus.

The TDH (encoded by the tdh gene) and the TDH-related hemolysin
(TRH, encoded by trh gene) are primarily associated with pathogenicity,
while TLH was reported to be associated with a cytotoxic effect in
V. parahaemolyticus (Paria et al, 2021). The pathogenicity of
V. parahaemolyticus may also influence biofilm production but this has
not been proven. In the seafood industry, Song et al. (2017) discovered
that pathogenic V. parahaemolyticus accumulates more biofilm matrix
than non-pathogenic strains. Similarly, Wong et al. (2002) found that
clinical strains adhered to stainless steel more readily than environ-
mental strains. Though in our study, the pathogenic isolate PFR37D08
was categorized as a weak biofilm former, which might be due to the
lack of a host signal/compound and thus the incompetency to incur the
strong biofilm forming ability. This result was in consistent with those
by Kadam et al. (2013) and Doijad et al. (2015).

Apart from capsular polysaccharide A (CPSA)-a major known
component of the V. parahaemolyticus biofilm, yp1476-1458 is an
ortholog of the syp locus conserved in V. fischeri, which is responsible for
syp-polysaccharide production however this has not been demonstrated
for V. parahaemolyticus (Yildiz and Visick, 2009). However, the fluo-
rescence microscopy result suggested other p-linked polysaccharides
resulted in the biofilm differences among weak and strong biofilm-
forming strains but have not this needs further examination.
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Table 2
Biofilm-forming genes selected to examine in this study.
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Table 3
Phenotypes of V. parahaemolyticus in motility.

Subject RIMD2210633  Gene Symbol Functions Group Swimming capacity Swarming capacity

locus gene name (/mm)" (/mm)
WP_005478391.1 wpal403  cpsA CPS polysaccharide PFR21C03 69.33 + 17.48 38.25 + 11.88
WP_005478164.1 wpal404  cpsB PFR24B07 15.17 + 2.84 55.83 + 5.58
WP_005463089.1 wpald05  cpsC PFR29A04 16.75 + 1.06 22.83 + 5.97
WP_005478193.1 wpal407  cpsE PFR30G02 71.00 + 15.56 45.17 + 22.41
WP_005478388.1 wpal408  cpsF PFR30J09 58.58 + 30.50 60.33 + 8.25
WP_005478236.1 wpal409  cpsG PFR34B02 10.33 £ 0.76 27.67 + 4.07
WP_005478215.1 wpal410  cpsH PFR37C06 20.00 + 6.08 28.67 + 1.89
WP_005478165.1 wal4ll  cpsl PFR37D08 20.67 + 10.30 32.50 + 12.28
WP_005478324.1 wal412  cpsJ PFR37E03 20.00 + 2.18 38.83 + 3.82
WP_005465330.1 w0132 epsC Type II secretion system Correlation coefficient with 0.0632 0.0161
WP_005478663.1 w0133 epsD BFI
WP_005478662.1 w0134 epsE .
WP.005465194.1 p0135 epsF ? Data results p d as mean + dard deviation (SD).
WP_005465191.1 ¥pa0136  epsG
WP_005461161.1 w0137 epsH multi-species biofilms are prevalent in nature and thrive in environ-
WP_005478722.1 w0138 epsl X X .
WP 005465187.1 0139 s ments with flowing nutrients.
WP_005478666.1 0140 epsk.
WP_005458997.1 vp0141 epsL Funding
WP_005458943.1 w0142 epsM
WP_005459010.1 po143 epsN This study is funded by Massey University, the grant number is
WP_005480168.1 vpal598 gbpA Colonization factor GbpA P963141222W: D
WP_011106342.1 vpa0747  mshA Mannose-sensitive angb.
WP_005481001.1 ¥p2696 mshC hemagglutinin (MSHA type
WP_005481015.1 Vp2695 mshD 1V pilus) CRediT authorship contribution statement
WP_005456306.1 vp2701 mshE
WP_005456302.1 92699 mshF . - L
WP 0054563041 2700 mshG DaF Wang Concspﬁuallzahon, I\‘/I.ethodolc{gy, InVE§tfgatlon, Formal
WP_011106082.1 w2708 mshH analysis, Writing — original draft, Writing — review & editing. Graham C.
WP_005481017.1 w2707 mshl Fletcher: Resources, Conceptualization, Methodology, Supervision,
WP_005456325.1 vp2706 mshJ Writing — review & editing. Stephen L.W. On: Conceptualization,
WP_005481006.1 p2705 mshK Methodology, Supervision, Writing — review & editing. Jon S. Palmer:
WP_005456314.1 vp2704 mshL C alizati Methodol s L. Writi ew &
WP.005456312.1 2703 mshM o?'l!:epm ization, ethodology, Supervision, riting — review
WP_005480990.1 w2702 mshN editing. Dragana Gagic: Conceptualization, Methodology, Supervision,
WP_005479695.1 vp2524 pilB Type IV-A pilus Writing - review & editing. Steve H. Flint: Project administration, Re-
WP_005479662.1 w2525 pilC sources, Supervision, Conceptualization, Methodology, Writing - review
WP_005490359.1 2526 pilD & editin
WP_005483463.1 w1463 sypN syp-like polysaccharide 8.
WP_005454817.1 w1476 SypA
WP_005491469.1 w1475 sypB Declaration of competing interest
WP_005483457.1 w1474 sypC
WP_005454821.1 w1473 sypD . . .
WP 005454845.1 w1472 SpE The authors declare no competing conflicts of interest.
WP_005483461.1 w1469 sypH
WP_005483417.1 w1468 sypl Data availability
WP_005483478.1 w1467 sypJ
WP_005483470.1 w1466 sypKk Data will be made available on request.
WP_005483422.1 w1465 sypL
WP_005483419.1 w1464 sypM
WP_005483455.1 w1462 spo Acknowledgements
WP_005483418.1 w1461 sypP
x:-g:::g:z;‘: vp;ﬁ; ‘YPg The authors are grateful to Jaime Martinez-Urtaza and Andy Powell

( 3 wp. sypl . . . N

WP 0054632681 wal3l4  wh Thermostable direct of Centre .for Environment, Fisheries, and Aquaculture Science (CEFAS)
WP_005478284.1 wal1378  tdh hemolysin who provided sequence data.
WP_005481504.1 vpa0226 th Thermolabile hemolysin

5. Conclusion

In conclusion, the strong biofilm-forming strains identified in this
study have novel MLST ST types, which will aid in understanding
V. parahaemolyticus persistence in environmental conditions, shed light
on underlying mechanisms of V. parahaemolyticus global spread, and aid
in the development of effective pathogen control strategies in the food
industry. This study also found that attachment contributed to strong
biofilm formation in V. parahaemolyticus, suggesting additional genes
that might have played roles in EPS production in V. parahaemolyticus
requiring further investigation. V. parahaemolyticus biofilms, as with all
microbial biofilms, are complex systems. Mono-specific biofilms formed
in static high nutrient conditions were used in our study, nevertheless,
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ARTICLEINFO ABSTRACT

Keywords: The potential of using commercial peroxyacetic acid (PAA) for Vibrio parahaemolyticus sanitization was evalu-
PAA ated. Commercial PAA of 0.005 % (v/v, PAA: 2.24 mg/L, hydrogen peroxide: 11.79 mg/L) resulted in a

vibrio parahacmalyticus planktonic cell reduction of >7.00 logio CFU/mL when initial V. parahaemolyticus cells averaged 7.64 log1o CFU/
Green ™! ol mL. For cells on steel coupons, t of 0.02 % PAA (v/v, PAA: 8.96 mg/L, hydrogen peroxide:
Seafood safety 47.16 mg/L) achieved >5.00 log;o CFU/cm? reductions in biofilm cells for eight strains but not for the two

strongest biofilm formers. PAA of 0.05 % (v/v, PAA: 22.39 mg/L, hydrogen peroxide: 117.91 mg/L) was required
to inactivate >5.00 logio CFU/cm? biofilm cells from mussel shell surfaces. The detection of PAA residues after
biofilm treatment demonstrated that higher biofilm production resulted in higher PAA residues (p < 0.05),
suggesting biofilm is acting as a barrier interfering with PAA diffusing into the matrices. Based on the
comparative analysis of genomes, robust biofilm formation and metabolic heterogeneity within niches might

have contributed to the variations in PAA resistance of V. parahaemolyticus biofilms.

1. Introduction

Vibrio parahaemolyticus is a Gram-negative marine-oriented micro-
organism, widely distributed in seafood such as shellfish, shrimp, and
fish. It is a major seafood-borne pathogen, infecting humans via the
consumption of raw or undercooked seafood. There are on average
34,664 V. parahaemolyticus infections each year in the USA, while 4116
cases have been reported due to cholera and other Vibrio illness reported
in the Surveillance (COVIS) System during 2010 and 2018 (CDC, 2021;
FAO, 2021). In China, they experienced an average of 523.5 reported
cases each year during 2010 and 2020 (FAO, 2021). Large scale out-
breaks have been reported in South America and Europe, including Chile
(Gonzalez-Escalona et al., 2005), Peru (Martinez-Urtaza et al., 2008),
and Spain (Baker-Austin et al., 2010). In recent years,
V. parahaemolyticus outbreaks have been regularly reported in countries
with little or no prior incidence including France, Canada, Australia and
New Zealand, representing a global increase in V. parahaemolyticus as a

* Corresponding author.
E-mail address: d.wang3@massey.ac.nz (D. Wang).

https://doi.org/10.1016/j.ijfoodmicro.2023.110372

food safety concern (FAO, 2021).

The bacteria existing as planktonic cells, attach to surfaces and
present in the form of biofilm, which is more resistant to environmental
stress, including disinfectant treatments, and posing threats to public
health. Although novel alternative control strategies have been studied,
chemical sanitisers remain the most common method for controlling
pathogens in food manufacture as they are cost effective and easy to use.
It is critical to evaluate the effectiveness of each disinfectant on biofilm
cells in order to understand the potential risks in the food industry.

V. parahaemolyticus biofilms form on biotic surfaces (e.g., copepods,
oysters, clams, fish, shrimps, and mussels) and abiotic surfaces (stainless
steel, polystyrene, glass, etc.) in food processing equipment and pack-
aging materials. Biofilms show a higher resistance than their planktonic
counterparts (Ashrafudoulla, Mizan, Ha, et al., 2020). Chlorine, one of
the most common disinfectants, cannot effectively kill
V. parahaemolyticus biofilm cells on biotic/abiotic surfaces at recom-
mended concentrations. Rosa et al. (2018) examined the efficacy of
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sodium hypochlorite in reducing the bacterial population of
V. parahaemolyticus in mature biofilms formed on stainless steel, glass,
and polystyrene; they discovered that a 10-min treatment with sodium
hypochlorite (20 ppm free available chlorine) reduced cell populations
by 3.0 log;o colony forming units (CFU)/cm? from 5.5 log;o CFU/cm?.
Roy et al. (2021) showed that 5-min treatment with 12 % w/v sodium
hypochlorite containing 6 % free chlorine equivalent at concentrations
of 50, 100, 200, and 300 ppm, reduced V. parahaemolyticus biofilm cells
by 0.54 to 2.59 and 0.64 to 2.32 logyo CFU/cm? on shrimp and crab
surfaces, respectively, from initial concentrations of 6.87 and 7.37 logio
CFU/cm? Additionally, the authors of the current study found that
inactivating strong biofilm-forming strains of V. parahaemolyticus on
stainless steel coupons required free available chlorine concentrations of
over 1000 ppm (Wang et al., 2023b). Therefore, the investigation of
other chemical disinfectant alternatives is required.

