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SUMMARY

Aliivibrio wodanis has been associated with winter ulcer disease outbreaks. It has been reported
that A. wodanis may act as a secondary pathogen in disease outbreaks and pathogenesis. The
culture supernatant of A. wodanis causes a cytopathogenic effect (CPE) in various salmon cell
lines. Moreover, in an Atlantic salmon bath challenge experiment, A. wodanis alone produces
clinical symptoms in the fish. However, the contribution of A. wodanis to winter ulcer disease is
not clear. Despite the knowledge to date and the research done in the field, there are still
unanswered questions and a knowledge gap. Several Vibrio and Aliivibrio species use quorum
sensing (QS) to regulate genes connected to host-pathogen interaction, virulence, survival, and
adaptation mechanisms. In other aliivibrios, several QS systems, including the AinS/AInR and a
transcriptional regulator LitR (LuxR homologs), have been reported to regulate various
phenotypic traits.

Moreover, temperature is an essential factor that governs the prevalence of bacteria in the
environment and host and is a potent regulator of pathogenesis in many bacteria. Hence the thesis
aimed to understand better the QS’s role and the effect of temperature in A. wodanis. Our study
reveals that AinS autoinducer synthase is required to produce the Acyl-Homoserine Lactone
(AHL) 30HC10-HSL in A. wodanis.

Furthermore, we found that the 30OHC10-HSL production is cell density and temperature-
dependent. The 3OHC10-HSL concentration was higher at 6°C, the temperature below the
threshold temperature at which winter ulcer occurs, compared to 12°C. The results also showed
that QS and temperature regulate various functions such as AHL production, motility, and
production of proteases, hemolysin and siderophores. The cell culture study further revealed that
cell density, QS and temperature influence the cytotoxicity in CHSE salmon cell lines. This
suggests that A. wodanis produces cytolysins and cytotoxins that are implicated in cytotoxicity.
Bacteria use the Type VI secretion system (T6SS) for multiple functions like iron transport,
interspecies competition, virulence, and niche adaptations. A. wodanis co-exists with the main
pathogen M. viscosa in the infected fish during the winter ulcer disease outbreaks. In addition, the
bacterium has been shown to hinder the growth and virulence of M. viscosa. The thesis further
investigated the mechanisms by which A. wodanis may survive together with M. viscosa in skin
ulcers and during winter ulcer outbreaks. We found that the A. wodanis genome encodes three
T6SSs (T6SS1-T6SS3) and auxiliary clusters (Aux1-4); and several potential Type VI secretion
system effectors (T6SESs). In addition, the A. wodanis genome is found to contain a type IF

CRISPR-Cas system. This suggests that these two mechanisms may play a role during the survival,
Vil



adaptation, and immune function of A. wodanis in its natural environment, inside the host or during
its co-existence with M. viscosa. Next, we analyzed the genome-wide transcriptomics of A.
wodanis and QS mutants litR and ainS mutants grown at different temperatures and cell densities.
We found that the genes involved in T6SSs, and CRISPR-Cas systems are regulated by cell
density, temperature, and QS. In this study, the transcriptome analysis showed that the complete
T6SS2 apparatus was less expressed in the litR/WT, suggesting LitR regulates T6SS2 in A.
wodanis. The transcriptome analysis also demonstrated that deletion of litR decreased the hcpl
expression, a gene involved in bacterial competition and virulence in other bacteria. In addition to
LitR dependent expression, expression value of hcp decreased three times in litR/WT, HCD at
12°C when compared to 6°C and HCD. Our observation suggests that temperature 6°C and LitR
are crucial for expressing the genes related to virulence.

Understanding the strain diversity of the same species is important in exploring strategies to
survive in a changing environment. Finally, we wanted to study the genomic similarity and
variation between A. wodanis isolates by performing a pan-genome analysis of twenty-two A.
wodanis isolates collected from various locations across Norway. The analysis revealed an open
pan-genome with a wide inter-species diversity in A. wodanis genomes. We examined the
phylogenetic relatedness between the isolates using single nucleotide variants (SNVs) and core
genes. The phylogenetic trees were distributed into five groups, where Group 2, 4 and 5
encompassed conserved isolates. The accessory genomes (shell, cloud and unique) accounted for
about 73% of the total pan-genome suggesting the genomes have acquired most of the genes
through horizontal gene transfer (HGT). Whole and cloud genome functional annotation revealed
a larger number of genes related to functional families such as metabolism, signaling and cellular
processes and genetic information processing, suggesting they are involved in energy metabolism
and environmental interactions. By further analyzing the twenty-two A. wodanis genomes, we
identified diverse CRISPR-Cas systems, spacers, and prophages. About 60% of isolates encoded
a different CRISPR-Cas system compared to the reference strain. Like the reference strain, the
other twenty-one A. wodanis isolates also encoded multiple T6SSs where the T6SS2 and Aux-2
are either absent or showed differences in about 80% (18 out of 22) of isolates. In addition to the
T6SSs and CRISPR-Cas, other elements relevant for adaptation, virulence, and survival potentials,
such as virulence factors (VFs) and biosynthetic gene clusters (BGCs), were explored. We have
found that the predicted VFs and BGCs were conserved between the A. wodanis isolates.



The results presented in this work yield knowledge about QS regulation of virulence, survival, and
adaptation mechanisms in A. wodanis. This aids in understanding the mechanisms connected to

co-existence of A. wodanis with M. viscosa and winter ulcer disease development and treatment.
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BACKGROUND

Vibrionaceae members

Vibrionaceae strains are Gram-negative, Gammaproteobacteria, motile rods or curved and
typically easy to cultivate (Levanova & Blokhina 1976; Thompson et al. 2005; Dryselius et al.
2007; Thompson et al. 2009). They are found in aquatic environments ranging from marine,
brackish and freshwater environments (Thompson et al. 2004; Thompson et al. 2009). The
Vibrionaceae family consists of a genetically and metabolically diverse species of heterotrophic
bacteria that commonly live as either free living, symbionts, and pathogens (Urbanczyk et al.
2007). Vibrionaceae includes genera Aliivibrio, Vibrio, Photobacterium, Beneckea, Echinimonas,
Lucibacterium, Grimontia, Candidatus, Listonella, Enhydrobacter, Salinivibrio, Enterovibrio,
Allomonas and Catenococcus, of which the genus Vibrio has over 100 species (Sawabe et al. 2007;
Urbanczyk et al. 2007; Onohuean et al. 2022).

An ltalian physician Filippo Pacini identified the first Vibrio species, Vibrio cholerae, the
causative agent of cholera in 1854 (Craster 1914). Later first non-pathogenic Vibrio species, Vibrio
fischeri (now known as Aliivibrio fischeri) and V. splendidus were discovered in the late 1880s
(Thompson et al. 2004; Sawabe et al. 2007). All Vibrionaceae species have two unequally sized
chromosomes, and this seems to be evolutionarily stable (Trucksis et al. 1998; Okada et al. 2005).
The large chromosome contains all the essential genes required for survival and the small

chromosome contains the species-specific traits for adaptation (Dryselius et al. 2007).

The genus Aliivibrio contains several species such as Aliivibrio wodanis, Aliivibrio finisterrensis,
A. fischeri, Aliivibrio logei, Aliivibrio salmonicida, Aliivibrio sifae, Aliivibrio sp. “thorii”,
Aliivibrio sp. “magni”, Aliivibrio sp. “vili”, Aliivibrio sp. “bragi” Aliivibrio sp. “thrudae” and
Aliivibrio sp. “friggae” (Ast et al. 2009; Beaz-Hidalgo et al. 2010; Yoshizawa et al. 2010;
Klemetsen et al. 2021). Most luminous species are members of Vibrionaceae and belong to the
genera Aliivibrio, Vibrio and Photobacterium, however some species of these genera lack the lux
operon (Ast et al. 2009). In the genera Aliivibrio and Vibrio, many non-pathogenic species are
commensals or symbionts that have been associated to aquatic eukaryotic organisms and marine
environments. Members of the genus Vibrio are isolated as normal flora from a wide variety of

living organisms. Some examples include Vibrio hemicentroti from sea urchin, Vibrio hippocampi
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from sea horses, Vibrio rotiferianus from rotifers, Vibrio pacinii from crustaceans, Vibrio
tasmaniensis and Vibrio alfacsensis from fish (Gomez-Gil et al. 2003; Thompson et al. 2003a;
Thompson et al. 2003b; Balcazar et al. 2010; Gomez-Gil et al. 2012; Kim et al. 2013).

A. fischeri is a well-studied luminous bacteria found in symbiotic association with squid of the
genus Euprymna (Engebrecht et al. 1983; Fidopiastis et al. 1998). In addition, several other
Aliivibrio species such as Aliivibrio sp. “thorii” and A. logei have been reported to form a
bioluminescent symbiosis with marine hosts (Benediktsdottir et al. 1998; Ast et al. 2009).
Luminous bacteria contain the lux operon luxCDABEG that code for proteins involved in light
production (Engebrecht et al. 1983). The luxA and luxB genes encode two subunits a and § of
enzyme luciferase and light is released during the oxidative reaction of a long chain aldehyde
(RCOH) and reduced flavin mononucleotide (FMNH.). The luxCDE encodes reductase complex
while luxG reduces FMN to FMNH: (Nijvipakul et al. 2008). In symbiosis, the host provides
nutrients and oxygen for bacterial reproduction while the host uses luminescence to escape from
predators or to attract prey (Ruby & Lee 1998; Visick & Ruby 2006).

Pathogenic Vibrionaceae

Various members of Vibrionaceae are pathogenic to human and marine organisms, where the
severity of illness varies depending on the species and type of disease. The human pathogens
include V. cholerae, Vibrio parahaemolyticus and Vibrio vulnificus while Vibrio anguillarum, A.
salmonicida and Vibrio harveyi are among the main bacterial pathogens of several fish and
shellfish reared in aquaculture (Enger et al. 1989; Alvarez et al. 1998; Frans et al. 2011). Some
Vibrio species (Vibrio alginolyticus, V. parahaemolyticus and V. vulnificus) are common
pathogens of both humans and marine organisms (Horre et al. 1996; Chavez-Dozal et al. 2012,;
Damir et al. 2013; Raszl et al. 2016). Several coral pathogenic vibrios (Vibrio shilonii, Vibrio
coralliilyticus, Vibrio fortis, Vibrio campbellii and Vibrio rotiferianus) are also associated with
coral bleaching (Grottoli et al. 2014).

Vibrio cholerae
V. cholerae is a curved rod-shaped, Gram-negative, facultative anaerobe, non-halophilic
waterborne human pathogen that causes an epidemic diarrheal disease called cholera (Garay et al.

1985). The organism is widely spread in aquatic environments as a free-living organism (Garay et
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al. 1985). Cholera is transmitted through contaminated water and prevails as a persistent cause of
mortality and morbidity in Africa and Asia (Faruque et al. 1998; Yoon & Waters 2019). Only two
serogroups V. cholera O1 and 0139 have been known to cause epidemic cholera, and others are
environmental strains (Faruque et al. 1998). The virulent V. cholerae adheres to, colonizes the
small intestine, and produces cholera symptoms using key virulence factors (VFs), cholera toxins
and toxin-coregulated pilus (Reidl & Klose 2002). V. cholera is also able to form biofilms on solid
surfaces, and it is known to be important for their environmental survival (Watnick & Kolter
1999).

Vibrio anguillarum

V. anguillarum is a Gram-negative halophilic bacterium that causes vibriosis in warm and cold
water cultured and wild fish species (Naka & Crosa 2012). V. anguillarum causes disease
outbreaks in a wide range of temperatures (Frans et al. 2011; Lages et al. 2019). V. anguillarum is
the most important pathogen in Danish farms (Pedersen et al. 1997). Vibriosis is characterized by
hemorrhagic septicemia and has been reported as a major problem in the fish culture industry
(Toranzo et al. 2005). Out of 23 different serotypes, the serotypes O1, O2 and O3 have been
reported as the main causative agents of vibriosis and the remaining are environmental strains
(Myhr et al. 1991). Some of the identified VFs include multiple iron transport systems,
hemolysins, metalloproteases, motility and exopolysaccharides (Naka & Crosa 2012). The

expression of VFs have been regulated by temperature and iron levels (Lages et al. 2019).

Aliivibrio salmonicida

A. salmonicida is the causative agent of cold-water vibriosis or Hitra disease in various fish hosts
(Nicolson & Dodge 1995; Southgate & Jones 1995). This bacterium is Gram-negative, halophilic,
curved rod-shaped, motile with multiple flagella and cryptically luminescent (Enger et al. 1989;
Fidopiastis et al. 1998). A. salmonicida is psychrophilic, and the growth occurs between 1-22°C
(Enger et al. 1989). The Hitra disease is characterized by necrosis in the gills, kidney, spleen and
muscles, and external haemorrhaging in the skin and gills (Egidius 1987). The disease outbreaks
occur when the water temperature is below 10°C (Eggset et al. 1997). Vaccinations give complete
protection against infection with A. salmonicida (Eggset et al. 1997). However, only a few VFs
have been characterized in A. salmonicida. Surface antigen VS-P1 in A. salmonicida is a potential
virulence factor involved in escaping the host immune response (Hjelmeland et al. 1988). In A.

salmonicida, motility is dependent on salinity and temperature (Bjelland et al. 2012b). Like other
3


about:blank
about:blank

vibrios, motility in A. salmonicida is linked to virulence (Norstebo et al. 2017). A. salmonicida
harbors syp operon and deletion of QS regulator, litR in A. salmonicida resulted in biofilm
formation and rugose colony morphology (Hansen et al. 2014). A. salmonicida contains several
iron acquisition systems that may be involved in pathogenesis, and the siderophore production is
temperature dependent (Colquhoun & Sorum 2001). Further genome analysis identified genes
encoding proteases, hemolysins, and secretion systems (Hjerde et al. 2008; Bjelland et al. 2013;
Huang et al. 2018).

Aliivibrio wodanis

A. wodanis is a psychrotrophic Gram-negative, motile, rod-shaped, non-luminescent bacterium
that grows in a temperature range of 4-25°C and a salt concentration range of 1-4% (Lunder et al.
2000). A. wodanis has been repeatedly isolated together with the main pathogen M. viscosa from
the infected Atlantic salmon during the winter ulcer outbreaks (Lunder et al. 1995a;
Benediktsdottir et al. 1998). Other environmental pathogenic Tenacibaculum sp. have also been
identified from the skin lesion together with M. viscosa (Olsen et al. 2011). However,
Tenacibaculum sp. have been later identified as a solo causative agent of “tenacibaculosis”, a
disease that infects the fish at warmer temperatures above 8°C (Smage et al. 2018). Preliminary
challenge experiments and intramuscular injection of A. wodanis in Atlantic salmon showed
neither ulceration nor mortality, indicating that A. wodanis is not the primary pathogen (Lunder et
al. 1995a; Benediktsdottir et al. 1998; Bruno et al. 1998; Greger & Goodrich 1999). Winter ulcer
was first identified during the early 1980s in the Norwegian farmed Atlantic salmon and later in
the 1990s, it was reported in about 50 Norwegian fish farms (Salte et al. 1994). Winter ulcer is
characterized by several internal and external pathological symptoms such as lesions in skin and
muscles, gill pallor and mortality (Lunder et al. 1995a; Benediktsdottir et al. 1998; Bruno et al.
1998). The disease occurs at temperatures lower than 8°C and the fish recovers when the
temperature increases above 8°C (Lunder et al. 1995a). Although A. wodanis is not the main
pathogen, the reason for its co-existence with M. viscosa and its presence during winter ulcer
outbreaks are not clear. In an experimental study reproducing field observation, A. wodanis
colonizes well in the predisposed salmon tissue (Karlsen et al. 2014b). Furthermore, in a cell
culture study, A. wodanis adheres to Atlantic salmon head kidney cells, and the supernatants cause
cytopathogenic effect (CPE) on various cell lines of salmonoid origin including Chinook salmon

embryo (CHSE) cell line (Karlsen et al. 2014b). A. wodanis genome contains two chromosomes



and four plasmids (Hjerde et al. 2015). The genome encompasses 54 insertion sequence elements
on both chromosomes and one plasmid pAWOD920 and 4079 coding domain sequences (Hjerde
et al. 2015). The plasmid pAWOD920 contains a bacteriocin gene cluster, which was upregulated
when implanted in fish together with M. viscosa (Hjerde et al. 2015). In a co-cultivation
experiment, A. wodanis negatively affects the growth and virulence of M. viscosa (Hjerde et al.
2015). Since A. wodanis has been present in the outbreak environment, it is likely that it is directly

or indirectly involved in the development of winter ulcer disease.

The significance of A. wodanis during the winter ulcer outbreaks have been speculated by others
(Karlsen et al. 2014b; Hjerde et al. 2015), as follows: (i) A. wodanis may exploit the impaired
host’s defense mechanism to develop disease as a secondary pathogen. (ii) A. wodanis is fighting
for the same niche as M. viscosa. (iii) Interplay between the two bacteria. (iv) Both are competitors
and (v) A. wodanis influences the infection caused by M. viscosa. Hence, it is important to explore
the genomes and phenotypes of A. wodanis to get a better understanding of their survival and
virulence potential, which is the focus of this thesis.

Quorum sensing

Quorum sensing signaling mechanism

Quorum sensing (QS) is a signaling mechanism used by bacteria to sense the cell density and
regulate various functions required for the host-pathogen interaction and environmental adaptation
(Bassler 1999; Egland & Greenberg 1999; Parsek et al. 1999). Some bacterial species can produce
signaling molecules called autoinducers (Als), that when they reach a threshold concentration
initiates the signal transduction cascade (Figure 1) (Fuqua et al. 1994; Hastings & Greenberg
1999). This induction changes the behavior of the population and favors the inter- and intra-species
relationships (Schauder et al. 2001; Bassler 2002). Both Gram-positive and Gram-negative
bacteria use QS for cell-to-cell communication, but they produce different Als. Gram-negative
bacteria use autoinducer-1 (Al-1), N-acyl homoserine lactone (AHL) whereas Gram-positive
bacteria depend on oligopeptides (Bassler 1999; Federle & Bassler 2003). LuxS, an autoinducer
synthase that produces autoinducer-2 (AL-2) is conserved in both Gram-positive and Gram-
negative bacteria (Kozlova et al. 2008). Therefore, Al-1 and Al-2 mediate intra- and inter-species
communication respectively (Bassler 2002; Federle & Bassler 2003). Like Al-1, AL-2 also

controls several phenotypes such as virulence, drug resistance, bioluminescence, biofilm
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formation, motility, and toxin production (Schauder et al. 2001; Xu et al. 2006; Duanis-Assaf et
al. 2015). In addition to Al-2 production, LuxS also participates in activating the methyl cycle of
bacterial metabolism and plays a key role in vitamin synthesis (Hu et al. 2018; Wang et al. 2019b).
Bacteria producing similar AHLs are known to have an evolutionary relationship when mapped
to 16S rRNA gene sequence (Purohit et al. 2013). In addition to AHL, there are many signaling
molecules that in coordination with AHLSs regulate target genes (Flavier et al. 1997). Some of the
known AI-2 molecules are (2S,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran-borate (S-
THMF-borate) and (2R,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran-borate (R-THMF)
(Cloak et al. 2002; Federle & Bassler 2003; Xavier & Bassler 2005). Some bacteria such as M.
viscosa, Photobacterium damselae and Flavobacterium psychrophilum do not produce AHL but
encode receptors to benefit from other AHL-producing bacteria (Bruhn et al. 2005). Though the
QS system components are quite similar, the QS mechanisms differ in complexity and cellular
output (Milton 2006).

Al low concentration Al high concentration

Al receptor

¥

Al synthase Jr

LuxR homolog I:l

»am Target genes

Al synthase

LuxR homolog

v

Target genes

Low cell density High cell density

Figure 1. Quorum sensing system in bacteria. QS mechanism at low cell density (left) and high
cell density (right). Bacteria secrete AHL (purple stars) produced by Al synthase (pink box), which
when reaches a threshold concentration binds the cognate AHL receptor (blue box) to activate the
QS regulated target gene expression (orange box) through master QS regulator LuxR homologs
(yellow box).

Quorum sensing in V. harveyi

The bioluminescent bacterium V. harveyi produces three autoinducers. The first Al-1 N-(3-
hydroxybutyryl)-homoserine lactone (30H-C4-HSL) is produced by the Al synthase LuxM while
the second Al-2 furanosyl borate diester is synthesized by LuxS Al synthase (Bassler et al. 1993).
The third Al is a long chain amino ketone (Z) 3-aminoundec-2-en-4-one (Ea-C8-CAl-1) produced
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by Al synthase CgsA, which is specific to several vibrios and enteropathogenic Escherichia coli
(Ng et al. 2011; Gorelik et al. 2019). These three Als are perceived by their corresponding
receptors LuxN, LuxPQ and CqgsS. At low cell density and low Als concentration, the receptors
act as kinases and the conserved histidine residue of the receptors gets autophosphorylated. This
subsequently transfers the phosphoryl group to the histidine phosphotransfer protein (HPt) LuxU,
which in turn phosphorylates the conserved aspartate residue of the response regulator LuxO
(Freeman et al. 2000). Phosphorylated LuxO together with the sigma factor ¢>* promotes the
transcription of Quorum regulatory small RNAs (Qrr sSRNASs) (1-5) (Lenz et al. 2004). These
SRNAs function together with RNA chaperone Hfg to destabilize the mRNA of the master
regulator luxR and activate the LCD master regulator AphA (Feng et al. 2015). The AphA induces
the expression of Qrr SRNAs (Rutherford et al. 2011; Feng et al. 2015). At high cell density, the
Als bind to their cognate receptors, which prevent their kinase activities. This in turn
dephosphorylates LuxU and inactivates LuxO. Thus, the downstream cascade lacks the
phosphoryl groups, which in turn inhibits Qrr SRNAs and promotes the translation of the master
regulator, LuxR (Figure 2) (Bassler et al. 1993). Furthermore, the QS cascade in V. harveyi
comprises several feedback loops (Tu et al. 2010). The Qrr sSRNAs control the luxO mRNA and
negatively regulate the translation of LuxMN whereas the LuxR directly activates the SRNAs (Tu
et al. 2008; Feng et al. 2015). Moreover, the LuxR and LuxO negatively regulate their own
transcription by binding to their promoters (Tu et al. 2010).

Quorum sensing in V. cholerae

Four QS systems have been identified in V. cholerae (Jung et al. 2015). The QS systems rely on
histidine kinase phosphorelay and work in parallel to regulate downstream genes (Jung et al.
2015). At LCD, the two QS systems CqsA/CgsS and LuxS/LuxPQ and two other histidine kinases
CgsR and VpsS act in parallel to phosphorylate LuxO through LuxU. This activates the
transcription of Qrr SRNAs (1-4) to promote the translation of the master regulator, AphA
(Rutherford et al. 2011). Conversely, at high cell density, when the signals bind to their cognate
receptors, LuxO is dephosphorylated. This subsequently inhibits the transcription of grrs to
repress AphA and promote HapR translation (Figure 2) (Rutherford et al. 2011). The autoinducer
synthases CgsA and LuxS catalyze the production of autoinducers Al-1 (S-3-hydroxytridecan-4-
one) and Al-2 (S-TMHF-borate) respectively (Wei et al. 2012). The autoinducers that bind the
receptors CgsR and VpsS have not been identified yet (Watve et al. 2020).
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Quorum sensing in A. fischeri

The first QS system was characterized in A. fischeri. The QS network in aliivibrios differs from
other vibrios in various aspects: The LuxIl/LuxR QS system is exclusively present in aliivibrios.
Therefore, in aliivibrios, the target genes are regulated by both LuxI/LuxR QS system and a LitR
homologue (Nelson et al. 2007). Moreover, unlike the QS systems in other vibrios that act in
parallel, the QS cascades in aliivibrios function in a parallel and hierarchical manner (Verma &
Miyashiro 2013). Furthermore, the numbers of Qrr SRNASs present are not as high as in non-

Aliivibrio Vibrionaceae (Miyashiro et al. 2010).