Peroxyacetic or peracetic acid (PAA) has been proposed as a green
alternative to sodium hypochlorite because it does not produce disin-
fection by-products (DBPs) and imparts no taste or odour (Wang et al.,
2020). Sodium hypochlorite dissociates into hypochlorite ions in water,
while PAA exists in aqueous equilibrium as acetic acid and hydrogen
peroxide, producing further oxidative effects (Sharma et al., 2016).
Several PAA commercial formulations are available, for instance, Sani-
Date® 5.0, VigorOx® 15 F&V, BioSide® HS-15 %, and Tsunami™ 100.
PAA is approved for use as a sanitizer in the United States on food
contact surfaces (Code of Federal Regulations 21 Part 178.1010) and for
direct food contact with meat, poultry and seafood (Code of Federal
Regulations 21 Part 173.310) at maximum concentrations of 80 and 110
ppm, respectively. In 2007, the U.S. Food and Drug Administration
certified PAA for use as disinfectants in ice and wash water during the
commercial preparation of fish and seafood, with a maximum allowed
presence of PAA not exceeding 190 ppm (Food Contact Substance
Notification FCN 000699). Since 2009, PAA has been legislatively
restricted by Food Standards Australia New Zealand, with a limit of 0.7
mg/kg PAA allowed in food products (Australia New Zealand Food
Standards F2009C00360). Followingly, the European Food Safety
Agency (EFSA) accepts the use of PAA on poultry meat as effective
against Escherichia coli, Salmonella and Campylobacter spp., with poten-
tial for use in seafood environments (EFSA, 2014).

Although PAA has the potential to control microorganisms in the
seafood industry, there remain gaps. The objective of this study was to
investigate the efficacy of PAA in reducing V. parahaemolyticus as
planktonic cells and as biofilms grown on Greenshell™ mussels and food
contact surfaces. Understanding the action of PAA on
V. parahaemolyticus that may occur in the seafood processing environ-
ment will assist in the development of effective hygiene strategies.

2. Material & Methods
2.1. V. parahaemolyticus isolates

Ten V. parahaemolyticus strains were chosen for this investigation
(Table 1). Seven of them were isolated from shellfish (mussels and
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oysters) by Plant and Food Research Ltd. (Cruz et al., 2015), two were
provided by the Institute of Environmental Science and Research Ltd., as
pathogens, and the V. parahaemolyticus reference strain RIMD2210633
was kindly offered by Dr. Tetsuya lida from Research Institute for Mi-
crobial Diseases in Osaka, Japan. According to the previous study (Wang
et al., 2023b), two strains, PFR30J09 and PFR34B02 were proven to be
strong biofilm formers and least susceptible to chlorine treatment,
whereas PFR21C03 and PFR37D08 were weak biofilm forming strains.
Isolates from —80 °C bead storage (Protect™, Thermo Fisher Scientific,
USA) were recovered by incubating in 3 % NaCl tryptic soy broth (TSB;
Difco™, Becton, Dickson and Company, France) with shaking at 37 °C,
120 rpm. The cells were then centrifuged (8425 xg, 5 min) to obtain a
cell pellet, that was washed and suspended in sterile phosphate buffered
saline (PBS) for further use.

2.2. Food contact surface inoculation and biofilm formation

Stainless steel coupons (10 mm?, 1 mm thick, 304 grade with a 2B
finish; Advanced Sheetmetals, New Zealand) were prepared by soaking
in 99.5 % acetone for 12 h, rinsing with distilled water, followed by
immersion in alkaline detergent 1 % NaOH (w/v, pH ~13.0; Merck
KGaA, Darmstadt, Germany) for 1 h and rinsing again with distilled
water. The coupons were cleaned using an ultrasonic cleaner (DT52;
BANDELIN, Berlin, Germany) for 60 min, rinsed with distilled water, left
to dry and sterilized by dry cycle autoclaving at 121 °C for 15 min.
Coupons were freshly prepared for each set of experiments.

A coupon was placed in each well of a 24-well plate (FALCON®,
Corning Incorporated, Durham, USA), containing 1 mL of 3 % NaCl TSB
with V. parahaemolyticus inoculum at a concentration of ~4.00 log;o
CFU/mL. The 24-well plates were placed in a static incubator for 6 h at
25 °C for biofilm growth.

2.3. Mussel shell surface inoculation and biofilm formation

Mussel shell surfaces were prepared according to a previous study
with minor modifications (Fletcher and Statham, 1988). Briefly, the
mussel shell surfaces were freshly cut into regular pieces (1.5 cm x 4 cm)
using a disc grinder, washed with sodium carbonate (w/v, 2 %; Lab-
Serv™, Thermo Fisher Scientific, USA) to remove grime, slime and
naturally formed biofilms, and then immersed in 70 % ethanol to sani-
tize for 1 h. The mussel shell surfaces were thoroughly washed with
sterile saline (0.85 % NaCl) to remove residual ethanol. This treatment
was applied for each set of experiments.

Each shell surface was placed upright in a 20 mL sterilized flask
containing 5 mL of 3 % NaCl TSB with V. parahaemolyticus inoculum at a
concentration of ~4.00 logjp CFU/mL (Determination of absorbance
based on modelled linear relationship between absorbance of 595 nm
and CFU plate counting). The flasks were placed in a static incubator for
6 h at 25 °C for biofilm growth.

Table 1
Vibrio parah lyticus strains ined in this study.
No. Strain Source Pathogenicity Collection date Country Reference

1 PFR21C03 Pacific oyster Non-pathogenetic 16/02/2009 New Zealand (Cruz et al., 2015)
2 PFR24B07 Greenshell™ mussel Non-pathogenetic 2/03/2010 New Zealand
3 PFR29A04 Pacific oyster Non-pathogenetic 22/11/2010 New Zealand
4 PFR30G02 Pacific oyster Non-pathogenetic 8/03/2011 New Zealand
5 PFR30J09 Pacific oyster Non-pathogenetic 21/03/2011 New Zealand
6 PFR34B02 Pacific oyster Non-pathogenetic 27/03/2012 New Zealand
7 PFR37C06 Pacific oyster Non-pathogenetic 17/01/2013 New Zealand
8 PFR37D08 Clinical Pathogenetic 1/01/2013 New Zealand
9 PFR37E03 Clinical NZRM 3391 Pathogenetic 1/01/1975 New Zealand
10 RIMD2210633 Clinical Pathogenetic 1996 Japan (Makino et al., 2003)
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2.4. Preparing PAA solutions and measuring their concentrations

Commercial PAA (ECOLAB, Hamilton, New Zealand), which con-
tains hydrogen peroxide (10-30 %, CAS-No. 7722-84-1), acetic acid
(5-10 %, CAS-No. 64-19-7) and peracetic acid (1-5 %, CAS-No. 79-21-
0), was used in this study. The recommended dilution ranges from
0.2 % to 2.0 %. PAA solution were prepared and used within 20 min.

The actual PAA and H0; concentrations in the commercial prepa-
ration were determined using iodometric titrations. For PAA, hydrogen
peroxide was first degraded with catalyse (Terminox®, Novozymes A/S,
Denmark) followed by titration with sodium thiosulfate. Specifically, a
10 pL PAA sample was diluted with 10 mL of distilled water and kept at
4 °C. After adding 10 mL of Buffer solution A (5.014 g of NayH-
PO4-12H30, ScharLab®, Spain; 4.627 g of KH2PO4, Merck, Germany;
0.061 g of EDTA in 1000 mL H,0) at pH 5.5, the sample was vortexed for
60s. Next, 15 mL of 12 N sulphuric acid (97 %; J.T. Baker®, Avantor,
UK) and 15 mL of 166 g/L potassium iodide (Merck, Darmstadt, Ger-
many) solution were added, and the solution was kept in the dark for 20
min. The solution was titrated with 1 % w/v sodium thiosulfate (Ana-
laR®, BDH, UK) using starch as an indicator, titrating until the blue
colour disappeared. The consumption of sodium thiosulfate solution
corresponds to the concentration of PAA according to the following
equation.

_ Nna,s0, X Viays0, X EWpga x 1000

o

Cras

where Cpp, is the PAA concentration in commercial products (mg/L);
Nna,s0, is the normality of the thiosulfate solution; Via,so, is the titration
volume of sodium thiosulfate solution required (Jonas et al.); EWpaa is
the PAA equivalent weight; and Vpaa is the volume of commercial PAA
diluted solution (Jonas et al., 2010).

To determine the H,0, concentrations, 10 mL of 10 % chilled sul-
phuric acid was added to 10 pL of the PAA sample and then diluted with
10 mL of distilled water. Next, 3 drops of 0.025 mol/L Ferroin solution
were added to the mixture and titrated using a 0.1 mol/L Ce** sulfate
(UNIVAR®, Ajax Finechem, Australia) solution until the colour turned
from orange to blue.

The determination of residual PAA and H,0, was based on the N,N-
diethyl-p-phenylendiamine sulfate salt (DPD; BDH, UK) photometric
method, as reported by Liu et al. (2015) with minor modifications. PAA
(100 pL) was mixed with 50 pL of Buffer solution B (30.25 g of NaH-
PO4-12H30; 23 g of KH2PO4; 0.01 g of NaCl; and 0.5 g of KI, UNIVAR®,
Ajax Finechem, Australia in 1000 mL of H20), and then 50 pL of DPD
solution (1.6 g of DPD; 200 pL of 97 % H2SO4; and 0.02 g of EDTA in 100
mL of Hy0) was added. The absorption at 550 nm was measured after 30
s using a spectrophotometer (SpectrostarNano, BMG Labtech, Orten-
berg, Germany). To measure residual H,O,, the same procedure was
used, but Buffer solution C, with 5 mg of peroxidase from horseradish,
was applied instead of Buffer solution B to determine total peroxide. The
absorption at 550 nm was measured after 30 s using a
spectrophotometer.

2.5. Disinfectant treatment

To determine the susceptibility of planktonic V. parahaemolyticus
cells to PAA, sterilized 96-well polystyrene plates (FALCON®, Corning
Incorporated, Durham, USA) were loaded with a cell suspension (~8.00
logio CFU/mL, 100 pL) in saline (0.85 %), along with 100 pL of PAA
solution. After a 5-min exposure, the solution was neutralised with 50 pL
of 1 % sodium thiosulfate. To test the susceptibility of biofilms, stainless
steel coupons or mussel shell surfaces containing pre-formed biofilm
were placed into 1 mL of PAA solution. After 5 min, they were trans-
ferred to 1 % sodium thiosulfate to neutralise the disinfectant. Each
experiment included positive and negative controls.
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2.6. Detachment of biofilm populations

The number of viable cells in the biofilm was examined using a glass
bead vortex mixing method (Hayrapetyan et al., 2015), with minor
modifications. Coupons/surfaces with cultured biofilm cells were gently
washed using sterile distilled water to remove planktonic cells and
aseptically transferred to bottles with sterile glass beads (D = 3-5 mm;
Sigma-Aldrich®, Merck, Darmstadt, Germany) and 0.1 % buffered
peptone water which includes 1 % NaCl (Difco™, Becton, Dickson and
Company, France), followed by 1 min of vortex mixing to detach biofilm
cells from the surfaces. Serial 10-fold dilutions of the solution containing
detached biofilm cells were prepared in 0.1 % buffered peptone water
and spread-plated on 3 % NaCl tryptic soy agar (TSA; Difco™, Becton,
Dickson and Company, France) plates, and then incubated at 37 °C for
18 h.

2.7. Identification of functional genes for strong biofilm formation

The Centre for Environment, Fisheries, and Aquaculture Science
(CEFAS) did the DNA extraction, library construction and whole genome
sequencing of V. parahaemolyticus using MiSeq with a coverage of
40-120x (Baker-Austin et al., 2020). Clean reads were used for de novo
assembly and annotation via the Bactopia pipeline using Velvet and
SPADES as the assembler (Petit 3rd and Read, 2020). The quality of
assembled contigs were assessed using QUAST and CheckM (Gurevich
et al., 2013; Parks et al., 2015). The draft genomes were submitted to
NCBI GenBank under the BioProject PRINA808748.

The amino acid sequences of all V. parahaemolyticus candidates were
analysed using Roary version 3.13.0 with MAFFT as the alignment tool.
Comparative analysis of these genomes was presented using a Flower
plot. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis was conducted using BlastKOALA (https://www.kegg.jp/blast
koala/). The variances in KEGG pathways across strong biofilm-
forming strains (PFR30J09 and PFR34B02) and the reference strain
(RIMD2210633) of V. parahaemolyticus were visualized using ggplot2
(version 3.4.0).

2.8. Data analysis

Viable colony counts of cells were enumerated and transformed as
log1o CFU/mL or log;o CFU/cm?. The mean and standard deviation (SD)
for V. parahaemolyticus cell counting was based on three biological
replicates and three technical replicates. One-way analysis of variance
(ANOVA) with a t-test (p < 0.05) indicated significance of the results.
Principle component analysis (PCA) was used to compare biofilm cell
resistance against commercial PAA, the analysis was conducted using
XLSTAT-Premium software (version 19.3).

3. Results and discussion
3.1. Efficacy of PAA against planktonic V. parahaemolyticus cells

Fig. 1 displays the effect of PAA on planktonic V. parahaemolyticus.
The control cells of planktonic V. parahaemolyticus ranged from 7.27
log;o CFU/mL to 7.84 log;o CFU/mL. The concentrations of PAA ranged
from 5 to 50 ppm. A concentration of 5 ppm produced a <2.00 log;o
CFU/mL reduction. At 15 ppm, there was an average cell decrease of
2.70 + 0.40 (mean =+ SD) log;o CFU/mL. PAA of 35 ppm resulted in an
average cell reduction of 4.76 + 0.38 log;o CFU/mL. At 50 ppm PAA,
there were no viable cells detected, indicating a cell reduction of >7.00
log;9 CFU/mL (with a 1.00 log;o CFU/mL detection limit, Fig. 1).

3.2. Efficacy of PAA against V. parahaemolyticus on stainless steel
coupons
illustrates the effectiveness of PAA

Fig. 2 in reducing
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V. parahaemolyticus biofilms grown on stainless steel surfaces.
V. parahaemolyticus biofilm cells averaged 7.50 + 0.21 log;o CFU/cm? in
the untreated control. PAA of 10 ppm, produced log reductions ranging
from 1.86 to 2.06 logio CFU/cm?. The average cell numbers decreased
by 2.80 - 0.52 log;o CFU/cm? after treatment with 50 ppm PAA. High
biofilm cell reduction was recorded for 100 ppm PAA treatment, aver-
aging of 3.19 + 0.44 log;o CFU/cm?. Cell reductions after PAA treat-
ment using 200 ppm, were over 5.00 log;o CFU/cm? (undetectable) for
most strains. However, the two strongest biofilm formers (PFR30J09
and PFR34B02) still showed average cell numbers of 2.60 and 2.52
log1o CFU/cm?, respectively, indicating that concentrations exceeding
200 ppm of PAA are required to inactivate their biofilm communities.

3.3. Efficacy of PAA against V. parahaemolyticus on mussel shell surfaces

Fig. 3 shows the effect of PAA on V. parahaemolyticus biofilm cells
formed on mussel shell surfaces. The average cell number of biofilm
formed on mussel shell surfaces was 7.34 + 0.21 log;o CFU/cm?. The
removal of viable cells was 1.42 + 0.29, 2.18 + 0.32 and 2.54 + 0.32
log19 CFU/cm? after PAA treatment with concentrations of 10, 50 and
100 ppm, respectively. Higher PAA concentrations were required to
inactivate V. parahaemolyticus biofilms on mussel shell than on stainless
steel surfaces; 500 ppm of PAA was required to inactivate >5.00 log;o
CFU/cm? biofilm cells from mussel shell surfaces whereas 200 ppm was
required to achieve a similar reduction on stainless steel coupons. Four
biofilm formers (PFR30J09, PFR34B02, PFR37D08 and RIMD2210633)
were still detected after treatment with 500 ppm of PAA. The pathogenic
strains RIMD2210633 and PFR37E03 showed greater biofilm commu-
nity viability on mussel surfaces rather than on stainless steel coupons,
suggesting that additional protection may be associated with pathogenic
V. parahaemolyticus biofilm cells.

3.4. PAA sanitizer residues following biofilm treatment

The original concentrations of peracetic acid and hydrogen peroxide
in commercial PAA were titrated as 44.78 + 6.01 g/L and 235.82 +
6.37 g/L, respectively. Via absorbance screen of diluted commercial
PAA, the linear relationship between peracetic acid concentration (x
axis) and ODss (y axis) was y = 0.0373x + 0.0694 (R? = 0.9436), the
one between H0; (x axis) and ODss (y axis) wasy = 0.1032x + 0.2655
(R? = 0.998). The residues of peracetic acid and hydrogen peroxide in
different dilutions of commercial PAA following biofilm treatment are
listed in Tables 2 and 3. The residue concentrations were higher for the
PAA treatment of robust biofilm communities of PFR30J09 and
PFR34B02, indicating less diffusion into these biofilm matrices and
lower effectiveness of the sanitizers.
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3.5. Identification of functional genes for robust biofilm formation

PCA analysis revealed that PFR30J09 and PFR34B02 had distinct
biofilm communities in terms of PAA resistance compared to the other
strains (Fig. 4a). This is in accordance with the results from a previous
study, that these two strains are strong biofilm forming strains of
V. parahaemolyticus. According to comparative analysis of the genomes
in Fig. 4b, there are 3854 core genes shared by these ten
V. parahaemolyticus candidate strains, with PFR30J09 having 778 shell
genes and 282 unique genes, while PFR34B02 had 765 shell genes and
239 unique genes, the reference strain RIMD2210633 had 481 shell
genes and 240 unique genes. KEGG analysis was used to compare
functional variances based on the shell genes and unique genes in
V. parahaemolyticus. Fig. 4c and Supplemental Table 1 show that
PFR30J09 and PFR34B02 had more genes in certain functional path-
ways, such as metabolic pathways, microbial metabolism in diverse
environments, degradation of aromatic compounds, pentose and glu-
curonate interconversions, amino sugar and nucleotide sugar meta-
bolism, fructose and mannose metabolism, benzoate degradation,
xylene degradation, dioxin degradation and mismatch repair.
RIMD2210633, being the pathogenetic strain, had more gene counts in
the pathway of polyketide sugar unit biosynthesis, bacterial secretion
system and flagellar assembly.

4. Discussion and conclusion

In this PAA trial, PAA of 50 ppm resulted in a planktonic cell
reduction of >7.00 log;o CFU/mL when initial V. parahaemolyticus cells
averaged 7.64 logio CFU/mL. Wong et al. (2018) reported PAA at a
concentration above 5 ppm (65.75 pM) was bactericidal to the wild-type
V. parahaemolyticus strain, KX-V231, and using 5, 7.5 or 15 ppm of PAA
resulted in the killing of about 1.00, 2.00 or 4.50 logio CFU/mL of
planktonic cells, respectively. However, the exposure time of PAA in this
study was only 5 min, which is much shorter than the one-hour exposure
time reported by Wong et al. (2018). This may explain why different
effective PAA concentrations for killing planktonic V. parahaemolyticus
strains were reported between the two studies. Little is known about
PAA treatment to V. parahaemolyticus biofilm communities. In this
study, the difference in sensitivity between planktonic and biofilm cells
to PAA treatments demonstrated biofilm matrices lowered the cell sus-
ceptibility to the sanitization. Moreover, higher PAA concentrations
were required to remove V. parahaemolyticus biofilm cells on biotic
mussel shell surfaces compared to abiotic stainless steel in this study,
with 500 ppm required to inactivate >5.00 log;o CFU/cm? biofilm cells
on mussel shell surfaces and 200 ppm required for a similar log reduc-
tion on stainless steel coupons. This may be due to the chitin—/other
nutrient sources in the mussel shell, the pits, edges, and the activation of
genes responsible for promoting distinctive biofilm formation in seafood
environments.

Table 2

Residues after treating biofilms formed on stainless steel coupons.
PAA dilution PAA residue (mg/L)* H20; residue (mg/L)*

200 ppm 100 ppm 50 ppm 10 ppm 200 ppm 100 ppm 50 ppm 10 ppm

PFR21C03 1.88"2£ 016 1.77%°+£017 129" 1016 025"°C°+0.16 1827°¢*1+037 17.9%P+061 679+ 008  1.7%¢+0.08
PFR24B07 2882 4 0.17 184 +£018  1.61%°+£035 016°4¢+017 21.6°%*+0.62 18.93% >+ 049 647" °+£0.34 166" ¢ +0.07
PFR29A03 275+ 044 235> 1028 201%°+02 0.09"%¢ ¢+ 015  21.51™* + 0.61 1874%%+£ 012 652"+ 023 1.48C 91006
PFR30G02 320" +0.17  28%°+0.25 207%¢+016 03¢ 91015 211> % £ 1.9 1849+ 117 613°¢+0.07 1.46°P 91017
PFR30J09 416%°+£033  336>°+03 248> ¢+022 04™91016 23852+ 087 19.22%°+453  612°0°+015 1.22° 910,05
PFR34B02 5.4 2 +0.21 5.33%2+0.16 3.04%°+04 0.71% € £ 0.14 24.49%° 098  19.09°£017 644" °+£018 1.48"°¢ 410,05
PFR37C06 203" %+018 1.62%"+015 1.23"*°:£015 0.38%%+0.19 1946+ 077  17.27%°+ 015 523+ 0.2 1.5 4 1 0.06
PFR37D08 17942+ 013 1.63%°£015  099%°+014 0M°+0.14 18.83P 23,02 17.82%°+1.18  599°¢ >+ 04 1.06" ¢ + 0.25
PFR37E03 221%24£016  1.71%%+014 123" °:014 0139+ 016 17.41%°+£096 18094084 578D+ 032 13641 0.06
RIMD2210633  211*%*+0.16 1.53%*+022 115%°+019 003" 9+021 17.33%°+£207 1655»*+259 645" +£063 1.24" 91014

* Within the same examined strains, means not followed by the same letter are significantly different (p < 0.05). The upper-case letters presented significant dif-
ference within species, the lower-case letters presented significant difference after treatment using PAA of different concentrations within the strain.
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Table 3

Residues after treating biofilms formed on G hell™ mussel shell surfaces.
PAA dilution PAA residue (mg/L)* H;0, residue (mg/L)*

500 ppm 100 ppm 50 ppm 10 ppm 500 ppm 100 ppm 50 ppm 10 ppm

PFR21C03 562+ 055  213%*+1.21 16142 +£232 0460087 4751°% 1276 24341086 15.52*% ¢+ 0.34  1.49% ¢+ 0.04
PFR24B07 586™°+0.13  2357°+007 11°°+014 082%°+002 5137°%"+373 2513%°+074 16.01% €+ 049  1.49™ 9+ 0.04
PFR29A03 7.37%£0.09  3.19°%°+£003 092 °+002 055°¢+£004 51.13""*+£281 24.54%" 1083 15.36™ € £ 0.2 174+ 0.02
PFR30G02 845"+ 1 37352+ 007 285%°+048 0734374 51721364 2954>°1+03 11.88%°£015  1.63%¢+0.04
PFR30J09 10.18%* £ 0.44  4.4%°+0.24 335%°+022  085%°+0.16 5363 *+£151 29794%P+053 11.72°+015  1.72%¢+0.04
PFR34B02 1252”2+ 017  686°°+017  4.02°%*+0.1 1.22°¢°£ 009 51.38"% "+ 445 30.84%"+0.28 12.03%°+£012  1.88™9+0.03
PFR37C06 5925+ 011  231%Y+008 1.84>°+01 0.82°°+0.15 46.88%"+336  17.92°% >+ 03 11.53% © + 0.4 0.9% 9+ 0.05
PFR37D08 5.44%2+£ 007 233"%*+005 156”°+018 035“°+0.08  46.3%*+203 18.89” " + 0.73 11.69%°+0.19  1.06™ ¢+ 0.03
PFR37E03 6.20%°+£0.07  242°%°:+011 1.85°+029 052°+011 486 *+08 17.71% > £ 0.6 10.69” >+ 0.08 058" ¢+ 0.1
RIMD2210633  6.08" * + 0.41 22101 1.75% ¢+ 008 0414901 4662 +3.99  15.69" "+ 0.54 6.68™ "+ 0.3 0.26% ¢ + 0.09

* Within the same examined strains, means not followed by the same letter are significantly different (p < 0.05). The upper-case letters presented significant dif-
ference within species, the lower-case letters presented significant difference after treatment using PAA of different concentrations within the strain.
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Fig. 4. Distinctive patterns of PAA resi: of V. parah lyticus biofilm cells and determination of the functional genes in these sub depend
pathogens. (a) PCA analysis results of PAA resi in various V. parah lyticus biofilm cells. (b) P lysis of V. parah lyticus didate strains. (c)

KEGG annotation for shell and unique genes from strong biofilm forming strains (S1: PFR30J09, S2: PFR34B02) and reference strain RIMD2210633, respectively.
Multiple colours represent different KEGG pathways, round shape size represents gene count values.