In A. fischeri, three QS systems LuxI/LuxR, AinS/AInR and LuxS/LuxPQ and a LitR have been
reported (Lupp & Ruby 2005). LitR is a transcriptional regulator protein essential for the
regulation of gene expression (Fidopiastis et al. 2002). LitR either functions alone or binds with
the activator (promoter) or repressor to block the RNA polymerase (Fidopiastis et al. 2002). LitR
in A. fischeri controls phenotypes like motility, biofilm, host colonization and siderophore
production (Fidopiastis et al. 2002; Chavez-Dozal et al. 2012). AHL is synthesized by two AHL
synthases Luxl and AinS while the Al-2 synthase LuxS produces the Al-2 (Fuqua et al. 1994).
LuxI/LuxR in A. fischeri is the QS system responsible for producing 3-0xo-C6-HSL where the Al
binds to transcriptional regulator LUuxR and activates bioluminescence (Fuqua et al. 1994). The
AinS synthesizes Al C8-HSL, which can bind to LuxR and activate luminescence (Lupp & Ruby
2004). At low cell density, the receptors AinR and LuxPQ act as kinases to autophosphorylate and
transfer the phosphoryl group to LuxO through LuxU. When LuxO is phosphorylated, the
expression of qrr is activated, which prevents the translation of litR mRNA. Since LitR is a direct
activator of luxR, bioluminescence production is inhibited in the absence of LitR. At high cell
density when the LuxO is dephosphorylated, grr expression is repressed to translate LitR (Figure
2) (Miyashiro et al. 2010). Thus, luxR is transcribed to activate the lux operon responsible for
bioluminescence production. LitR activates the ainS expression in A. fischeri (Lupp & Ruby
2004). Moreover, AinS and Luxl are also required for normal growth yield and colonization of
the squid (Studer et al. 2008).



Quorum sensing in A. salmonicida

A. salmonicida genome encodes five QS systems. In addition to Luxl/LuxR, AinS/AinR and
LuxS/LuxPQ QS systems, the bacterium encodes QS systems LuxM/LuxN and VarS/VarA,
however the latter two QS systems are believed to be non-functional (Hjerde et al. 2008). The Al
synthase Luxl in A. salmonicida produces seven AHLs while the AinS produces one AHL
30HC10-HSL (Hansen et al. 2015). The LuxI/LuxR and lux operon in A. salmonicida are different
from in A. fischeri (Hansen et al. 2015). Like A. logei, A. salmonicida contains two copies of luxR
and inactivation of these luxR genes results in loss of Luxl produced AHLs (Hansen et al. 2015).
Unlike the bioluminescence function of lux operon in A. fischeri, lux operon in A. salmonicida is
only cryptically luminescent (Makarova et al. 2011). In A. salmonicida, multiple QS systems
control various phenotypes such as biofilm formation, colony rugosity and motility (Khider et al.
2019). At low cell density, the AinS/AINR and LuxS/LuxPQ QS systems produce less Als and
therefore the receptors AInR and LuxPQ are believed to work as kinases to get
autophosphorylated. As a result, the phosphoryl group is transferred to LuxO through LuxU. Once
LuxO is phosphorylated, the grr expression is activated, and translation of litR mRNA is inhibited.
At high cell density, the LuxO is dephosphorylated, and the grr expression is repressed to induce
the LitR translation (Figure 2). In A. salmonicida, litR mutant reduces the mortality rate in fish
suggesting the importance of the QS system in pathogenesis (Bjelland et al. 2012b). Furthermore,
deletion of litR reduces AinS-produced AHL, and the effect was more noticeable at low

temperatures (Hansen et al. 2015).
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Figure 2. QS signaling pathway in Vibrionaceae members. Als (colored squares) are produced
by autoinducer synthases AinS, Luxl, LuxM, CgsS and LuxS. In the absence of Als, LuxU and
LuxO are phosphorylated leading to the expression of AphA in V. cholerae and inhibition of LitR,
LuxR, HapR, OpaR production. Thus, the QS-regulated genes are not expressed. Once the Als
concentration reaches a threshold level, dephosphorylation of LuxU drives the production of QS
regulators LitR (A. fischeri and A. salmonicida), LuxR (V. harveyi), HapR (V. cholerae), OpaR
(V. parahaemolyticus). These QS regulators regulate the expression of genes involved in
bioluminescence, protease, T6SS, T3SS, biofilm, rugose colony, motility, host colonization,
siderophores and colony opacity (Jobling & Holmes 1997; McCarter 1998; Fidopiastis et al. 2002;
Henke & Bassler 2004; Yildiz & Visick 2009; Zheng et al. 2010; Bjelland et al. 2012b; Khider et
al. 2018).

Quorum sensing in A. wodanis

Despite the close phylogenetic relatedness between A. salmonicida, A. logei and A. fischeri, A.
wodanis do not encode a LuxI/LuxR QS system and a lux operon (Manukhov et al. 2011; Hjerde
et al. 2015; Khrulnova et al. 2016; Konopleva et al. 2016; Melkina et al. 2019; Bazhenov et al.
2021). However, like A. salmonicida, A. logei and A. fischeri, A. wodanis genome encodes
AInS/AInR and LuxS/LuxPQ QS systems and a master regulator LitR (Hjerde et al. 2015). In a
previous study, seventeen A. wodanis isolates were tested for AHLs production using HPLC-
MS/MS analysis (Purohit et al. 2013). The analysis showed that out of seventeen, fourteen isolates,
including A. wodanis reference strain (06/09/139) produce only one AHL 30HC10-HSL whereas
A. wodanis 01/09/401 (Vw11) is the only isolate produce an additional AHL C8-HSL (Purohit et
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al. 2013). Furthermore, two A. wodanis isolates SA12 and SR6 have been shown to produce
several AHLs, however, later these isolates were classified as Aliivibrio sp. “friggae” and not A.
wodanis (Purohit et al. 2013; Klemetsen et al. 2021). Other than the AHLSs screening and genome
analysis, the QS pathway, and regulatory mechanisms in A. wodanis have not been studied yet.
QS plays a significant role in the symbiosis and pathogenesis of other aliivibrios such as symbionts
A. logei and A. fischeri and pathogen A. salmonicida (Callahan & Dunlap 2000; Bjelland et al.
2012b; Bazhenov et al. 2021). Since A. wodanis is closely related to other aliivibrios, it is likely
that the QS systems may play a vital role in A. wodanis as well. Moreover, it is also likely that the
AInS/AInR and LuxS/LuxPQ QS systems and a master regulator litR will function similarly to

other aliivibrios.

Quorum sensing-dependent regulation

Aguatic environments are highly variable with many bacterial species, phages, and environmental
cues such as temperature, pH, osmotic stress, salinity, antimicrobials, immune system components
and nutrient limitation. Microbes have evolved various phenotypic traits to compete against other
bacteria, and attack the host (Lee et al. 2008; Frans et al. 2011; Diard & Hardt 2017; Balado et al.
2018). To be able to efficiently express these phenotypic traits, bacteria depend on tight regulatory
mechanisms (Heilmann et al. 2015). QS is an important cell density-dependent regulatory
mechanism which regulates several community behaviors in other Vibrionaceae members
(Freeman et al. 2000; Henke & Bassler 2004; Defoirdt et al. 2010; Tsou & Zhu 2010; Sheng et al.
2012). Many studies have shown an association between gene expression and regulation by QS
(Nielsen et al. 2006; Chang & Lee 2018; Khider et al. 2018; Lages et al. 2019). QS regulation of
phenotypic traits have been described in numerous bacteria where most of these collective traits
are mediated by intracellular and extracellular products (Schauder et al. 2001; Defoirdt et al. 2010;
Leung et al. 2011; Yang & Defoirdt 2015; Hoque et al. 2016; Schuster et al. 2017; McRose et al.
2018; Khider et al. 2019).

Phenotypic traits regulated by QS
Motility is an important virulence factor, which has been shown to influence the nutrient uptake
mechanisms and colonization in some bacteria (Klausen et al. 2003; Ghoul & Mitri 2016). Motile

strains have more access to nutrient-rich regions and hosts when compared to non-motile strains
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(Ghoul & Mitri 2016). Additionally, in some bacteria, motility has been used to escape the prey
bacteria and other unfavorable conditions (Pham et al. 2005). This process has been accomplished
by thin, long, propellers called flagella that protrude from the bacterial cell body and rotate
(Eisenbach et al. 1990; Milton 2006). Flagellar biosynthesis is a complex process, where more
than 50 genes are expressed and regulated by various regulatory networks (Doll & Frankel 1993;
Herrgard & Palsson 2004). The flagellum, a complex nano-machine, consists of the basal body,
the hook, and the helical filament (Eisenbach 1990; Eisenbach et al. 1990). The core of the basal
body is composed of trans-membrane proteins FINnAB and FIIFOPQR, which play a crucial role in
the assembly and export of flagellar apparatus through the flagellar type 111 secretion system. The
MotAB and FIiIGMN are flagellar rotor proteins that determine the rotational direction. FIiMN are
the flagellar switch proteins that sense the regulatory protein CheY and pass the signal to FliG,
which together with MotA generates a torque (Nishikino et al. 2018). The extracellular hook
(FIgE) connects the helical filament to the membrane and cell wall embedded flagellum and the
protein FliK controls the hook length (Erhardt et al. 2011). Besides its primary role in motility, it
plays a role in chemotaxis, adhesion, invasion, aggregation, and initial colonization of the host
(Gardel & Mekalanos 1996; Lee et al. 2004; Milton 2006; Defoirdt et al. 2010; Frans et al. 2011,
Yang & Defoirdt 2015). Since flagellar-based motility is accompanied by higher metabolic and
energetic costs and is a target for the hosts” immune system, bacteria use QS to regulate motility
(Defoirdt et al. 2010; Yang & Defoirdt 2015; Khider et al. 2019). Several studies have
demonstrated the QS regulation of motility in Vibrionaceae, where the contribution of QS varies
between bacteria (Yang & Defoirdt 2015). In A. salmonicida, A. fischeri, V. parahaemolyticus and
V. alginolyticus, QS negatively control motility whereas in some bacteria like V. cholerae and V.
harveyi it positively regulates motility (Lupp & Ruby 2004; Rui et al. 2008; Bjelland et al. 2012b;
Yang & Defoirdt 2015). All bacteria require iron as a cofactor to catalyze redox reactions and
participate in cellular processes such as respiration, reactive oxygen species and DNA synthesis
(Andrews et al. 2003). Besides, iron sequestration systems are an important virulence mechanism
in some fish pathogens (Frans et al. 2011; Thode et al. 2015; Thode et al. 2018). Several iron
sequestration systems have been characterized including siderophores synthesis and transport
system, and heme transport and utilization system (Frans et al. 2011; Thode et al. 2015; Thode et
al. 2018). Siderophores are secondary metabolite chelator compounds produced under low iron
conditions to scavenge iron from the environment and take it back to the bacterial cells through
siderophore receptors (Miethke & Marahiel 2007; Sandy & Butler 2009; Ahmed & Holmstrom

2014). Different vibrios and aliivibrios produce different siderophores where V. anguillarum
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produces three siderophores piscibactin, vanchrobactin and anguibactin while V. cholerae
produces vibriobactin and A. salmonicida produces bisucaberin (Butterton et al. 1992; Thode et
al. 2015; Balado et al. 2018). Moreover, in addition to producing their own siderophores, some
bacteria like V. anguillarum and V. cholerae utilize the siderophores ferrichrome and enterobactin
produced by other organisms (Mey et al. 2002; Naka & Crosa 2012). Some bacteria do not produce
siderophores at all but comprise receptors to bind the siderophores produced by other bacteria
(Payne et al. 2016). As the secreted siderophores can potentially benefit other bacteria, its
production is more often under QS control (Thode et al. 2015; McRose et al. 2018). QS represses
siderophore production in V. harveyi and V. vulnificus whereas it stimulates the production in
Pseudomonas aeruginosa (Stintzi et al. 1998; Lewenza & Sokol 2001; Griffin et al. 2004; Wen et
al. 2012; Heilmann et al. 2015; McRose et al. 2018).

Vibrios produce numerous hydrolytic enzymes including chitinases that can be used as a sole
source of carbon and nitrogen (Svitil et al. 1997; Nahar et al. 2011). Chitin is a linear polymer of
B-1, 4-N-acetylglucosamine (GIcNAC) (Hamid et al. 2013). It is present in the cell wall of fungi,
the exoskeleton of crabs, shrimps, lobsters, insects, and other crustaceans (Rathore & Gupta 2015).
Crabs and shrimps make up 90% of the chitin waste (Shahidi & Abuzaytoun 2005). Several
organisms, including bacteria, plants, fungi, and animals, produce chitinases to break down the
chitin. Out of the three forms of chitin (a, f and ¥), a-chitin is the most abundant one (Hamid et al.
2013). Chitinases hydrolyze chitin into disaccharides and oligosaccharides (Rathore & Gupta
2015). Furthermore, chitinases play a vital role in bacterial invasion and survival inside the host
cells, indicating a role in host-pathogen interaction (Tran et al. 2011). For example, the food
pathogen Listeria monocytogenesis produces chitinase to enhance the infection in human intestinal
cells (Larsen et al. 2011). QS negatively regulates chitinases in V. harveyi and in some bacteria
like A. fischeri it has no effect on chitinases (Defoirdt et al. 2010; Cao et al. 2012).