Microorganisms of different species are known to vary in their mL) with 20 ppm PAA treatment for 5 min, while 40 ppm for 1 min

sensitivity to sanitisers. Wang et al. (2020) reported that Mycobacterium inactivated the cells to undetectable levels. In another study, 80 ppm of
psychrotolerans was reduced to undetectable levels (<1.70 log;o CFU/ PAA exposure for 5 min was reported to inactivate E. coli 0157:H7
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(Rodgers et al., 2004). PAA at 90 ppm is the minimum inhibitory con-
centration for planktonic Salmonella Thompson (Nahar et al., 2022).
Melchior et al. (2007) indicated inactivation of cells in a biofilm depends
on the sensitivity of each strain in the biofilm. For Listeria monocytogenes
biofilms formed on polystyrene and stainless steel, PAA of 2000 ppm
reduced the biofilm cells by 2.80 log;o CFU/cm? and 3.50 log;o CFU/
cmz, respectively (Poimenidou et al., 2016). The use of a wide collection
of strains for the assessment of the bactericidal activity of disinfectants
seems to be necessary to ensure the optimal concentration is used, and
the precise concentrations of PAA and H20; should be detailed.

PAA has shown potential for use in seafood or other meat related
environments. For example, Thi et al. (2015) reported that 50 ppm of
PAA (240 s exposure) decreased E. coli levels below the detection level
(<1.00 log1o CFU/g) on Pangasius fillets. Wang et al. (2020) reported
that 80 ppm PAA on saury (Cololabis saira) surfaces, for 1 min led to a
0.50 logjo CFU/cm? reduction in M. psychrotolerans, while a 5 min
exposure time decreased the biofilm by 2.23 log;o CFU/cm? PAA
treatment also has the potential to extend shelf life of stored fish at 4 °C
(Wang et al., 2020). Similar results have been reported in poultry: the
treatment of beef with 200 ppm PAA delayed the onset of spoilage by 7,
21, and 54days at 4, 2, and —1 °C, respectively (Yang et al., 2021).

PAA has generally been found to be a more effective disinfectant
than sodium hypochlorite against planktonic cells of various microor-
ganisms (Vazquez-Sanchez et al., 2014). However, Alasri et al. (1992)
investigated the biocidal activity of some disinfectants against E. coli,
Pseud aerugi and Staphyl aureus, and found that
chlorine (sodium hypochlorite) was more effective than PAA, even when
the latter was considered in combination with Hp0,. Comparing the
sodium hypochlorite effective concentration in inactivating
V. parahaemolyticus biofilm cells with that reported in a previous study,
PAA at 200 ppm was more effective in reducing cells to non-detectable
levels for 80 % of strains from stainless steel coupons whereas sodium
hypochlorite could not achieve this result (Wang et al., 2023b). In a
similar research reported on biofilms of E. coli, Salmonella Typhimurium
and L. monocytogenes, exposure to 100 ppm of sodium hypochlorite and
PAA reduced biofilms cells by 0.50 to 3.63 and 2.83 to 5.78 log;o CFU/
coupon (5 cm x 2 cm), respectively (Park et al., 2012).

Oxidizing disinfectants kill pathogens by oxidizing the cell wall and
causing lysis, or by diffusing through the cell wall and oxidizing the
intracellular material (United States Environmental Protection Agency
EPA 832-F-12-030). PAA treatment of M. psychrotolerans cells was found
to cause damage to the cell membrane and cell surface without
damaging chromosomal DNA and protein profiles, suggesting a mech-
anism involving oxidative damage (Wang et al., 2020). Although the
mechanisms of planktonic V. parahaemolyticus resistance to PAA are not
fully understood, it is believed that the accumulation of reactive oxygen
species and the presence of catalase genes katE1 and katE2 contribute to
resistance (Wong et al., 2018). In this study, the resistance of robust
biofilm matrices and physiological heterogeneity across strains may
have contributed to variances in resistance. The identified variations in
metabolic pathways within robust and weak biofilm-forming strains
could explain mechanisms induced by sanitization in
V. parahaemolyticus. Related results have been reported in recent studies.
Wang et al. (2023a) identified that chlorine sanitization induced E. coli
on pea sprouts into a VBNC state with differentiated metabolic pathways
and metabolite contents (culturable counterparts as the control). The
metabolic pathways of amino acid, organic acids, sugars, alcohol and
nucleotide derivatives contributed to the dormancy and stronger resis-
tance against sanitizers. Electrolyzed water acts as a sanitizer containing
high oxidative and chlorine components. Electrolyzed water (4 mg/L
free available chlorine) in addition with 50 °C heat treatment induced a
reduction of E. coli by 2.31 log;o CFU/mL. Liu et al. (2020), through
metabolomic analysis, demonstrated discriminative metabolic pathways
of amino acid metabolism, nucleotide synthesis as well as lipid biosyn-
thesis resulting in cell adaptation and stress response against the elec-
trolyzed water and mild heat treatment in E. coli 0157:H7. Another
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study showed the antimicrobial mechanisms of chlorine against E. coli
biofilms (formed on stainless steel and high-density polyethylene sur-
faces) based on metabolomic investigation. The altered pathways were
associated with amino acid metabolism, energy metabolism, and
anti-chlorine metabolism in response to oxidative and osmotic stressors
(Lin et al., 2022).

In accordance with published research, this study pointed out asso-
ciations between metabolism of biofilm cells and sanitizer resistance.
However, how metabolite patterns vary with sanitization treatment time
is not clear. Inactivation kinetics is a predictable approach to determine
the efficacy of sanitizers over time on biofilm cells. Zhao et al. (2022)
reported the inactivation kinetics against electrolysed water combined
with ultrasound treatment. A modified Weibull model (RZ: 0.81-0.97;
RMSE: 0.04-0.71) was in a good fit, providing detailed information
during the decontamination process. This study also screened metabo-
lite profiles of E. coli biofilm cells, showing that the ultrasound treatment
disrupted nucleotide metabolism and the electrolyzed water suppressed
pathways of nucleotide biosynthesis, amino acid biosynthesis and
energy-associated metabolism, suggesting a decreasing presence of
nucleotide-related compounds (e.g., uridine, ATP, ADP) and most
carbohydrates.

The present study revealed mechanisms of sanitization on
V. parahaemolyticus biofilm cells based on whole genome sequencing.
Integrated omics may provide more detailed information to understand
antimicrobial and antibiofilm activities of various sanitizers (Lin et al.,
2023; Liu et al.,, 2023; Mao et al., 2022). A combination of tran-
scriptomics, proteomics, and metabolomics will help support the veri-
fication of results from whole genome sequencing, particularly
demonstrating how sanitization influences phenotypic expression.
Further exploration is needed to understand how these genes cooperate
in V. parahaemolyticus and how they are quantitatively regulated.

5. Conclusion

This study evaluated the efficacy of using commercial PAA to sanitize
V. parahaemolyticus planktonic cells and biofilm cells formed on stainless
steel and Greenshell™ mussel shell surfaces, mimicking the scenarios in
the seafood industry. PAA of 50 ppm resulted in total inactivation
(>7.00 log;o CFU/mL) of planktonic cells. PAA of 200 ppm reduced
>5.00 log;0 CFU/cm? biofilm cells from stainless steel surfaces for 80 %
of V. parahaemolyticus strains. However, strong biofilm-forming strains
showed decreased efficacy, indicating that biofilm matrices interfere
with PAA diffusion and highlighting the need to screen for persistent
V. parahaemolyticus in the seafood industry. PAA of 500 ppm was
required to inactivate >5.00 logyo CFU/cm? biofilm cells from mussel
shell surfaces, indicating lower efficacy on biotic surfaces. Overall, PAA
was found effective in reducing the burden of food safety and public
health risks associated with V. parahaemolyticus contamination.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.ijfoodmicro.2023.110372.
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ARTICLEINFO ABSTRACT

Keywords: Vibrio parahaemolyticus biofilms on the seafood processing plant surfaces are a potential source of seafood
whole genome sequencing (WGS) « ion and sub food poisoning. Strains differ in their ability to form biofilm, but little is known

Comparative genome about the genetic characteristics responsible for biofilm devel In this study, pangenome and comparative

Cell}xlose lysis of V. parah lyticus strains reveals genetic attributes and gene repertoire that contribute to
Horizontal gene transfer (HGT) . h N . . .
Seafood safety robust biofilm formation. The study identified 136 accessory genes that were exclusively present in strong

biofilm forming strains and these were functionally assigned to the Gene Ontology (GO) pathways of cellulose
biosynthesis, rh bolic and processes, UDP-glucose processes and O antigen biosynthesis (p
< 0.05). Strategies of CRISPR-Cas defence and MSHA pilus-led attachment were implicated via Kyoto Ency-
clopedia of Genes and Genomes (KEGG) annotation. Higher levels of horizontal gene transfer (HGT) were
inferred to confer more putatively novel properties on biofilm-forming V. parahaemolyticus. Furthermore, cel-
lulose biosynthesis, a neglected potential virulence factor, was identified as being acquired from within the order
Vibrionales. The cellulose synthase op in V. parah lyticus were ined for their prevalence (22/138,
15.94 %) and were found to consist of the genes bcsG, besE, besQ, besA, besB, besZ, besC. This study provides
insights into robust biofilm formation of V. parah lyticus at the ic level and facilitates: identification of
key attributes for robust biofilm formation, elucidation of biofilm formation mech and devel of
potential targets for novel control strategies of persi V. parah lyti

Boli

1. Introduction

Microbial cells can colonize biotic surfaces, equipment (e.g.
conveyor belts, stainless steel processing bench, pipes), or packaging
materials (e.g., glass, polystyrene), forming complex community
matrices covered by extracellular polymeric substances (EPSs) (Lianou,
Nychas, & Koutsoumanis, 2020). Biofilms enable increased resistance by
shielding pathogens and spoilage bacteria from environmental stresses,
acting as hot spots for horizontal gene transfer (HGT) of virulence genes,
and transforming previously benign strains into pathogens (Stalder &
Top, 2016). The enhanced resistance of biofilms poses challenges for
hygienic treatments in the food industry, thereby increasing the risks of
cross-contamination and foodborne illness outbreaks (Simoes et al.,
2010).