Commonly bacteria live in a dense biofilm, an aggregate of cells characterized by extracellular
polymeric substances often composed of DNA, proteins and carbohydrates (Vu et al. 2009; Ray
etal. 2012). Several vibrios produce biofilm during the environmental adaptation and pathogenesis
processes (Yildiz & Visick 2009). Biofilm formation also develops resistance to several
environmental stresses such as host immune responses, antibiotics, nutrient limitations, predation,
and bacteriophages (Elias & Banin 2012; Rendueles & Ghigo 2012; Teschler et al. 2015).
Moreover, in A. fischeri biofilm formation enhances its colonization within the squid host (Ray et
al. 2012). Rugose colony formation is characterized by excess secretion of extracellular

polysaccharides and serves as an indicator of biofilm formation (Teschler et al. 2015). QS
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regulation of biofilm formation and rugose colony formation have been described in other studies
(Sakuragi & Kolter 2007; Khider et al. 2019).

Competitive phenotypes regulated by QS

Nutrients and space are the two main resources for microbial survival and competition. A strain is
considered as a competitor if it decreases the fitness of another strain (Ghoul & Mitri 2016).
Microbes compete either indirectly through exploitation competition or by directly attacking the
competing cells through interference competition. In many Vibrio species, QS regulates
competitive phenotypes related to virulence functions and pathogenesis such as antibiotics,
bacteriocin, secretion systems, hemolysin and proteases (Miller et al. 2002; Zhu et al. 2002;
Federle & Bassler 2003; Duerkop et al. 2009; Elgaml & Miyoshi 2017; Shanker & Federle 2017;
Pena et al. 2019). In a previous study, A. wodanis is cytotoxic to salmon cell lines and it impedes
the growth of M. viscosa in a co-cultivation experiment (Karlsen et al. 2014b; Hjerde et al. 2015).
Competitive phenotypes that directly target the competitors through attack mechanisms include
proteases, hemolysins, cytolytic toxins, bacteriocins, antibiotics and secretion systems (Wright et
al. 2013; Peng et al. 2016; Gao et al. 2018; Osei-Adjei et al. 2018; Jang et al. 2020). In V. vulnificus
and V. parahaemolyticus, the VFs metalloprotease, serine protease and hemolysin play a leading
role in infecting the hosts where they exhibit various toxic activities such as hemolytic, cytolytic
and edema forming activities (Kim et al. 1993; Ishihara et al. 2002). Bacteriocins are strain specific
toxins that mediate competition between same or closely related species (Cotter et al. 2005).
Antimicrobial toxins such as antibiotics are broad-spectrum killers that mediate competition
between distinct species (Chao & Levin 1981).

T6SS is a contractile protein nanomachine that secretes toxic effector molecules into a eukaryotic
host or other bacteria in the environment (Figure 3) (Leung et al. 2011; Ho et al. 2014; Church et
al. 2016). For example, virulent V. cholerae can kill both host and bacteria using T6SS (Pukatzki
et al. 2006). T6SSs are common in bacterial symbionts, pathogens and commensals and can affect
the diversity of the host-associated communities (Church et al. 2016; Marden et al. 2016; Speare
et al. 2018; Kempnich & Sison-Mangus 2020). Some bacteria also escape the immune system of
the host using T6SS (Yu & Lai 2017). The T6SS core apparatus consists of at least 13 subunits
that resemble a bacteriophage-like structure along with other regulatory and accessory proteins
(Pukatzki et al. 2007a; Wang et al. 2019a). The structural, regulatory and effectors components
are present in the main cluster while additional effectors and structural components are distributed

in the auxiliary cluster (Pukatzki et al. 2007a). In V. cholerae, the assemblage of the T6SS
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apparatus comprises a membrane complex (VasDFK) which is made up of lipoprotein and gives
structural support to the T6SS, a baseplate complex (HsiF and VasABE) formed by cytoplasmic
proteins and a central spike valine-glycine repeat protein G (VgrG) tethered to the membrane
complex (Joshi et al. 2017). After sheath contraction and translocation of effector molecules into
the target cells, the ATPase (ClpV) disassembles and recycles the outer sheath components
VipA/B (Leung et al. 2011; Silverman et al. 2012). To sharpen the spike and facilitate the
puncturing of the target membrane, a proline-alanine-alanine-arginine repeats (PAAR) motif is
located at the tip of VgrG (Shneider et al. 2013). This structure serves as a platform for the
assembly of VipA/B with a rigid inner tube Hemolysin Coregulated protein (Hcp), allowing
effectors to pass through the centers (Cascales & Cambillau 2012). VgrG is like the T4 phage, and
it pierces the host cell and passes the proteins to the host cells (Spinola-Amilibia et al. 2016). The
Hcp is an essential abundant protein of the T6SS apparatus, which forms a ring-shaped hexamer
(Bartonickova et al. 2013). The number of T6SSs differs between different bacteria, where each
T6SS may perform distinct functions. Additionally, T6SS also plays a role in stress responses
against temperature, pH, and reactive oxygen species during environmental survival and host
adaptation (Yu et al. 2021). The winter ulcer bacterium M. viscosa 06/09/139 with which A.
wodanis co-exists encodes two putative secretion systems mtsl and mts2, however, the functions
are not known yet (Bjornsdottir et al. 2012). Bacteria also possess multiple copies of PAAR, hcp
and vgrG located outside of the main T6SS cluster (Barret et al. 2011). Besides the structural role
of VgrG, PAAR and Hcp, they also act as an effector or chaperones of effectors towards the target
cells (Pukatzki et al. 2007a; Zheng et al. 2011).

Genes encoding the effectors are located close to their cognate immunity proteins encoding genes
in either the main or the auxiliary T6SS gene clusters (Dong et al. 2013). The self-protection
mechanisms use the cognate immunity proteins to neutralize the effectors thus differentiating self
from non-self and sibling intoxication (Dong et al. 2013). There are adaptor proteins with
conserved domain (DUF4123) that bind to VgrG and effectors and are essential for loading and
delivery of toxins (Liang et al. 2015). Genes of adaptor proteins are often encoded upstream of
their cognate effector genes and downstream of vgrGs (Jana & Salomon 2019). Effectors that are
involved in inter-bacterial competition include amidases, hydrolases, nucleases, pore forming
toxins and phospholipases (Dong et al. 2013). The anti-eukaryotic effectors include EvpP in
Edwardsiella sp., VgrG-1, and VasX in V. cholerae (Monjaras Feria & Valvano 2020). The VgrG
effector contains a C-terminal extension of about 395 amino acids homologous to actin cross-
linking domain of the RtxA toxin, a MARTX family member (Durand et al. 2012). VVasX carries
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a marker for type VI effector motif and a C-terminal colicin that guides T6SS assembly and a N-
terminal Pleckstrin homology domain that binds to the membrane lipids and forms pores in the
lipid bilayers of the host (Miyata et al. 2011; Salomon et al. 2014; Liang et al. 2019). QS regulation
of T6SSs have been widely described in several pathogenic, non-pathogenic, and symbiotic
bacteria (Jani & Cotter 2010; Schwarz et al. 2010). QS master regulators AphA and OpaR in V.
parahaemolyticus, LasR and RhIR in P. aerugniosa, HapR in V. cholerae, LuxR in V.
alginolyticus, VanT in V. anguillarum and HapR in V. fluvialis regulate T6SSs (Weber et al. 2009;
Sana et al. 2012; Salomon et al. 2013; Shao & Bassler 2014; Majerczyk et al. 2016; Joshi et al.
2017; Zhang et al. 2020; Liu et al. 2021).
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Figure 3: Schematic representation of structural components and functioning of T6SS. The figure
has been adapted from (Zoued et al. 2014). T6SS consists of a membrane complex, baseplate, and
tail tube sheath complex. After reaching the target cell, the T6SS sheath contracts to deliver the
effector into the target cell.

QS regulation of Prokaryotic defense mechanisms

One of the important attributes of microbial evolution is the ability of bacteria to identify the
difference between self-DNA and foreign DNA. Bacteriophages are DNA or RNA viruses that
infect bacteria by injecting viral DNA or RNA into the bacterial host (Fuhrman & Noble 1995;
Clokie et al. 2011). Studies on phage abundances revealed that about ten viruses exist for each
bacterial or archaeal cell and they play a crucial role in ecology as a predator and mediator of
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genetic exchange (Suttle 2005). The hosts have thus developed various immune systems to limit
their exposure to foreign genetic elements and to fight virus infections. The immune systems have
been grouped into innate and adaptive immune systems to protect against viruses and other foreign
elements. Some of the defense mechanisms described are the Restriction modification (R-M)
system, Toxin/antitoxin (TA) systems and Clustered regularly interspaced short palindromic
repeats-CRISPR associated proteins (CRISPR-Cas) (Makarova et al. 2011; Loenen & Raleigh
2014; Kedzierska & Hayes 2016). R-M system is a defense mechanism against bacteriophage
infection that targets the unmethylated DNA sequences (Vasu & Nagaraja 2013). The R-M system
performs two enzymatic activities such as restriction endonuclease (REase) and modification
methyltransferase (MTase). The REase degrades the non-self-unmethylated target sequence while
the MTase methylates and protects from degradation (Tock & Dryden 2005). There are four types
of R-M systems namely type I, Il, 111 and IV (Bourniquel & Bickle 2002; Loenen & Raleigh 2014).
Type | enzymes are hetero-oligomeric protein complex which performs both restriction and
modification activities. Examples include: EcoKI and EcoKR1241. Type Il enzymes are a well-
studied system with separate REase and MTase enzymes and are utilized extensively in genetic
engineering. Type Il are the heterotrimers or heterotetramers encompassing restriction,
methylation and DNA-dependent NTPase activities that compete within themselves for restriction
and modification. For example, EcoP1l and EcoP5I are typical Type Il enzymes. Type IV is the
only R-M that lacks the MTase and it targets only the modified DNA with glycosylated bases or
methylated at the adenine/cytosine residues (Loenen & Raleigh 2014). Several phages are also
known to encode MTases and thus protect their own genome from REs (Tock & Dryden 2005).
TA systems are widespread in bacteria and archaea (Yamaguchi et al. 2011). The first TA module
was identified in the plasmid of E. coli (Ogura & Hiraga 1983). TA modules are associated with
pathogenesis, phage inhibition, biofilm formation, growth arrest, gene regulation and survival
(Jayaraman 2008; Kim et al. 2009). Today, eight different classes of TA modules have been
described where the type 1-V1I toxins are proteins whereas the type VIII toxin is a SRNA (Song &
Wood 2020; Singh et al. 2021). Pathogenic bacteria possess type Il compared to non-pathogenic
bacteria whereas type 11l is abundant in the intestinal microbiome (Kang et al. 2018).