* Corresponding author.
E-mail address: s.h.flint@massey.ac.nz (S.H. Flint).

https://doi.org/10.1016/j.foodres.2023.112605

Vibrio parahaemolyticus is a marine oriented, gram-negative micro-
organism, that causes food poisoning through consumption of raw or
undercooked seafood (Martinez-Urtaza et al., 2010). It is causing con-
cerns across an expanding geographical range, with an increase in the
frequency of infections and outbreaks in nations with no or limited prior
occurrence (FAO, 2021). V. parahaemolyticus can enter and persist in
seafood processing plants despite cleaning and sanitation (Lei et al.,
2020; Roy et al.,, 2021; Wang et al., 2022). Sodium hypochlorite at
concentrations that are effective against V. parahaemolyticus planktonic
cells, can be ineffective at controlling biofilms. For instance, Chen et al.
(2016) reported that 81 mg/L (pH 10.8, 3 min) of sodium hypochlorite
eliminates 7.85 log CFU/mL of planktonic V. parahaemolyticus but 200
mg/L only reduced initial concentrations of 6.87 and 7.37 log1o CFU/
cm? V. parahaemolyticus biofilm cells by 1.83 and 1.63 log;o CFU/cm? on

Received 30 October 2022; Received in revised form 4 February 2023; Accepted 14 February 2023

Available online 16 February 2023

0963-9969/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

238



D. Wang et al.

shrimp and crab surfaces, respectively (Roy et al., 2021). The authors
did not mention the pH or temperature of this treatment. Because
normal hygienic treatment cannot eradicate V. parahaemolyticus biofilm,
it is necessary to understand key molecular mechanisms and devise
novel control strategies accordingly.

V. parahaemolyticus uses polar and lateral flagella for motility. Polar
flagella (driven by sodium ions) are used for swimming, and lateral
flagella (driven by protons) for swarming (Kim & McCarter, 2000;
McCarter, 2001). The polar flagella function as a mechano-sensor,
resulting in a reduction in flagellar rotation and activation of the
lateral flagella expression in response to growth on a surface (Ver-
straeten et al., 2008). Mature V. parahaemolyticus biofilm formation
requires mannose-sensitive hemagglutinin (MSHA) pili, virulence-
associated toxin co-regulated pili (TCP) and chitin-regulated pili
(ChiRP) to aggregate, attach and promote EPS synthesis. cpsA-J
(vpal403-vpal412) is required for the synthesis of capsular poly-
saccharide A (CPSA), a major component of the V. parahaemolyticus
biofilm (Giivener & McCarter, 2003). vp1476-vp1458 is a conserved
ortholog of the syp locus in Vibrio fischeri which is responsible for
wrinkled colonies, pellicle formation and matrix production (Yildiz &
Visick, 2009). vp0190-vp0214 regulates the synthesis of lipid A, the core
component of lipopolysaccharide (LPS) (Chen et al., 2010). csrA plays
critical roles in carbohydrate metabolism and switching motility-
sessility functions (Wang et al., 2021). However, it has not been deter-
mined which of these or other genotypes are responsible for significant
biofilm formation and sodium hypochlorite resistance in this bacterium.

Therefore, the current study evaluated genomic features of
V. parahaemolyticus with weak, intermediate, and strong biofilm forming
abilities, conducted comparative genome analysis and deciphered the
exclusive molecular mechanisms of persistent V. parahaemolyticus on
seafood contact surface. This provides insights for the design of novel
biofilm control strategies.

2. Methods
2.1. Strains and growth condition

Ten V. parahaemolyticus strains were chosen for this investigation
(Table 1), seven of them were isolated from shellfish by Plant and Food
Research Itd. (New Zealand), another two were clinical isolates provided
by the Institute of Environmental Science and Research 1td. (ESR, New
Zealand), and the V. parahaemolyticus genome reference strain RIMD

Table 1
Strains used in this study.

Food Research International 166 (2023) 112605

2210633 kindly donated by Dr. Tetsuya lida was also included. Ac-
cording to previous studies, two strains (PFR30J09 and PFR34B02) were
putative strong biofilm formers and least susceptible to chlorine treat-
ment, whereas PFR21C03 and PFR37D08 were weak biofilm forming
strains (Wang et al., 2023). Isolates from a —80 °C bead storage system
were recovered by shaking incubation at 37 °C, 120 rpm using 3 % NaCl
tryptic soy broth (TSB). Cells were centrifuged (11200 x g, 5 min) to
obtain the cell pellet. This was washed, suspended in sterile phosphate-
buffered saline (PBS, pH 7.4) and the cell concentration adjusted to 7 log
colony forming units (CFU)/mL.

2.2. Genome assembly and annotation

Sequencing of the PFR isolates (Table 1) was carried out by Cefas
(Weymouth, U.K.). DNA was extracted from overnight grown cultures
using the DNeasy Blood & Tissue Kit and the genomes were sequenced
by MiSeq with a coverage of 40-120x. Raw reads were processed to trim
adapters, as well as clean low-quality reads and low-quality sequences.
De novo assembly using the assemblers SPAdes (version 3.15.2) and
Velvet (version 1.2.10) were generated for each genome. SPAdes used k-
mers (21, 33, 55) to build de Brujin graphs and generate contigs, the
mismatch careful mode and error correction procedure was used to
improve the assembly (Bankevich et al., 2012). De novo assembly was
also performed via de Brujin-based Velvet and Velvet Optimizer, the k-
mer sizes applied were of 31, 51, 71, 91, and 121 (Zerbino & Birney,
2008). The quality of the draft assembly was evaluated using QUAST
and CheckM (Gurevich et al., 2013; Parks et al., 2015). The GC depth
analysis was used to assess the potential contamination and the coverage
of the bly, and the completeness of genome assembly to examine
the genome integrity. Predicted coding sequences from bacterial
genome assemblies were generated by Prokka (version: 1.14.5) with
default parameters, together with translated coding genes, genomic
features and GFF version annotations (Seemann, 2014).

2.3. ANI and phylogeny analysis

Considering potentially bio-accumulated bacterium in molluscan
shellfish and interfering seafood safety, published genomes of bacteria
Escherichia coli K-12 ER3413, Listeria monocytogenes ATCC 19117,
V. parahaemolyticus RIMD 2210633, V. parahaemolyticus BB220OP, Vibrio
cholerae ATCC 14035, Vibrio fischeri ES114 and Vibrio vulnificus ATCC
27562 were included with those of our 9 isolates for ANI and phylogeny

No.  Strain Source Collection Country Biofilm formation Sodium hypochlorite resistance (biofilms on stainless steel
Date abilities* surfaces)

1 PFR21C03 Pacific oyster 16/02/2009 New w +
Zealand

2 PFR24B07 Greenshell™ 2/03/2010 New M +

mussel Zealand

3 PFR29A04 Pacific oyster 22/11/2010 New M +
Zealand

4 PFR30G02 Pacific oyster 8/03/2011 New M +
Zealand

5 PFR30J09 Pacific oyster 21/03/2011 New S ++
Zealand

6 PFR34B02 Pacific oyster 27/03/2012 New S ++
Zealand

7 PFR37C06 Pacific oyster 17/01/2013 New M +
Zealand

8 PFR37D08 Clinical 2013 New w +
Zealand

9 PFR37E03 Clinical NZRM 1975 New M +

3391 Zealand
10 RIMD2210633  Clinical 1996 Japan M +

* W indicated weak biofilm producer, M indicated moderate biofilm producer, $ indicated strong biofilm producer.

» 7

" + indicated sodium hypochlorite by V. par

ticus biofilm cells, ++ indicated increased sodium hypochlorite resistance.
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analysis, to obtain a more complete view. Average nucleotide identity
(ANI) was analyzed using pyANI (version 0.2.12) to measure the simi-
larity among genomes by pairwise comparison based on nucleotide se-
quences (Pritchard et al., 2016). To estimate the evolutionary
relationship of V. parahaemolyticus genomes, phylogeny analysis was
conducted based on 16 s rRNA and ortholog clustering. DNA sequences
were loaded into Barrnap (https://github.com/tseemann/barrnap) that
applies HMMER 3.1 to search for the locate ribosomal RNA genes. The
16 s rRNA sequences were collected and aligned via MEGAX (version
10.2.6) software. A Maximum Likelihood phylogenetic tree was con-
structed using the nearest neighbor interchange model. Ortholog clus-
tering analysis was performed via OrthoFinder2 (version: 2.5.4) using
protein-coding genes. The orthogroups had single-copy genes aligned
via MAFFT. The phylogenetic tree based on ML of replicates was built by
the IQ-TREE with 1000 bootstraps.

2.4. Homology clustering and pangenome analysis

Pangenome analysis to reveal core, dispensable and unique content
was conducted using Roary and Anvi’o (Eren et al., 2015; Page et al.,
2015). According to Roary (version 3.11.2), protein sequences with
annotation were loaded and an all-against-all BLASTP was used to
cluster proteins. The sequence identity of over 95 % was set as the
threshold for clustering protein homologues. Anvi'o clustered homo-
logues based on the similarity of amino acid sequences, the interactive
visualization of results was generated by the anvio-display-pan function.

2.5. Comparative genome analysis

Four genomes, two from strong biofilm formers (PFR30J09 and
PFR34B02) and two from weak biofilm formers (PFR21C03 and
PFR37D08) were compared. Orthologous gene families and gene
duplication events were analyzed via OrthoFinder2 and compared with
a protein similarity search using DIAMOND (version 0.9.18). Another
approach to predict orthologous gene clusters was performed using
OrthoVenn2, which is based on all-to-all protein similarity comparisons
and orthologous clusters using the Markov Cluster algorithm. The E-
value and inflation values were set as 1e-5 and 1.5, respectively.

Functional assignment and the DAVID database (https://david.nci
ferf.gov/) was used to annotate gene sets for GO terms. DAVID en-
ables visualization of many-genes-to-many-terms relationships and
clusters genes into groups. This was followed by a Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis using BlastKOALA (htt
ps://www.kegg.jp/blastkoala/). A false discovery rate (FDR) value
smaller than 0.05 was used as the cut-off for significance.

2.6. Identification of potential horizontal transfer genes

HGTector was used to predict the presence of horizontal gene
transfer among genomes with BLASTP parameter thresholds of 60 %
identity, 60 % coverage and an E-value of 1e-5. HGTector differentiates
self (rank, genus; taxid: 662), close (rank, order; taxid: 135623) and
distal gene groups by the gene hit bitscore (Zhu et al., 2014). Cut-offs
were determined by taking the midpoint between the first peak and
valley from the distribution of self, close and distal groups. HGT genes
were identified with a close weight smaller than the close cut-off but a
distal weight greater than the distal cut-off (Yang et al., 2019).

2.7. Congo red indicator assay

Expression of extracellular polymeric cellulose was evaluated using
the Congo red indicator method reported by Fang et al. (2022) with
minor modification. Overnight culture was streaked onto agar plates and
incubated at 37 °C for 48 h. Colonies of red, brown, pink and white
indicated the production of curli and cellulose, curli, cellulose, and
none, respectively.
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2.8. Anthrone absorbance assay

Cellulose determination was based on a previous study with minor
modifications (Anriany et al., 2006). Briefly, 3 g cells (wet weight) of
each sample were scratched from agar plates, mixed with 5 mL of an
8:2:1 acetic acid: nitric acid: distilled water mix, boiled for 30 min and
centrifuged at 4480 x g for 5 min. The pellet was washed with 1 mL
distilled water then 1 mL acetone and left to dry overnight. The dried
sample was dissolved in 1 mL H3S04 (95 %). Next, 0.1 mL was mixed
with 0.5 mL anthrone solution (0.2 g in 100 mL HSO4), and the
absorbance was determined at 620 nm. Crystalline cellulose (25, 50 and
100 mg/mL) were used as absorbance standards.