CRISPR locus was first identified in E. coli (Ishino et al. 1987). It is an adaptive immune system
widely distributed within bacteria and archaea that protects against phages and other foreign
genetic elements (Barrangou et al. 2007). A previous study in vibrios has shown that the CRISPR-
Cas systems are present on a mobile genetic element acquired through Horizontal gene transfer
(HGT) (McDonald et al. 2019). The CRISPR is a short array of repeated sequences separated by
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unique spacers that are derived from viruses and plasmids. The cas genes are usually present
adjacent to the CRISPR array(s) (Barrangou et al. 2007). Another feature is the presence of a
leader sequence upstream of the CRISPR array (Barrangou et al. 2007). CRISPR-Cas systems
have been classified into two classes such as Class 1 and Class 2. Class 1 includes type I, 1l and
IV systems and Class 2 includes Il, V and VI (Figure 4). Class 1 type | systems make up to 60%
in bacteria and archaea whereas class 2 makes up to 10% (Hidalgo-Cantabrana et al. 2019). Casl
protein is present in most of the CRISPR-Cas systems and is the most conserved protein compared
to other Cas proteins (Takeuchi et al. 2012). Type 1V systems are encoded by plasmids or prophage
genomes, and they lack highly conserved adaptation modules and an effector nuclease (Makarova
et al. 2011).
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Figure 4: Schematic representation of CRISPR-Cas mechanism. The mechanism of the
CRISPR-Cas system involves three stages: spacer acquisition, expression, and interference. The
CRISPR-Cas system contains a cas operon, and a CRISPR array composed of identical repeats
(pink squares) intervened by phage-derived spacers (colored diamonds). Upon phage infection,
Casl and Cas2 complex (Cas2 is merged with Cas3 protein in type IF) incorporate the protospacers
into the CRISPR array. Further, the CRISPR array is transcribed into pre-cRNA and then
processed by CRISPR associated nucleases (Cas6 in Class 1 systems, Cas9 together with RNase
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I11 in Class 2 systems and Casb, Cas7, Cas8, Casl10, Cas12 and Cas13 for other systems) (Koo et
al. 2013; Staals et al. 2013; Cass et al. 2015; Wang et al. 2019a). In the type | CRISPR-Cas system,
Cas3, a signature protein of Type | degrades the foreign DNA with the guidance of cRNA. Cas9
IS a signature protein of Type Il for interference of target DNA. Casl0, 12, 13 are signature
proteins for crRNA expression and interference of target DNA in type I1l, V and VI respectively
(Yan et al. 2019).

CRISPR-Cas system functions in three steps as follows: (i) spacers acquisition, where the new
spacer sequences are derived as protospacers from previous phage infection through a Casl-2
complex and are integrated between the leader sequence and the first repeat of CRISPR array
through a cleavage-ligation and a repeat duplication process (Figure 4) (McGinn & Marraffini
2019). In type IF systems, Cas3 is fused to Cas2, linking the adaptation and interference processes
(Koonin et al. 2017; Hidalgo-Cantabrana et al. 2019). (ii) expression of CRISPR RNAS (crRNAS)
and cas genes (Brouns et al. 2008; Koonin et al. 2017), and (iii) interference with the foreign
genome, where the crRNAs together with Cas proteins recognize the protospacers adjacent motif
(PAM), a short DNA sequence (2-6 base pairs) that immediately follows the target DNA and bind
to the complementary foreign DNA or RNA to cleave the nucleic acid complex (Brouns et al.
2008; Makarova et al. 2011; Koonin et al. 2017). In addition to the immune function, the CRISPR-
Cas systems are also known to be involved in other functions like virulence, DNA repair and
evolution (Sampson et al. 2019). Moreover, CRISPR inhibits biofilm formation in P. aeuroginosa
(Zegans et al. 2009).

QS regulation of CRISPR systems have been reported in several bacteria, such as P. aeruginosa,
Serratia sp. and Chromobacterium violaceum (Patterson et al. 2016; Hoyland-Kroghsho et al.
2018; Broniewski et al. 2021). In P. aeruginosa, the expression of CRISPR-Cas system is
expensive, due to autoimmunity or deployment of nutrients that could be used for growth
(Patterson et al. 2016). Therefore, to reduce the fitness cost, CRISPR-Cas systems are activated
by QS only upon phage infection and with an increase in cell density (Patterson et al. 2016;
Hoyland-Kroghsbo et al. 2018; Broniewski et al. 2021). Even though multiple CRISPR systems
have been characterized in Vibrionaceae species, QS regulation of CRISPR systems has not been

reported yet.
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Transcriptomics

The central dogma of molecular biology is to pass the genome information from DNA to RNA
and then to protein (Crick 1958; Gerstein et al. 2007). RNAs are important molecules produced
during the process of transcription (Crick 1958). A genome contains both protein-coding and non-
coding RNA genes. The protein-coding genes are transcribed to messenger RNAs (mMRNAS)
through transcription, which further becomes translated to protein through a process called
translation. On the other hand, the non-coding RNA genes are only transcribed but not assembled
into a protein. The non-coding RNAs include transfer RNAs, ribosomal RNA (rRNAS), micro-
RNA, small RNAs (sRNAs), pseudogenes and long non-coding RNAs (Higgs 2000; Lee & Gutell
2004; Lee et al. 2004; Hung & Chang 2010; Hung & Stumph 2011; Chen et al. 2016).
Transcriptomics is the study of a transcriptome that encompasses a complete set of RNAs
expressed in cells, tissues, and organisms (Okazaki et al. 2002). High-throughput methods are
used in modern transcriptomics to analyze the expression profiling in different physiological and
pathological conditions or at different developmental stages (Wang et al. 2009). Genome-wide
transcriptomics provides a better understanding of the relationships between the transcriptome and
the phenotypic traits. Moreover, transcriptomics explores the fundamental mechanisms behind
phenotypes. In human clinical studies, transcriptomics has been used as a guide to understand the
disease mechanisms by comparing the differentially expressed genes between healthy controls and
disease patients. Frequently used techniques for transcriptomics are Serial analysis of gene
expression (SAGE), real-time PCR, Expressed sequence tag (EST), RNA sequencing (RNA-seq)
and microarray analysis (Adams et al. 1991; Blackshaw et al. 2007; Slonim & Yanai 2009).
Microarray technology is a chip-based method that elucidates the transcript abundances between
a test sample and a normal sample at the same time point. In this method, the cDNA is transcribed
from RNA and tagged with dyes to assess the transcripts. RNA-seq is a high-throughput system
that utilizes next-generation sequencing (NGS) tools (Wang et al. 2009).

Comparative genomics

High throughput NGS technologies have paved the way for studying from single genome to

multiple pan-genomes (Mardis 2008). The genome of haemophilus influenza was the first

sequenced bacterial genome in 1995 (Fleischmann et al. 1995). With the increasing number of

bacterial genomes available in public repositories, multiple genomes within the same species can

be compared. To develop complex lifestyles, the genomes of Vibrionaceae species have evolved
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remarkably from HGT events such as transformation, conjugation, and transduction (Reen et al.
2006). HGT is a major driving force in the evolution of bacterial genomes (Vogan & Higgs 2011).
The association between genetic features and adaptation strategies are important to understand the
ecological functions of Vibrionaceae in the marine environment (Thompson et al. 2004; Paparini
et al. 2006; Reen et al. 2006). The plasticity in bacteria has been maintained by bacteriophages,
transposons, plasmids, and other mobile genetic elements (Medini et al. 2005). However, some
bacterial species like Bacillus anthracis have been found to have closed genomes (Medini et al.
2005). Multiple approaches have been developed to compare the genomes of same or different
bacterial species to explore microbial diversity, pathogenicity, and environmental adaptation
strategies. The concept “pan-genome” was first introduced by Tettelin et al., 2005 as a collection
of genetic sequences found in a defined bacterial species (Medini et al. 2005; Tettelin et al. 2005).
The pan-genome analysis provides an insight into the ability of a strain to lose or acquire genes
(Medini et al. 2005). The pan-genome consists of core genes that are shared among all the
genomes; and accessory genes, which can be present in several strains or specific to a single
organism (Figure 5) (Medini et al. 2005). The main role of core genes is to maintain the
housekeeping functions such as DNA replication, transcription, and translation (Tettelin et al.
2005). The accessory genes which include the shell, cloud and unique genes are believed to be
acquired through HGT, which provides new traits that confer selective advantages in species
(Segerman 2012). Identification of homologous sequences between species is essential in
understanding evolutionary processes. The homologous sequences are categorized into orthologs
and paralogs. Orthologs are the genes diverged through speciation events from a common ancestor
whereas paralogs are the genes diverged through duplication events (Fouts et al. 2012). Various
methods are used to identify the homology between sequences such as tree-based, pairwise
alignment and structural prediction of conserved domains (Terrapon et al. 2014). A pairwise global
alignment was started by aligning the entire sequences whereas the pairwise local alignment
performs alignment of the sub-sequences (Needleman & Wunsch 1970; Smith et al. 1981). The
best example of a pairwise local alignment tool is the basic local alignment search tool (BLAST).
Some of the pan genome tools available are BGDMdocker, ClustAGE, GET_HOMOLOGUES,
PanGeT, panX and Roary (Contreras-Moreira & Vinuesa 2013; Page et al. 2015; Vinuesa &
Contreras-Moreira 2015; Cheng et al. 2017; Contreras-Moreira et al. 2017; Yuvaraj et al. 2017;
Ding et al. 2018; Ozer 2018).
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Genome 1 Genome 2

Genome 3 Genome 4

Figure 5. Venn diagram representation of the pan genome. Core genes represent genes present in
all genomes whereas unique genes are specific to each genome. Shell genes represent genes
present in two or more genomes and cloud genes are shared in one or two genomes.

Phylogenetic analysis

Phylogenetic tree-based methods rely on evolutionary relationships between multiple organisms.
Various approaches have been invented to construct a phylogenetic tree. Traditionally, 16S rRNA
sequences have been used to classify phylogeny, however there are growing concerns in the
accuracy of the method (Fox et al. 1992; Baker et al. 2003). Next, multi-locus sequence analysis
approach using housekeeping genes have been suggested (Eisen 1995). Some studies have also
used core and pan-genome to construct a phylogenetic tree (Medini et al. 2005; Lugli et al. 2014).
A growing number of single nucleotide variants (SNVs) or single nucleotide polymorphism
(SNPs) based methods have been developed to identify the phylogenetic relatedness between
target genomes and a reference (Petkau et al. 2017). The pipeline SNVPhyl maps the genomes to
the reference, identifies variants and generates maximum likelihood phylogeny (Medini et al.
2005; Lugli et al. 2014; Petkau et al. 2017).

22



Functional annotation

Functional annotation is the process of finding the functional elements of the genomes. The
convenient and faster way of assigning functions to the novel genes and proteins sequences is to
predict them computationally. Comparing proteins from diverse species groups can improve the
functional annotation of newly sequenced genomes (Delsuc et al. 2005). Some of the functional
annotation databases include Gene Ontology (GO), Clusters of Orthologous Groups of proteins
(COGs), evolutionary genealogy of genes: Non-supervised Orthologous groups (eggNOG) and
Kyoto Encyclopedia for Genes and Genomes (KEGG). The GO resource is a widely used database
to predict three aspects of gene function such as biological process, cellular component and
molecular function (Ashburner et al. 2000). COG database contains the orthologous protein coding
genes with 26 functional categories (Galperin et al. 2019). The eggNOG database is a database of
orthologs groups, functional annotations, and gene evolutionary histories (Huerta-Cepas et al.
2016). KEGG comprises GENES, PATHWAY and KEGG Orthology (KO) databases to
understand the high-level functions of biological systems from cellular-, genome- and molecular-
level information (Kanehisa & Sato 2020). The KO database consists of functional orthologs,
which are identified by KO identifiers (K numbers) elucidated from experimentally characterized
genes and proteins (Kanehisa & Sato 2020). Blast KOALA and Ghost KOALA perform BLAST
and GHOSTX respectively and assigns K numbers to the query data set (Kanehisa et al. 2016).
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AIMS OF STUDY
Main aim:

The main aim of this thesis was to study the temperature-dependent QS and their role in regulating

various phenotypic traits, and to further analyze the pan-genome of A. wodanis.

Sub aim:

1. To study the roles of LitR and AiInS; and the effect of cell density and temperature
difference in regulating various phenotypic traits (growth, motility, protease, hemolysin

and siderophores) potentially linked to virulence and environmental adaptation.
2. To investigate the genome-wide expression profiling of QS mutants AainS and A/itR at
temperatures 6°C and 12°C and cell densities (ODsoo 2.0 and ODsoo 6.0) and their role in

regulating genes related to QS, T6SSs and CRISPR-Cas systems.