2.9. Insilico cellulose s

operon analysis

The cellulose synthase operon genes of V. parahaemolyticus were
searched using BlastP against 138 V. parahaemolyticus reference ge-
nomes. The cellulose synthase genes of each genome were aligned using
ClustalW. The accession numbers for nucleotide sequences of the ge-
nomes are attached in Table 4. The phylogeny of these cellulose synthase
operons was analyzed using FastTree and was inferred using the
Neighbour Joining method with a bootstrap consensus of 1000 repli-
cates. The evolutionary distances were calculated using the Maximum
Likelihood Method and are in the units of the number of base sub-
stitutions per site. The amino acid sequences of V. parahaemolyticus
RIMD 2210633 were retrieved from the National Centre for Biotech-
nology Information (NCBI) Database and selected as the reference
genome, followed by transferring into a local database for BLASTP
searching via DIAMOND (Buchfink et al., 2021). Each sequenced
V. parahaemolyticus genome was searched to identify the presence of
genes (with > 70 % identity and > 70 % sequence coverage).

2.10. Gene co-occurrence analysis

Gene co-occurrence networks were computed using Coinfinder with
a significance cut-off of 0.1 and gene presence/absence matrix from
Roary. Networks were visualized using the R package igraph of Fruch-
terman Reingold.

2.11. Data availability

The sequence data determined in this work was deposited in the
NCBI database under project accession No. PRINA808748. The cellulose
operon information for the strains used in this study are presented in
Table 4.

3. Results and discussion
3.1. Genome assembly and annotation

The size of the V. parahaemolyticus genomes after trimming ranged
from 5110607 bp to 7614640 bp, with an average value of 5532445 bp
(Table 2). The GC contents of these genomes were not significantly
different, ranging from 45.16 % to 45.47 %. Genome annotation was
obtained from Prokka, which was to predict the coding of DNA se-
quences (CDS) in the assemblies. The number of CDS varied from 4591
to 4937. The variations in genome size and CDS number could be due to
gene diversity during the evolution of V. parahaemolyticus isolates. The
strain V. parahaemolyticus RIMD 2210633 isolated from Japan was used
as the reference genome for most of our molecular analysis. This genome
consisted of chromosomes of 5165770 bp, genes of 4832 bp and a GC
content of 45.4 %. Overall, assembled genomes provided reasonable
gene completeness and represented a reliable resource for analysis. In
our study, the gene pools of the two clinical isolates were lower than the
environmental (food) isolates; this was in accordance with reports by
Pang et al. (2019) where there were 4718 genes on average from 19

240



D. Wang et al.

Food Research International 166 (2023) 112605

Table 2

y of blies of V. parah Lyti
Assembly PFR21C03  PFR24B07  PFR29A04  PFR30G02  PFR30J09  PFR34B02  PFR37C06  PFR37D08  PFR37E03  RIMD 2,210,633
Contigs (number) 93 133 129 99 329 104 95 85 110 -
Total length (bp) 5,338,398 5,417,990 5,402,653 5,172,378 7,816,420 5,367,801 5,218,301 5,149,233 5,110,607  5,165770
GC* (%) 45.27 45.16 45.19 45.27 45.47 45.19 45.25 45.24 45.27 45.4
CDS 4830 4937 4905 4659 4913 4857 4725 4639 4591 4832
rRNA" 7 8 8 7 5 8 9 8 7 11
tRNA™ 119 112 115 102 110 117 116 106 112 127
tmRNA" 1 1 1 1 1 1 1 1 1 1
“ GC indicates Gunanine: Cytosine ratio.
** CDS indi predicted coding of DNA.

“** rRNA is ribosomal RNA, tRNA is transfer RNA and tmRNA is transfer-messenger RNA. - indicates not applicable, RIMD 2210633 is of scaffold assembled level.

5

V. par lyticus envirc I isolates compared with 4580 genes
on average from 20 clinical isolates, suggesting higher genetic diversity

and environmental adaptability in the environmental isolates.
3.2. ANI analysis and phylogenetic tree

ANI provides a commonly used metric to define intra- or inter-
species relationships in prokaryotic genomes. An ANI of > 95 % has
been proposed to represent the intra-species boundary (Jain et al.,
2018). In this study, the dendrogram directly reflects the degree of
identity between genomes; clustering across the dendrograms was based
on ANIJ, forming one major clade of V. parahaemolyticus (Fig. 1a). The
sequenced genomes revealed a high nucleotide identity (97.98-99.67
%), indicating they belong to the same species, V. parahaemolyticus, and
are from a common origin. V. parahaemolyticus nucleotide identity
compared with other Vibrio species was 70.98-76.15 %. The ANI across
all Vibrio spp. ranges from 69.78 % to 76.15 %. The ANI result for E. coli
K-12 ER3413 and L. monocytogenes ATCC 19117 is below 70 %,
demonstrating they are of different genera.

Nucleotide acid sequences of 16 s rDNA have been used for decades
to assign phylogenetic relationships (Fig. 1b). Among selected 16 s IDNA
sequences of E. coli K-12 ER3413, L. monocytogenes ATCC 19117,
V. parahaemolyticus RIMD 2210633, V. parahaemolyticus BB220OP, Vibrio
cholerae ATCC 14035, Vibrio fischeri ES114 and Vibrio vulnificus ATCC
27562, our PFR species remained in one subclade with
V. parahaemolyticus RIMD 2210633 and V. parahaemolyticus BB220P,
indicating that they are closely related. The most divergent species are
E. coli K-12 ER3413 and L. monocytogenes ATCC 19117.

Another method to assign the phylogenetic relationship is based on
the orthologous groups, using 275 conserved single copy orthogroups,
seen in Fig. 1c. The result was consistent with the phylogeny analysis
result based on 16 s rDNA similarity that V. parahaemolyticus was in the
same clade with V. parahaemolyticus RIMD 2210633 and
V. parahaemolyticus BB220P, divergent from E. coli K-12 ER3413 and
L. monocytogenes ATCC 19117. Among the subclade, PFR30J09 formed a
different branch showing some deviation from the other isolates. These
data provide an evolutionary picture of our sequenced
V. parahaemolyticus genomes and reveal evolutionary distances from
other studied seafood pathogens.

3.3. Pangenome analysis

The sizes of core and dispensable genomes were estimated using
pangenome analysis via two distinct pipelines, Roary and Anvi’o. Roary
analysis suggested there were 3253 core genes (33.20 %), 2266 shell
genes (23.13 %), and 4278 cloud genes (43.67 %) out of 9797 genes in 9
sequenced V. parahaemolyticus genomes. The genome group is open,
indicating that additional data input will alter the proportion of the core
genome and that new orthogroups will be discovered (Supplemental
Fig. 1). A circular graph was created via Anvi’o containing information
on gene numbers in gene clusters, maximum number of paralogs,
genomic homogeneity index, functional homogeneity index, combined

homogeneity index, and single copy gene (SCG) clusters (Fig. 2a).
Despite both Roary and Anvi’o approaches using the MCL algorithm to
identify clusters, the Anvi’o pangenomics workflow identified fewer
gene clusters (6845), which may have led to a smaller number of core
genes. The differences might be due to different ways to establish
orthologs of protein clusters. Roary divides groups of homologous se-
quences into paralogs and orthologs using conserved gene neighborhood
information, while Anvi’o clusters orthologs based on the homology and
synteny of genes (Maturana & Cardenas, 2021). The core genome was a
relatively low portion of the total (~33.20 %) which was revealed by
Roary analysis, suggesting that the V. parahaemolyticus species may
contain more accessory genes that are critical for adaptation to different
environments and survival. A similar finding has been reported in pre-
vious V. parahaemolyticus studies by Pang et al. (2019) and Qin et al.
(2021).

3.4. Comparative genome analysis

The strong biofilm-forming strains of V. parahaemolyticus (PFR30J09
and PFR34B02) both had more gene families than the weak biofilm-
forming isolates (PFR21C03 and PFR37D08), but medium biofilm
forming isolates covered the range of gene families (CDS, Table 2).
Analysis of the amino acid sequences by OrthoVenn2 showed a total of
3692 gene families to be shared across the genomes of the four strong
and weak biofilm forming isolates (Fig. 2b). OrthoVenn2 identified 136
gene families exclusively present in strong biofilm producers.

The GO annotation was performed to assign the functional category
of these 136 unique gene families. The significantly enriched GO terms
(p < 0.05) included UDP-glucose metabolism (GO: 0006011), cellulose
biosynthesis (GO: 0030244), rhamnose metabolism (GO: 0019299) and
O antigen biosynthesis (GO: 0009243) (Supplemental Table 1). Cellu-
lose synthesis, rhamnose catabolic and metabolic processes are absent in
the V. parahaemolyticus reference strain RIMD 2210633. These distinc-
tive functions may play crucial roles in robust biofilm formation.
BlastKOALA was used to assign the amino acid sequences to KEGG
functions, resulting in 24.3 percent (33/136) of them being successfully
annotated (Table 3), while many of them remained unidentified. The
most frequently annotated pathways were metabolic pathways (path:
ko01100), microbial metabolism in diverse environments (path:
ko01120), pentose and glucuronate interconversions (path: ko00040),
fructose and mannose metabolism (path: ko00051), biosynthesis of
secondary metabolites (path: ko01110), galactose metabolism (path:
ko00052) as well as starch and sucrose metabolism (path: ko00500).
These pathways represent the synthesis and metabolism of simple/
complex sugars, which may aid in the utilization of diverse nutrient
sources and adaptation to environmental stress.

Gene clusters associated with cellulose synthesis, rhamnose catabo-
lism, and metabolic process were identified via KEGG gene annotation
(Table 3), that was consistent with the result from GO enrichment.
Meanwhile, the clustered regularly interspaced short palindromic re-
peats (CRISPR)-Cas system was identified in the unique 136 gene fam-
ilies via KEGG annotation. This system has been reported to play critical
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Fig. 1. Phylogenetic analysis and amino acid identities across genomes. (a) Phylogeny based on a heatmap with row and column dendrograms from the average

nucleotide identity (ANI). (b) The Likelihood phyl
was constructed based on single copy orthogroups.

roles in environmental stress defense, DNA repair and biofilm formation
in microorganism cells. In this study, the CRISPR-Cas system in
V. parahaemolyticus was identified as the subtype I-F, that is consistent
with previous studies (Makarova et al., 2011). However, whether or how
the CRISPR-Cas system promotes biofilm formation in
V. parahaemolyticus is unknown. The genome data also indicated that
strong biofilm forming strains are more likely to have mshA, mshC and

geny was constructed using the 16 s rDNA seq © Ci

Likelihood phylog

Y

mshD genes that are lacking in the weak biofilm forming strains. MSHA
is required for early attachment of V. cholerae to abiotic surfaces. Cells
that are deficient in mshA cannot perform cell aggregation although they
are involved in the formation of three-dimensional structures (Moorthy
and Watnick, 2004) and in V. parahaemolyticus, mshA mutants show
reduced adherence to surfaces (Shime-Hattori et al., 2006).