3. Toexplore the pan-genome of A. wodanis to better understand the phylogeny and diversity

in virulence potential, survival and adaptation mechanisms.
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SUMMARY OF PAPERS

Paper 1

Quorum sensing in Aliivibrio wodanis 06/09/139 and its role in controlling various
phenotypic traits

Amudha Deepalakshmi Maharajan, Hilde Hansen, Miriam Khider, Nils Peder Willassen //
PeerJ., August 24, 2021., 10.7717/peerj.11980

Quorum Sensing (QS) is a cell-to-cell communication system that bacteria utilize to adapt to the
external environment by synthesizing and responding to signalling molecules called autoinducers.
The psychrotrophic bacterium Aliivibrio wodanis 06/09/139, originally isolated from a winter
ulcer of a reared Atlantic salmon, produces the autoinducer N-3-hydroxy-decanoyl-homoserine-
lactone (30OHC10-HSL) and encodes the QS systems AInS/R and LuxS/PQ, and the master
regulator LitR. However, the role of QS in this bacterium has not been investigated yet. In the
present work we show that 3SOHC10-HSL production is cell density and temperature-dependent
in A. wodanis 06/09/139 with the highest production occurring at a low temperature (6°C). Gene
inactivation demonstrates that AinS is responsible for 30OHC10-HSL production and positively
regulated by LitR. Inactivation of ainS and litR further show that QS is involved in the regulation
of growth, motility, hemolysis, protease activity and siderophore production. Of these QS
regulated activities, only the protease activity was found to be independent of LitR. Lastly,
supernatants harvested from the wild type and the 4ainS and A/itR mutants at high cell densities
show that inactivation of QS leads to a decreased CPE in a cell culture assay, and strongest
attenuation of the CPE was observed with supernatants harvested from the A/izR mutant. A.
wodanis 06/09/139 use QS to regulate several activities that may prove important for host
colonization or interactions. The temperature of 6°C that is in the temperature range at which
winter ulcer occurs plays a role in AHL production and development of CPE on a Chinook Salmon
Embryo (CHSE) cell line.
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Paper 2

Quorum Sensing Controls the CRISPR and Type VI Secretion Systems in Aliivibrio
wodanis 06/09/139

Amudha Deepalakshmi Maharajan, Erik Hjerde, Hilde Hansen, and Nils Peder Willassen //
PeerJ., February 08, 2022., https://doi.org/10.3389/fvets.2022.799414

For bacteria to thrive in an environment with competitors, phages, and environmental cues, they
use different strategies, including Type VI Secretion Systems (T6SSs) and Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR) to compete for space. Bacteria often use quorum
sensing (QS), to coordinate their behavior as the cell density increases. Like other aliivibrios,
Aliivibrio wodanis 06/09/139 harbors two QS systems, the main LuxS/LuxPQ system and an N-
acyl homoserine lactone (AHL)-mediated AinS/AinR system and a master QS regulator, LitR. To
explore the QS and survival strategies, we performed genome analysis and gene expression
profiling on A. wodanis and two QS mutants (4ainS and AlitR) at two cell densities (ODegoo 2.0
and 6.0) and temperatures (6°C and 12°C). Genome analysis of A. wodanis revealed two CRISPR
systems, one without a cas loci (CRISPR system 1) and a type I-F CRISPR system (CRISPR
system 2). Our analysis also identified three main T6SS clusters (T6SS1, T6SS2, and T6SS3) and
four auxiliary clusters, as well as about 80 potential Type VI secretion effectors (T6SEs). When
comparing the wildtype transcriptome data at different cell densities and temperatures, 13-18%
of the genes were differentially expressed. The CRISPR system 2 was cell density and
temperature-independent, whereas the CRISPR system 1 was temperature-dependent and cell
density-independent. The primary and auxiliary clusters of T6SSs were both cell density and
temperature-dependent. In the AainS and 4/itR mutants, several CRISPR and T6SS related genes
were differentially expressed. Deletion of litR resulted in decreased expression of CRISPR system
1 and increased expression of CRISPR system 2. The T6SS1 and T6SS2 gene clusters were less
expressed while the T6SS3 cluster was highly expressed in AlitR. Moreover, in AlitR, the hcpl
gene was strongly activated at 6°C compared to 12°C. AinS positively affected the csy genes in
the CRISPR system 2 but did not affect the CRISPR arrays. Although AinS did not significantly
affect the expression of T6SSs, the hallmark genes of T6SS (hcp and vgrG) were AinS-dependent.
The work demonstrates that T6SSs and CRISPR systems in A. wodanis are QS dependent and may

play an essential role in survival in its natural environment.

27



Paper 3

Pan-genome analysis of Aliivibrio wodanis provides insight into the genetic
diversity of the CRISPR-Cas system, T6SS2 and phages present.

Aliivibrio wodanis is repeatedly isolated from the infected fish during winter-ulcer outbreaks.
Even though A. wodanis is not the causative agent of winter-ulcer; the role of this bacterium in the
course of the disease is unclear. Information about the genetic diversity of A. wodanis is essential
to understand its virulence, environmental adaptation, and survival strategies. In this study, 22 A.
wodanis isolates were analyzed from the perspective of their pan, core, and cloud genomes. The
pan-genome analysis identified 3149 core, 2583 shell, and 6271 cloud genes revealed an open A.

wodanis pan-genome.

Furthermore, functional annotation showed that the most enriched protein families in the pan-
genome were metabolism, signaling and cellular processes, and genetic information processing.
The presence of type VI secretion systems (T6SS), Clustered Regularly Interspaced Palindromic
Repeats-CRISPR associated protein (CRISPR-Cas) systems, phages, biosynthetic gene clusters
(BGCs) and several VFs may enable A. wodanis during environmental adaptation and survival.
All strains had CRISPR arrays, although only half of the strains encoded a complete cas operon
of type IF and two isolates do not encode any cas genes suggesting a diverse CRISPR system. The
T6SS1 and T6SS3 were conserved in all the isolates, whereas only fifteen out of twenty-two
encoded T6SS2. Eleven of these fifteen isolates showed similarity to the T6SS of environmental
Aliivibrio strains, while the other four showed similarity to pathogenic vibrios. Furthermore, the
spacers and phages revealed great diversity suggesting acquisition at different time points. This
study may provide better knowledge about the role of A. wodanis in developing the winter-ulcer

disease.
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RESULTS AND DISCUSSION

Bacteria exist as a community in nature and each bacterium performs some functions such as
luminescence, motility, protease expression, antibiotic production, iron acquisition, biofilm
formation, virulence factor expression, sporulation, and mating to thrive as a group through a
mechanism called QS (Sheng et al. 2012; Jemielita et al. 2018; McRose et al. 2018; Gorelik et al.
2019). A. wodanis has been present during the winter ulcer outbreaks either alone or together with
another bacterium M. viscosa (Lunder et al. 1995a; Benediktsdottir et al. 1998; Lunder et al. 2000).
Though both A. wodanis and M. viscosa are known to be isolated together from the infected fish,
the function of A. wodanis and the regulatory mechanisms behind its coexistence during winter
ulcer outbreak remains unclear. In other aliivibrios, LitR the transcription regulator (LuxR
homologs) and AinS the autoinducer synthase control various activities such as luminescence,
motility, biofilm formation and colony morphology that may be important for virulence, survival,
and host interaction (Higgins et al. 2007; Bjelland et al. 2012b; Chavez-Dozal et al. 2012; Khider
et al. 2019; Bazhenov et al. 2021). Moreover, winter ulcer is a temperature-dependent disease
where the fish recovers when the temperature rises above 8°C (Salte et al. 1994; Lunder et al.
1995a; Lunder et al. 2000). Hence, to investigate the roles of QS and temperature, in this thesis,
QS genes ainS and litR were characterized with regards to the temperature in regulating various
phenotypic traits (Paper I and II). Furthermore, in Paper 111, the pan-genome of A. wodanis was
explored by studying the phylogeny, strain-specific genes and genes related to CRISPR-Cas,
phages, T6SSs, Biosynthetic gene clusters (BGCs) and VFs.

In this discussion, I will emphasize the following topics: (i) QS and temperature-dependent
regulation of phenotypic traits connected to adaptation, survival mechanisms, virulence, and host-
pathogen interaction in A. wodanis 06/09/139. (ii) ldentification of T6SSs and CRISPR-Cas
systems in A. wodanis 06/09/139. (iii) Expression profiling of A. wodanis and its QS mutants A/itR
and 4ainS at two different temperatures (6°C and 12°C) and two different cell densities (ODegoo
2.0 and ODego 6.0). (iv) Pan-genome analysis and investigation of CRISPR-Cas, phages, T6SSs,
VFs and BGCs in 22 A. wodanis isolates.

QS and temperature regulate various phenotypic traits in A.
wodanis
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QS regulates various phenotypic traits such as siderophores, motility, bioluminescence, biofilm
formation and colony rugosity, T6SS, chitinases and virulence (Miller et al. 2002; Zhu et al. 2002;
Defoirdt et al. 2010; Sheng et al. 2012; Thode et al. 2015; Elgaml & Miyoshi 2017; Khider et al.
2018; McRose et al. 2018). In previous studies, the reference A. wodanis 06/09/139 strain was
shown to encode two QS systems AinS/AInR and LuxS/PQ and a QS regulator LitR and, most of
the A. wodanis isolates tested produce only one AHL 30OHC10-HSL (Purohit et al. 2013; Hjerde
etal. 2015). Temperature fluctuation is a major determinant of microbial diversity, and it structures
the composition and function of the bacteria in different adaptive environments and hosts (Kokou
et al. 2018). Moreover, in marine environments, water temperature below or above physiological
optimum may lead to stress, immune suppression, infection, and mortality in the fish (Ermolenko
et al. 1997; Warr 1997). Some of the other temperature-dependent fish diseases include
Furunculosis, Ichthyophthiriasis, Lernaeosis and Columnaris (Ferguson 1977; Leibovitz 1980;
Ermolenko et al. 1997). Several studies have also observed the association between temperature
induced differences in various phenotypes and host responses (Bowden 2008; Hansen et al. 2015;
Khider et al. 2019; Sepulveda & Moeller 2020). Therefore, to determine the roles of QS and
temperature in A. wodanis 06/09/139, two mutant strains 4/itR and AainS strains were constructed
and examined for the regulation of various phenotypic traits at different cell densities ODgoo 2.0
(LCD) and ODsoo 6.0 (HCD) and temperatures at 6°C (low) and 12°C (high).

Our HPLC/MS-MS assay results showed that deletion of ainS resulted in loss of 30OHC10-HSL
production suggesting AinS is the autoinducer synthase responsible for AHL production in A.
wodanis (Paper 1). Since QS is a cell density-dependent mechanism (Bassler 2002), the 30OHC10-
HSL production in A. wodanis 06/09/139 was tested at different cell densities along the growth
curve and the results showed that the AHL production increased with increase in cell density. This
suggests that the QS dependent gene targets might be expressed at HCD when the AHL production
is high. The AHL production was also found to be higher at 6°C than at 12°C, suggesting the low
temperature at which winter ulcer occurs plays a significant role in its production and the
expression of QS dependent target genes. These findings were further investigated through RNA-
seq using transcriptomes profile (tp), high cell density against low cell density (tpHCD/LCD),
elevated temperature against low temperature (tp12°C/6°C), mutants against wild type
(tp4litRIWT and tpAlitRIWT). The RNA-seq results showed that when wild type was compared
against cell densities (tpHCD/LCD), the expression values of ainS and litR were higher at HCD
than LCD at 6°C. This further supports that the ainS and litR expressions increase with increase

in cell density. Likewise, increased expression of ainS was also observed in the mutant strain
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AlitR(tpHCD/LCD), suggesting absence of LitR has no effect on the expression of ainS. Indeed,
the expression value of ainS in A7itR(tpHCD/LCD) was slightly higher than that observed for ainS
expression in WT(tpHCD/LCD). This together with the experimental data indicate that the ainS
expression is not entirely dependent on LitR.

Temperature difference (tp12°C/6°C) revealed increased expression of only one QS related gene
grr sSRNA at 12°C, LCD. This suggests that temperature alone does not have a big effect on genes
belonging to the QS cascade in A. wodanis. The Qrr SRNAs in vibrios have been shown to regulate
the LuxR homologs (Feng et al. 2015). For example, in A. fischeri, Qrr SRNAs negatively regulate
the production of LitR (Miyashiro et al. 2010). Similarly, in this study, the increased expression
of the grr SRNA at 12°C may inhibit the translation of LitR.

We also identify here that the deletion of litR reduced 24% and 22% of AHL production compared
to WT at 6°C and 12°C, respectively (Paper I). However, the impact was not as high as A.
salmonicida, where the litR deletion led to 85-90% reduction in WT AHL production (Hansen et
al. 2015). This indicates that LitR in A. wodanis weakly regulates the AHL production. Moreover,
in the comparison of A/itR/WT at LCD and 12°C, there was a decreased expression of ainS (FC
value = -1.93) in 4/itR than in WT. This suggests that the ainS is still expressed in the litR mutant
and therefore the ainS produced AHL production is not completely LitR-dependent. Several LitR-
independent regulatory mechanisms such as ainS-autoregulation, cyclic AMP regulator protein or
glucose-mediated mechanisms have been reported (Lupp & Ruby 2004; Lyell et al. 2013).
Similarly, in A. wodanis, various other mechanisms together with LitR may regulate the ainS
expression and the AHL production. In 4ainS mutant, litR expression was lower at all tested
conditions which is like A. fischeri where AinS upregulates litR in a cell density dependent manner
(Lupp et al. 2003). This indicates that AinS triggers the litR expression and thus the expression of
target genes. Furthermore, in the tp4ainS/WT, the expression of phosphorelay protein encoding
gene luxU was significantly higher in the 4ainS at 6°C. LuxU is the essential point in the cascade
where all the environmental signal converges, and it is responsible for integrating the signaling
events from sensor kinases to the response regulator protein LuxO (Freeman & Bassler 1999).
This suggests that the lower expression of luxU in A. wodanis could repress grr SRNA and activate
the litR expression at 6°C.

VFs are factors produced by bacteria and may cause pathogenesis because of interaction between
the VFs and the response of the host (Diard & Hardt 2017). Synergistic effect between QS and
VFs expression have been extensively studied in several human and fish pathogens (Fuqua et al.
2001; Kong et al. 2005; Rambow-Larsen et al. 2008; Natrah et al. 2011; Cai et al. 2015; Wen et
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al. 2016; Vieira et al. 2020; Inat et al. 2021). In addition to pathogenesis, VFs are also important
to combat stressful conditions and suppress host responses (Denning et al. 1998; Wang et al.
2018). Among the phenotypic traits that were tested in the two mutants in our first paper, the
motility assay showed that the A/itR and AainS mutants were hypermotile when compared to the
wild type. This is like A. salmonicida where the LitR and AinS mutants showed higher motility
than the wild type (Bjelland et al. 2012b). Studies have demonstrated that hypermotile strains
poorly colonize the host (Brennan et al. 2013), similarly in the hypermotile A/izR and AainS mutant
strains, colonising the host may be defective. Moreover, motility is an important virulence factor
in many bacteria, and it has been linked to other functions like virulence and biofilm formation in
several vibrios and aliivibrios (Gardel & Mekalanos 1996; Lee et al. 2004; Khider et al. 2019)
(Wolfe et al. 2004; Silva & Benitez 2016). Similarly, motility in A. wodanis may play a role in the
virulence mechanism of winter ulcer pathogenesis. Furthermore, the RNA-seq results showed that
the hypermotile litR and ainS mutant strains when compared to WT showed only a few
differentially expressed flagellar genes and chemotaxis genes related to motility (Figure 6).

QS and temperature regulate growth in some bacteria (Fidopiastis et al. 2002; Hansen et al. 2015).
In this study (Paper 1), the wild type and mutant strains grew normally at 6°C and 12°C. However,
at 20°C, the WT and 4ainS strains stopped growing during the early log phase, then later grew
back, although Al/itR strain grew without stopping, and reached a better cell density at 20°C than
the wild type and 4ainS. This indicates that LitR reduces growth at 20°C. Studies have shown that
bacteria stop growing to have a fitness advantage during lack of nutrient source or stress (Heurlier
et al. 2005; Yan et al. 2007). Heat shock proteins like RpoS stop the growth and later after fixing
the heat damage done to the proteins they grow again (Bukau 1993; Guisbert et al. 2004). A.
wodanis encodes RpoS, and it may have stopped the growth and let the bacteria grow again after
adaptation. Similarly, the reduction in growth and low growth yield in wild type and AainS may
provide a fitness advantage for A. wodanis during nutrient limitation or stress.

Many Vibrio and Aliivibrio species produce siderophores for iron acquisition (Miethke & Marahiel
2007; Naka & Crosa 2012; Ahmed & Holmstrom 2014; Balado et al. 2018) and chitinases as a
source of nutrients (Tran et al. 2011). The results of this study (Paper 1) showed that A. wodanis
produces siderophores and chitinases where LitR positively affects the siderophore production.
QS had no effect on the chitinase production. In some bacteria, siderophores and chitinases may
also function as VFs and are involved in suppression of host innate immunity (Naka & Crosa
2011; Naka & Crosa 2012). Similarly, chitinases and siderophores in A. wodanis may act as a

virulence factor. Moreover, like what has been observed experimentally, the RNA-seq results in
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Paper 11 have found a significant difference in the expression of a few genes of the siderophores
clusters in tpA/itR/IWT at 6°C.

In an Atlantic salmon bath challenge experiment, A. wodanis alone can cause clinical symptoms
such as scale loss, fin rot and other internal symptoms such as swollen spleen, petecchia in liver
and peritoneal fat tissues (Karlsen et al. 2014b). Moreover, it was reported that A. wodanis
supernatants cause cytotoxicity in various salmon cell lines (Karlsen et al. 2014b). Furthermore,
in a co-cultivation experiment, A. wodanis impedes the growth and virulence of M. viscosa (Hjerde
et al. 2015). Previous study has shown that A. wodanis produces bacteriocin and it is hypothesized
to be involved in the activity of impeding the growth and virulence of M. viscosa (Hjerde et al.
2015). Other than bacteriocin, the virulence and survival factors in A. wodanis have not been
identified yet. These studies led us to further study the importance of the virulence potential in A.
wodanis. In fish pathogens V. anguillarum and A. salmonicida numerous VFs connected to
cytotoxicity have been described (Kashulin et al. 2017; Balado et al. 2018; Khider et al. 2019).
For example, hemolysin and proteases are responsible for causing hemolysis and cytotoxicity of
V. anguillarum in fish (Crisafi et al. 2014). Our results showed that A. wodanis 06/09/139 was
hemolytic on blood agar plates and proteolytic on skim milk agar plates (Paper I). Our results also
showed that LitR positively regulated hemolysin and AinS positively influenced the protease
production. This suggests that the hemolysin and proteases produced in A. wodanis may have
caused the cytotoxicity in salmon cell lines in Paper | and the previous study (Karlsen et al. 2014b).
To know the role of QS and temperature in cytotoxicity of A. wodanis in salmon cell lines,
supernatants from WT, A/itR and AainS, grown at 6°C and 12°C were harvested and treated on the
CHSE cell lines. The results showed that the supernatants from A/itR and AainS mutant showed
less CPE than the supernatants harvested from wild type at 12°C. This indicates that LitR and
AinS positively influenced the CPE at 12°C. On the other hand, at 6°C, CPE was affected only by
LitR and not by AinS, implying that at 6°C, the CPE is not dependent on the AHL-based QS
system. Moreover, the CPE was cell density dependent at 12°C whereas at 6°C, a higher CPE was
observed at ODegoo 6.0. Either the LuxS/PQ system or some unknown mechanisms are involved in
the CPE caused at 6°C. This shows that combination of cell density, temperature and QS play a
role in regulating the CPE.

In summary A. wodanis 06/09/139 encodes one AHL-mediated QS system by producing only one
AHL when compared to other aliivibrios that produce more than a single AHL. This could suggest
that this AHL-based QS system is important in establishing various functions in A. wodanis
06/09/139. However, the results of this study and RNA-seq showed that the AHL-based QS system
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has significant impact only on AHL production and CPE in CHSE cell line. From our observation,
we suggest that these phenotypic traits are not solely dependent on AHL-mediated QS. Further
research is required to understand the roles of AHL-based QS system under different

environmental conditions or along with M. viscosa and the host.

The expression profiling revealed DEGs related to T6SSs and
CRISPR systems

Since cell density, temperature, LitR and AinS influenced the AHL production and CPE in the
CHSE cell line in the Paper I, we wished to know the main role of these factors in the expression
profiling. Current transcription profiling has enhanced our ability to understand cellular processes
and discover the novel genes involved in various functions. In Paper I, we analyzed the genome-
wide transcriptomics of A. wodanis at two different cell densities ODegoo 2.0 and ODego 6.0 and
two different temperatures 6°C and 12°C. Furthermore, using the same conditions (cell densities
ODs0o 2.0 and ODeoo 6.0 and temperatures 6°C and 12°C), we grew AlitR and AainS mutants and
performed RNA-seq. We identified that cell density, temperature and QS regulate genes related to
T6SSs, CRISPR-Cas systems and several other functions. However, T6SSs and CRISPR-Cas
systems were the ones found in the DEGs of A/itR compared against the wild type (4/itR/WT) at
all tested conditions. Hence, we proceeded to focus on T6SSs and CRISPR-Cas systems in Paper
.

Interestingly, the highest expression value in A/LitR/WT is found in genes related to T6SS,
indicating LitR regulates T6SSs. T6SS is present in about 25% of Gram-negative bacteria
including pathogens V. cholerae, Salmonella enterica, V. anguillarum and V. parahaemolyticus
(Weber et al. 2009; Blondel et al. 2013; Salomon et al. 2013; Joshi et al. 2017). In many bacteria,
one to several T6SSs are present, often each T6SS performs different functions and regulations
(Bingle et al. 2008; Schwarz et al. 2010). In this study, three T6SSs (T6SS1-T6SS3) and four
auxiliary clusters (Aux-1 to Aux-4) (see Figure 3 in paper 2) and about 80 potential Type VI
secretion system effectors (T6SES) were identified in the genome of A. wodanis 06/09/139. The
multiple T6SSs in A. wodanis may indicate that each T6SS possesses divergent functions. The
T6SS1 in A. wodanis showed high AA similarity to the T6SS of A. fischeri MJ11 (Speare et al.
2018), and the Aux-1 located close to the T6SS1 encoded a heme utilization gene cluster nearby.

In addition to its pathogenic role, T6SSs have also been reported to be involved in the acquisition
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of iron, zinc and manganese and these acquisitions provide fitness to bacteria through exploitation
competition for micronutrients (Lin et al. 2017). Hence, the T6SS1 together with Aux-1 in A.
wodanis may be involved in ions uptake. On the other hand, T6SS2 in A. wodanis is like the T6SS
of V. cholerae O1E1 and V. fluvialis (Huang et al. 2017; Joshi et al. 2017). In V. fluvialis, T6SS is
associated with survival in highly competitive environments via antibacterial activity (Pan et al.
2018). Similarly, in A. wodanis, T6SS2 may play a role in survival in a highly competitive marine
environment. The T6SS3 in A. wodanis was like M. viscosa, V. anguillarum, A. salmonicida and
Vibrio tapetis (Weber et al. 2009; Bjornsdottir et al. 2012; Rodrigues et al. 2018). In addition to
the structural T6SS genes, the T6SS3 in A. wodanis contains genes encoding VtsA-D. Like the
VtsA-D proteins in V. anguillarum that are involved in stress response (Weber et al. 2009), the
T6SS3 in A. wodanis may be involved in stress response and not in virulence. Several studies have
focused on various host related functions of T6SS where the T6SS mediates colonization, host cell
invasion and adhesion (Lertpiriyapong et al. 2012). Similarly, the T6SSs in A. wodanis may
participate in interaction with the hosts.

The comparisons tpHCD/LCD revealed that cell density has a significant effect on the expressions
of T6SS1 and T6SS2 with higher expression values found at HCD. In contrast, temperature
changes (tp12°C/6°C) alone decreased the expression of few genes of T6SS2, Aux-2 and Aux-3
at 12°C compared to 6°C, where significant differential expression was observed at HCD. A few
studies have described the effect of cell density and temperature in regulating T6SSs (Wang et al.
2013; Huang et al. 2017). Similarly, the T6SS1 and T6SS2 may play a key role during the mid or
late stages of growth or infection and at low temperature (6°C).

In contrast to the negative effect that LitR has on T6SS1 and T6SS2 gene clusters, it increased the
expression of T6SS3 genes. Reciprocal regulation of T6SSs by OpaR in V. parahaemolyticus has
been reported where the T6SS1 and T6SS2 act as an anti-bacterial and anti-eukaryotic weapon
respectively (Sana et al. 2012; Salomon et al. 2013). Similarly, LitR regulation of T6SSs in A.
wodanis appears to be complex and may play a role in both anti-bacterial and anti-eukaryotic
activity. Compared to the T6SS1 and T6SS3, the whole T6SS2 apparatus showed differential
expression in the A/itR/\WT. Therefore, it is important to note that LitR in A. wodanis could be
essential for the complete functioning of T6SS2. Additionally, in Paper I, the temperature 6°C
played a significant role in AHL production and in the development of CPE than 12°C. Hence, it
is possible that the T6SS2 is more active at low temperatures and thus influenced the high CPE at

6°C (Paper I). In contrast, AinS do not have a significant impact on the expression of T6SSs except
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positively influencing the hcpl and vgrG1 expressions, which suggests that only these genes of
T6SS are AinS-dependent.