Our study supports the hypothesis that V. parahaemolyticus employs
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Fig. 2. G of Vibrio parah

lyticus exhibit genetic diversity. (a) Strain-specific gene families of nine V. par
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B .

ticus computed by the Anvi’o

pangenome analysis pipeline employing the default setting. (b) A comparison of protein orthologues in weak and strong biofilm-forming V. parahaemolyticus,
generated by OrthoVenn2 with an E-value setting of 1e-5. (c) PPI network of 136 gene families exclusively present in strong biofilm-forming V. parahaemolyticus.

multiple strategies to promote robust biofilm formation, and some of
these strategies interact. In the PPI (protein—protein interaction) anal-
ysis of 136 gene families, an interaction between rhamnose metabolism,
cellulose biosynthesis, as well as O-antigen and capsular biosynthesis
were demonstrated (Fig. 2¢). Regmi and Boyd (2019) reported that the
rha gene cluster, encoding rhamnose catabolic and metabolic processes,
had limited distribution among V. parahaemolyticus strains. Another
study reported that the presence of the rhamnose operon is indispens-
able but not sufficient for biofilm formation in Rhodobacteraceae
(Michael et al., 2016), but scenario varied here. In this study, the pres-
ence of the rha gene cluster might have played as one ‘biobrick’ for
robust biofilm formation, but the absence did not interfere with the
ability to form biofilms as presented in PFR21C03 and PFR37D08. The
presence of cellulose synthase operons suggests that cellulose produc-
tion is a phenotype of robust biofilm forming V. parahaemolyticus strains,
but until now, cellulose has only been reported in environmental isolates
of V. parahaemolyticus (Meparambu Prabhakaran et al., 2022). Given
cellulose roles in virulence in other microorganisms (Arrebola et al.,
2015; Heredia-Ponce et al., 2020), cellulose could be a neglected viru-
lence factor that has previously been considered absent in
V. parahaemolyticus. GalU is required to encode UDP-glucose pyro-
phosphorylase and produce a single substrate UDP-glucose for cellulose
synthases. GalU is essential for cellulose secretion in vivo (Abidi et al.,
2021; Valla et al., 1989). The subcluster encompassing WcaJ, WecA and
WzxC was suggested to be responsible for the O antigen (Pang et al.,
2019), as shown in Fig. 2. The PPI network revealed an indirect link
between cellulose biosynthesis and O-antigen via GalU in strong biofilm
forming strains of V. parahaemolyticus. L-Rhamnose is required for
rhamnan O antigen synthesis (Broughton et al., 2006), which is to some
extent in agreement with that rha gene cluster associated with O-antigen
formation in this study. The variation in O-antigen can result in the

structural diversity of O-antigen and linkages between mono-
saccharides, that in turn influence LPS and biofilm formation (Lerouge &
Vanderleyden, 2002). Based on our study, cellulose production might
relate to a specific type O-antigen in V. parahaemolyticus biofilms.
However, whether cellulose biosynthesis is related with a specific O-
antigen in other strong biofilm forming strains and how the O-antigen
assist in the robust biofilm formation require further exploration in
V. parahaemolyticus, although some evidence has been demonstrated by
Lerouge and Vanderleyden (2002). To sum up, this is the first time that
an interaction between rhamnose metabolic and catabolic processes,
cellulose biosynthesis, and O-antigen biosynthesis pathways has been
linked to robust biofilm formation. Biochemical studies are needed to
determine whether this interaction is specific to the strains studied or
more widespread in V. parahaemolyticus species.

3.5. Verification of cellulose production

Strong biofilm forming strains PFR30J09 and PFR34B02 produced
red colonies in the Congo Red Assay, indicating the production of curli
and cellulose (Fig. 3a). The weak biofilm forming strains, PFR21C03 and
PFR37D08, only produced brown colonies, suggesting no cellulose was
produced. The absence of cellulose biosynthesis in PFR21C03 and
PFR37D08 is consistent with the results from the anthrone absorbance
assay indicating no cellulose formation in PFR21C03 and PFR37D08
while cellulose was detected in PFR30J09 and PFR34B02 with ODggz¢ of
0.234 + 0.0356 and 0.185 + 0.0546 (Fig. 3b), respectively. Crystalline
cellulose was used as a control with 25 mg/mL producing an ODg3 of
0.235 =+ 0.0092.
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Table 3

KEGG functional assignment of unique genes from strong biofilm forming

strains.

KO

Gene name

EC
number

Pathways/associated
functions

K02851

K01785

K00694

K01119

K00008

K02554

K01813

K00848

K01629

K00963

wecA, UDP-GIcNAc:
undecaprenyl-phosphate/
decaprenyl-phosphate
GlcNAc-1-phosphate
transferase

alM, aldose 1-epimerase

besA, cellulose synthase

cpdB, 2',3'-cyclic-
nucleotide 2'-
phosphodiesterase / 3'-
nucleotidase

gutB, 1-iditol 2-
dehydrogenase

mhpD, 2-keto-4-pentenoate
hydratase

rhaA, .-thamnose
isomerase

rhaB, rhamnulokinase

rhaD, rhamnulose-1-
phosphate aldolase

UTP glucose-1-phosphate
uridylyltransferase

2.7.8.35

5.1.3.3

2.4.1.12

3.1.4.16/
3.1.3.6

1.1.1.14

4.2.1.80

5.3.1.14

27.1.5

4.1.2.19

2779

00542 O-Antigen repeat
unit biosynthesis

00572 Arabinogalactan
biosynthesis -
Mycobacterium

01100 Metabolic pathways
00010 Glycolysis /
Gluconeogenesis

00052 Galactose
metabolism

01100 Metabolic pathways
01110 Biosynthesis of
secondary metabolites
01120 Microbial
metabolism in diverse
environments

00500 Starch and sucrose
metabolism

Cellulose biosynthesis
00230 Purine metabolism
00240 Pyrimidine
metabolism

01100 Metabolic pathways
00040 Pentose and
glucuronate
interconversions

00051 Fructose and
mannose metabolism
01100 Metabolic pathways
00360 Phenylalanine
metabolism

00362 Benzoate
degradation

00621 Dioxin degradation
00622 Xylene degradation
01100 Metabolic pathways
01120 Microbial
metabolism in diverse
environments

01220 Degradation of
aromatic compounds
00051 Fructose and
mannose metabolism
01100 Metabolic pathways
01120 Microbial
metabolism in diverse
environments

00040 Pentose and
glucuronate
interconversions

00051 Fructose and
mannose metabolism
01100 Metabolic pathways
01120 Microbial
metabolism in diverse
environments

00040 Pentose and
glucuronate
interconversions

00051 Fructose and
mannose metabolism
01100 Metabolic pathways
01120 Microbial
metabolism in diverse
environments

00040 Pentose and
glucuronate
interconversions

00052 Galactose
metabolism

00500 Starch and sucrose
metabolism

Table 3 (continued)
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KO Gene name EC Pathways/associated
number functions
00520 Amino sugar and
nucleotide sugar
metabolism
00541 O-Antigen
nucleotide sugar
biosynthesis
01100 Metabolic pathways
01110 Biosynthesis of
secondary metabolites
01240 Biosynthesis of
cofactors
01250 Biosynthesis of
nucleotid8e sugars
K00040  uxuB, fructuronate 1.1.1.57 00040 Pentose and
reductase glucuronate
interconversions
01100 Metabolic pathways
Translation
K16694  tuaB; teichuronic acid - Transporters
exporter
K08138  xylE; MFS transporter, SP - Transporters
family, xylose:H +
symportor
K03765  cadC; transcriptional - Transcription factors
activator of cad operon
K19130  csy4, CRISPR-associated 3.1.-- Prokaryotic defense system
endonuclease Csy4
K19129  csy3, CRISPR-associated - Prokaryotic defense system
endonuclease Csy3
K19128  csy2, CRISPR-associated - Prokaryotic defense system
endonuclease Csy2
K19127  csyl, CRISPR-associated - Prokaryotic defense system
endonuclease Csyl
K07012  cas3; CRISPR-associated 3.1.-.- Prokaryotic defense system
endonuclease/helicase /5.6.2.4
Cas3
K15342  casl; CRISP-associated - Prokaryotic defense system
protein Casl
K03534  rhaM; 1-rhamnose 5.1.3.32 Fructose and mannose
mutarotase metabolism
Metabolic pathways
Microbial metabolism in
diverse environments
K02855  rhaS; AraC family - Fructose and mannose
transcriptional regulator, L- metabolism
rhamnose operon Metabolic pathways
regulatory protein RhaS Microbial metabolism in
diverse environments
K07733  alpA; prophage regulatory - Transcription factors
protein
K03630  radC; DNA repair protein - Replication and repair
RadC
K06877  DEAD/DEAH box helicase - Poorly characterized
domain-containing protein
K03574  mutT, NUDT15, MTH2; 8- 3.6.1.55 DNA repair and
0x0-dGTP diphosphatase recombination proteins
K20543  besC; cellulose synthase - Cellulose biosynthesis
operon protein C
K20542  besZ; endoglucanase 3214 Cellulose biosynthesis
K20541  besB; cellulose synthase - Cellulose biosynthesis

operon protein B

3.6. Putative horizontal gene transfer

Horizontal gene transfer is the major driver of genetic diversity,
providing bacteria with properties that enable adaption to various en-
vironments. An average of 126 + 4.2 and 156 + 45.3 potential HGT
gene families providing gene acquisition from outside the Vibrionales
were identified in weak and strong biofilm forming strains respectively.
There were 123 and 129 predicted HGT events in PFR21C03 and
PFR37D08 whereas 188 and 124 were predicted in PFR30J09 and
PFR34B02. The results indicate that strong biofilm forming strains have
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Table 4
y of the cellul ynthase operon in V. parahaemolyticus.
Genome Strain Nation BioSample ID Source TLH TRH TDH VgrG_T6SS Hcp_T6SS
GCF_001304775.1 FORC_006 South Korea: Gyeongnam SAMNO03140318 Environment: + - - + +
cutting board
GCF_006517795.1 Vb0624 China: Shenzhen SAMN12123413 Environment: + - - + +
market
GCF_002504185.1 HA2 China:Tianjin SAMN07680340 Environment: aquaculture + - - + +
GCF_004194515.1 D3112 China SAMN10591529 Environment: seawater + - - + +
GCF_001758605.1 FORC_023 South Korea: Pusan SAMNO03701448 Human + - - + +
GCF_002209725.2 MAVP-Q USA SAMNO05579852 Human + + + +
GCF_016403045.1 81TDH2 India: Mangaluru SAMN16844329 Seafood + - - + +
GCF_013393845.1 LVP1 China SAMN11579495 Seafood: crayfish + - - + +
GCF_000430405.1 FDA R31 USA:LA SAMN02179882 Seafood: oyster + - + + +
GCF_016834555.1 HP1 India: Kumta SAMN16844529 Seafood: shrimp + - + +
GCF_021730085.1 VP157 China:Tianjin SAMN17188296 Seafood: shrimp + - - + +
GCF_001700835.1 CHN25 China SAMN03325855 Seafood: shrimp + - - + +
GCF_001636035.1 FORC 014 South Korea: Pusan SAMNO03457164 Seafood: toothfish + - - + +
GCF_012274985.1 2012 V-1165 USA SAMN12648280 Stool + + - + +
GCF_001682175.1 MAVP-Q USA SAMNO03766034 Stool + + + + +
GCF_002220985.3 MAVP-R USA SAMN06042545 Stool + + - + +
GCF_009763565.1 2013 V-1181 USA SAMN12648285 Stool + + + + +
GCF_000568495.1 UCM-V493 Unknown SAMN03081521 Unknown + - - + +
GCF_003612715.1 FORC_071 South Korea: Seoul SAMN07629009 Unknown + - - + +
GCF_012274865.1 AMS51557 USA SAMN12648303 Unknown + - + + +
GCF_003612695.1 FORC_072 South Korea: Seoul SAMN07629020 Unknown + - - + +
GCF_009764055.1 2012AW-0224 USA SAMN12648278 Unknown + - - + +
PFR30G02 PFR21C03 New Zealand - Seafood: oyster + - - + +
PFR30J09 PFR30J09 New Zealand - Seafood: oyster + - - + +
PFR34B02 PFR34B02 New Zealand - Seafood: oyster + - - + +
PFR37C06 PFR37D08 New Zealand - Human + - - + +
(a) PFR21C03 PFR37D0S PFR30J09 PFR34B02 (d)
1 PFR30J09
PFR34B02

094 ocr GCF_001636035.1

996 GCF_003612715.1

0.b77 GCF_012274865.1

_016834555.1

013393845.1

(b) 100 - 002504185.1

003612695.1

GCF_001304775.1
GCF_000430405.1
012274985.1
006517795.1
_016403045.1
PFR37C06
GCF_001758605.1
GCF_021730085.1
GCF_004194515.1
GCF_001682175.1
0022097252
002220985.3
GCF_009763565.1
GCF_001700835.1
PFR30G02
GCF_009764055.1
GCF_000568495.1

0.80

0.60

bance/OD,

0.40

0.20

0.00
PFR21C03 PFR37D08 PFR30J09 PFR34B02 25 mg/ml
cellulose

50 mg/ml
cellulose

100 mg/ml
cellulose

(c)

Wgmed bosG bk besQ  besd besB  bes besC

0.003

7

Fig. 3. Cellulose production at the phenotypic and level in V. parah ticus. (a) Colony morphotypes on CRI agar plates indicating cellulose/curli
production. (b) Anthrone absorbance assay to determine cellulose production in V. parah lyticus, crystalline cellulose (CC) chemical was yed as the control.
(c) Diagram of cellulose synthase operon in V. parahaemolyticus, consisting of bcsG, besE, besQ, besA, besB, besZ, and besC. (d) Evolutionary relationships between
cellulose synthase operons in V. parah lyticus. The phyl ic tree was inferred using the Neighbor-joining method and FastTree.

more putative horizontal gene transfer events than the weak biofilm
forming strains. This may relate to better adaption to diverse environ-
ments through biofilm formation. The phylum of Proteobacteria (taxid:
1224) and Gammaproteobacteria (taxid: 1236) were suggested to be the
main donor taxa, providing 39.5 + 3.54 and 51 + 21.21, 52.5 + 0.71
and 60 + 9.90 HGT genes among weak and strong biofilm forming

strains, respectively. This observation is not surprising as the aquatic
environments are preferred by Proteob ia and G 1p b ia,
providing many opportunities for recombination (Koblizek, 2015). The
unique gene clusters of rhamnose metabolism and the CRISPR-Cas sys-
tem present in strong biofilm forming strains appear to be obtained by
HGT events resulting in the increased gene diversity in these strains.
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Although these strategies were absent in weak biofilm-forming strains of
V. parahaemolyticus, they are identified not only in strong biofilm-
forming strains but also in part of the intermediate biofilm former
(Data not shown). Interestingly, the cellulose synthase operon was not
included in the putative HGT event results, indicating that the cellulose
synthase function present in V. parahaemolyticus came from within the
Vibrionales order. In our study, the bcs gene cluster was only present in
environmental isolates, and whether cellulose only exists in environ-
mental strains globally requires further study.

3.7. Prevalence of the cellulose synthase operon in V. Parahaemolyticus
genomes

The cellulose synthase operon (bsc) was present in 22 out of 138
V. parahaemolyticus reference genomes from the NCBI dataset. The cel-
lulose synthase operons of 22 V. parahaemolyticus genomes were aligned
with one another, revealing a cellulose synthase operon conservatism.
Fig. 3c is a diagram of the bcs locus and the transcription direction of
cellulose synthase genes. The cellulose biosynthetic cluster was inserted
on chromosome 1 between the ybbJ and cnoX genes, except for strain
V. parahaemolyticus HA2 accommodating another two genes of the helix-
turn-helix (HTH) domain containing gene and the 1S630 family gene
(RefGenome: GCF_002504185.1).

The cellulose biosynthesis locus was initially assumed to be absent
from other Vibrio species (Yildiz & Visick, 2009). Although the genomic
analysis indicated that the cellulose synthase genes were highly
conserved in V. parahaemolyticus, the evolutionary analysis demon-
strated that these genes were not 100 % identical, suggesting that the bcs
operon might be useful in distinguishing V. parahaemolyticus isolates.
Interestingly here, the strong biofilm forming strains of PFR30J09 and
PFR34B02 were clustered into a subgroup based on the cellulose operon
(Fig. 3d). We also examined whether the bcs gene cluster was restricted
to environmental isolates in the reference genomes. The results indi-
cated that cellulose synthase operons were present in both environ-
mental (73.0 %, 19/26) and pathogenic (26.92 %, 7/26) strains.

The bcs operon responsible for cellulose production has been pro-
posed as useful in the classification and standardized nomenclature in
Proteobacteria (Romling & Galperin, 2015). The distinctions of the bcs
gene profiles from Proteobacteria are primarily from three areas: 1) the
presence of the bcsD gene, 2) the presence of the besE and besG genes
(and the absence of bcsD) and 3) the absence of besD, besE, or besG (Abidi
et al., 2021; Romling & Galperin, 2015). The putative operon identified
in V. parahaemolyticus has an organization similar toE. coli-like -
bcs operons, that have been found in E. coli, Salmonella, Yersinia enter-
ocolitica, V. fischeri and Pseudomonas. Cellulose is considered as one of
the major causes of robust biofilm and strong resistance in Salmonella,
Cronobacter and E. coli in the food industry (Hu et al., 2015; Kim, Jyung,
& Kang, 2022; Macarisin, Patel, Bauchan, Giron, & Sharma, 2012).
Cellulose plays roles as an architectural element in biofilm matrices,
providing advantages in water retention, porosity, mechanical resis-
tance, low antigenicity, and interaction with saccharidic and proteina-
ceous components of both bacteria and hosts. This enables higher
sanitizer resistance in biofilms. Solano et al. (2002) compared the in-
fluence of 30 ppm of sodium hypochlorite on the survival of biofilms of
wild-type Salmonella Enteritidis and cellulose mutants formed on glass.
Survival of 75 % of wild-type cells following 20 min exposure to the
disinfectant contrasts with only 0.3 % survival of the cellulose-deficient
mutant cells surviving, which clearly indicates the protective function of
cellulose.

In E. coli-like bcs operon, BesA and BesB have been characterized as
the enzymatic core of cellulose synthase, which is crucial for in vitro
cellulose synthesis (Omadjela et al., 2013). BesA provides glucosyl-
transferase activity that is allosterically triggered by the second
messenger c-di-GMP and that, in conjunction with the BesB subunit,
produces a transmembrane channel for co-synthetic secretion of cellu-
lose (Serra & Hengge, 2019). BesE and BesG subunits, produce a
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cytosolic c-di-GMP-binding protein and a membrane-anchored peri-
plasmic pEtN transferase, respectively, and are the distinctive compo-
nents of this type of bcs operon. The proteins mentioned above and c-di-
GMP have been considered as molecular targets to interfere cellulose
biosynthesis (Abidi et al., 2021), however, more exploration is required
in V. parahaemolyticus species. Alternative carbon sources could be
considered as an approach to inhibit cellulose production in food envi-
ronments. Zhong et al. (2013) reported different carbon sources resulted
in different bacterial cellulose production in Gluconacetobacter xylinus.
Highest yields of cellulose were obtained when G. xylinus was cultured
in glucose, fructose and glycerol, whereas lowest was obtained in those
using inositol, sucrose and lactose as the medium. Carbon sources in-
fluence mechanical and microstructural characteristics of cellulose, as
glycerol contributed to the highest cellulose yield in G. xylinus, as well as
highest tensile strength of cellulose with thinner fibres and lower
porosity.

A previous study identified epistatic interaction in the flexible
genome between gene clusters for T6SS1 and cellulose biosynthesis,
while clinical strains tend to depend on the antibacterial activity of
T6SS1 proteins for competitive survival in the aquatic milieu and the
strains that lack T6SS depend on cellulose production (Cui et al., 2020).
However, in our genomic analysis, cellulose production appeared to be
associated with the presence of T6SS that was characterized by both
VgrG and Hep (Table 4), regardless of whether the strains were clinical
or environmental. The reason for this discrepancy could be that different
clonal compl of V. parah lyticus genomes used in the present
study differ from those used in the earlier study. In our study, gene co-
occurrence analysis identified that there were 468 co-occurring genes
along with bcsA, notably, the CRISPR-Cas defense system (cas, cys gene
families), the type II secretion system (eps gene family), the rhamnose
metabolic process (rha gene family) and capsular polysaccharide syn-
thesis (wec gene family). This was consistent with the results from PPI
analysis for the two strong biofilm-forming V. parahaemolyticus
(PFR30J09 and PFR34B02). Symbiosis polysaccharide protein SypF has
been identified in association with cellulose biosynthesis and production
in V. fischeri via the polysaccharide biosynthesis protein VpsR, indi-
cating that cellulose contributes to symbiotic initiation by promoting
biofilm formation on the symbiotic organ’s surface (Darnell et al., 2008).
Here, the interaction between the VpsR homologue CpsR and cellulose
production was also identified in V. parahaemolyticus, reported for the
first time in this study (Fig. 4). Whether cellulose is important in sym-
biosis in V. parahaemolyticus requires further investigation.

4. Conclusion and perspectives

The expansion of gene families is a common strategy whereby bac-
teria cope with diverse environments. In this study, strong biofilm
forming strains appeared to have higher genetic diversity compared
with the weak biofilm forming strains. In V. parahaemolyticus, the low
portion of core genome size (~33.20 %) allows for more accessory genes
that are critical for survival in multiple environments. We identified the
phyla of Proteobacteria (taxid: 1224) and Gammaproteobacteria (taxid:
1236) act as the main donor taxa for the genetic diversity of strong
biofilm forming strains. Genes that are more abundant in strong biofilm
forming genomes were associated with cellulose biosynthesis, rhamnose
and other sugar metabolism, O-antigen biosynthesis, MSHA pili led
attachment as well as the CRISPR-Cas defence system. The genes of
rhamnose metabolism and catabolismand the CRISPR-Cas defence sys-
tem was most likely from HGT with cellulose biosynthesis being ac-
quired within the order of Vibrionales. The PPI analysis demonstrated an
interaction between rhamnose metabolism, cellulose production, and O-
antigen biosynthesis. This study is limited to the contrast between high
and low biofilm producers to highlight the key factors involved. This is a
limitation of the study as it does not include the intermediate biofilm
forming strains. Future studies will look at gene expression to provide
some quantitative information that will cover the intermediate biofilm
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Fig. 4. Molecular mechanisms of biofilm formation in V. parah
presented using the solid line; the dash line represents the finding in this study.

forming strains.

We believe this study is the first to reveal the relationship between
cellulose secretion and robust biofilm formation in V. parahaemolyticus.
The cellulose synthase operons in V. parahaemolyticus were examined for
their prevalence (22/138, 15.94 %) and were found to consist of the
genes bcsG, besE, besQ, besA, besB, besZ, besC. The precise biochemical
functions and chemical structures of the cellulose component in biofilm
matrices require further identification. The chemical elements of cellu-
lose vary slightly between species with distinct bcs operon structures.
For example, in E. coli, the cellulose in the biofilm matrix has been
identified as phosphoethanolamined, whereas in Pseudomonas, the cel-
lulose is amorphous. The chemical structure of cellulose in
V. parahaemolyticus and how it interacts with other biofilm matrix
components is unknown. Robust biofilm formation is likely to protect
the organism from sanitisers, creating higher risks of cross contamina-
tion and subsequent foodborne illness. Understanding cellulose in the
biofilm matrix will help develop novel and effective biofilm control
measures.
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