Besides the structural function of VgrGs and Hcps in T6SSs, they can also function as effectors
or a chaperone of effector (Brooks et al. 2013; Sha et al. 2013). In V. cholerae, Aeromonas
hydrophila and Helicobacter hepaticus, the T6SS effectors Hcps and VgrGs are responsible for
cytotoxicity and diseases in eukaryotic hosts (Suarez et al. 2010; Bartonickova et al. 2013). A.
wodanis encoded four vgrGs in the Aux clusters (1-4) and four hcps in both the Aux (2-4) and
main cluster (T6SS3). Hcp family proteins are known to be involved in bacterial competition and
pathogenesis (Peng et al. 2016; Wang et al. 2018; Wang et al. 2020b). VgrGs and Hcps are also
secreted into the extracellular environment and can be detected in the supernatants of a functional
T6SSs (Bartonickova et al. 2013). Multiple VVgrGs are used for interbacterial competition and are
functionally redundant in mediating Hcp secretion (Santos et al. 2019). This may suggest that the
multiple VgrGs and Hcps in A. wodanis may mediate Hcp secretion and function in delivery of
T6SEs for pathogenesis. The T6SS1 and Aux-1 do not encode any hcp and the Hcpl and Hep4
share 60% homology between them whereas the Hcp2 and Hcp3 show 100% similarity. Except
Hcp, the other T6SS proteins do not share high similarity between each other suggesting the
multiple T6SSs are not a result of recent duplication. Our data (Paper 1) revealed that the LitR
has a significant impact on hcpl expression and the entire T6SS2 apparatus at 6°C than at 12°C.
The supernatants harvested from A4/itR mutant grown at 6°C showed less CPE effect in CHSE cell
line than the wild type and AinS mutant (Paper 1). Similar to other findings (Bartonickova et al.
2013), we propose that the decreased expression of hcpl in A/itR may have resulted in the low
CPE in the CHSE cell line.

T6SS effectors are toxins that result in bacterial killing or pathogenesis (Pukatzki et al. 2006).
Genes encoding putative adaptor and effector proteins immediately followed the vgrG1l and
vgrG4. Our analysis identified about 80 potential T6SEs in A. wodanis. A. wodanis genome
revealed genes encoding cell wall degrading effectors proteins such as N-acetylmuramoyl-L-
alanine amidase and hydrolases, membrane degrading effectors including phospholipases, porin-
like protein, RHS protein and several nucleotide-degrading nucleases (Paper I1). Also in the
natural environment, the effectors in A. wodanis may work as toxins during interspecies niche
competition and host interaction. Even though M. viscosa is the main pathogen in winter ulcer
disease, this study shows that A. wodanis also encodes one of the virulence factors (T6SSs) that
many pathogens encode. We speculate that the T6SSs, four Aux clusters and the effectors in A.

wodanis may have directly or indirectly mediated the CPE in CHSE cell lines (Paper 1) and the
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pathological symptoms in Atlantic salmon (Karlsen et al. 2014b), as well as competitive behaviour
towards M. viscosa (Hjerde et al. 2015). Nevertheless, further research is required to investigate
the Type VI secreted compounds and functions of each T6SSs, Aux and effectors.

CRISPR is an adaptive defense system against phage invasion and other foreign genetic elements
and contains short repeat sequences and spacer sequences (Barrangou & Marraffini 2014; Koonin
et al. 2017; McGinn & Marraffini 2019). Spacer sequences are derived from phages or plasmids
and stored as immune memory to encounter future invaders (Barrangou & Marraffini 2014). As
the complete cas operon is differentially expressed in the LitR mutant, we wanted to search for
the defense mechanism CRISPR-Cas system in A. wodanis. The genome analysis showed that A.
wodanis encodes two CRISPR systems CRISPR systems 1 and 2, where one was in chromosome
1, and the other was in chromosome 2. CRISPR system 2 was identified as a type IF CRISPR
system whereas CRISPR system 1 did not encode the operon. The CRISPR array of CRISPR
system 2 contained 40 spacers and the CRISPR system 1 contained 25 spacers. The difference in
the number of spacers suggests that CRISPR system 2 is more functional than the CRISPR system
1 or that the latter is a remnant of a previously active CRISPR system (paper 11). When the spacers
of the two CRISPR systems were compared, no identity was found between them, suggesting that
the two CRISPR systems work independently of each other or that the CRISPR system 2 was
introduced after CRISPR system 1. Comparing the type IF A. wodanis CRISPR cluster with M.
viscosa showed greater than 90% AA similarity, suggesting that the CRISPR system has been
horizontally transferred from M. viscosa. We speculate here that the similar CRISPR systems in
A. wodanis and M. viscosa may have similar functions against invading foreign elements favoring
their coexistence during winter ulcer disease.

The transcriptomics results showed significantly DEGs involved in CRISPR systems where the
expressions were cell density, temperature, and QS dependent. The RNA-seq results showed that
the cas genes such as casl which is involved in spacer acquisition (Rollins et al. 2017; Yoganand
et al. 2017), cas3 that is responsible for helicase/nuclease activity (Sinkunas et al. 2011; Jackson
et al. 2014), and csy3 were more expressed at wild type (tpHCD/LCD) at 6°C whereas no
significant differences were observed at 12°C. The differential expressions of casl and cas3 genes
suggest that the mechanism of spacer acquisition and DNA degradation are cell density-dependent.
Previous studies have shown that bacteria are at elevated risk during the late phase of infection

(Hoyland-Kroghsbo et al. 2017; Hoyland-Kroghsbo et al. 2018), suggesting the cas operon in A.
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wodanis is more highly expressed during high cell density or late stage of infection. However, cell
density did not affect the expression of the CRISPR arrays.

Comparative analysis between 6°C and 12°C at LCD and HCD showed that temperature
influenced the expression of the two CRISPR arrays, however it had no effect on any cas genes.
The expression profiling results also indicated that loss of LitR significantly increased the
expression of genes related to CRISPR system 2, indicating LitR is essential for the entire
functioning (spacer acquisition, expression and interference) of the system. Finally, the
comparison tpA4ainS/WT showed that AinS increased the expression of csy genes (csy2-4),
suggesting that AinS is involved in the expression and interference steps of CRISPR-Cas
mechanism.

Moreover, the reference genome was found to encode one intact phage in chromosome 1 and
several incomplete phages in both the chromosomes and plasmids. The presence of phages and
CRISPRs in the same bacteria suggest that the acquisition of one has happened before the other.
Moreover, other studies have suggested that the genes of incomplete phages may result in new
phenotypes and can provide fitness and virulence to the host (Boyd et al. 2001; Wagner & Waldor
2002). In paper |1, we show that the incomplete phages in A. wodanis encode several conserved
proteins such as Type | restriction endonuclease subunit M, DUF559 domain-containing protein,
type 1l toxin-antitoxin system RelE/ParE family toxin, CIbS/DfsB family four-helix bundle protein
and other conserved hypothetical proteins. This suggests that these phage proteins may provide an
adaptive fitness advantage to A. wodanis. To understand how phages escaped the CRISPR system
in the host, we searched for anti-CRISPR proteins in the A. wodanis genome using AcrFinder (Yi
et al. 2020). The results showed that there were no anti-CRISPR proteins suggesting that the self-
targeted protospacers that prevent the CRISPR-Cas response are not found.
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Figure 6: Proposed model for QS and its regulation of T6SSs and CRISPR systems in A.
wodanis at 6°C (Paper I1). Two QS systems AinS/AinR and LuxS/LuxPQ are believed to
converge to activate the QS cascade. LitR increases the expression of CRISPR system 2, T6SS1,
T6SS2, Aux-1, Aux-2 and T6SS effectors and decreases the expression of T6SS3, Aux-3 and
T6SS effectors. LitR also increases the expression of type IV pili, siderophores, hemolysin,
phages, nitrate reductase and SRNAs while decreasing the expression of chemotaxis and serine
transporters. Temperature 6°C (red arrow) decreases the expression of qrr SRNA when compared
to 12°C. AinS reduces the expression of luxU. The symbol “P” indicates the phosphorylated state,
dotted lines with arrows indicate increased expression, and dotted lines with bars represent
decreased expression.

A.wodanis pan-genome is open and reveals diversity in CRISPR-
Cas, T6SS2 and phages

Few studies so far including the Paper | and Il have explored the genome of reference strain A.
wodanis 06/09/139. However, in a recent study with aliivibrios, a huge diversity has been observed
among a few A. wodanis strains (Klemetsen et al. 2021), suggesting that the addition of genomes

may reveal more diversity within the species. The reference A. wodanis 06/09/139 was isolated
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together with M. viscosa from a head kidney of Atlantic salmon (Karlsen et al. 2014b). In addition
to its co-existence with M. viscosa, A. wodanis exists as a free-living bacterium as well and has
been isolated from other hosts such as Atlantic cod and Rainbow trout (Purohit et al. 2013). Hence,
in paper 111, we wanted to explore the pan-genome of twenty-two A. wodanis isolates to understand
its phylogeny. Since in Paper 11, the CRISPR-Cas system and T6SSs were significantly regulated
by LitR and the T6SSs are speculated to be involved in the CPE observed in Paper I, we wanted
to further investigate the pan-genome with regards to CRISPR-Cas system, T6SSs, phages and
other functions like VFs and BGCs.

The genome analysis revealed that the size of all the A. wodanis genomes were approximately 4.5
MB and the variations in the genomes compared with reference were found to be linked to
functional protein families: secretion systems, prokaryotic defense mechanism, bacterial motility
proteins, transporters, enzymes, and lipopolysaccharide biosynthesis proteins. To reveal the
evolutionary relationship between A. wodanis isolates, phylogenetic trees were constructed based
on SNVs and the core genes. The results showed that the isolates were grouped into five different
clades where the Groups 2, 4 and 5 comprised the most conserved isolates within each group. This
observation suggests that the isolates within these groups evolved from the same ancestor and may
have the same properties of genes related to niche adaptation, nutrient acquisition, interspecies
and host-bacteria interaction in the fish farms. Even though all the isolates were from Norway and
from the outbreak/ulcer region, the trees grouped into five different clades, where the diversity

does not depend on the isolation place and time.

Bacteria have evolved a variety of mechanisms through HGT (Medini et al. 2005; Tettelin et al.
2005). The pan-genome analysis revealed that A. wodanis pan-genome is large and open
suggesting a HGT in the genomes of A. wodanis. The analysis identified core (3149), shell (2583)
and cloud (6271) genes indicating that the accessory genome content (shell, cloud and unique
genes) varies about 73% (Paper I11). The core genomes represent the set of homologous genes in
the genomes, which perform housekeeping function or are involved in virulence in some bacteria
(Wolfgang et al. 2003; Tettelin et al. 2005; Castillo et al. 2017). In Paper Il, the core genome
analysis showed that the core genome decreased gradually with addition of genomes suggesting a
small core genome. The core genes are lower than that reported in V. parahaemolyticus and P.
aeruginosa and higher than V. anguillarum, Vibrio mimicus (Hasan et al. 2010; Li et al. 2014;
Ozer et al. 2014; Castillo et al. 2017). Despite finding three Groups with conserved isolates, the

core genes in A. wodanis seem to be quite diverse. Unique genes that show no homology between
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the same species and are often related to ecological adaptation (Rubin et al. 2000), were identified
in all 22 isolates. The most enriched protein families in the pan and cloud genome were identified
as metabolism, signaling and cellular processes, and genetic information processing. The isolate
S7 encoded the highest number of unique genes (n=1007) which when functionally annotated
revealed to encode several Enzymes (n=200) while the unique genes in other isolates encoded only
a range of 4-30. Some isolates (Vw5, Vw12, Vw27 and Vw29 S7 S9, S8, S12, S11, Vw37, Vw35
and Vw8) encoded the genes related to T6SSs and CRISPR-Cas. The non-annotated unique gene
clusters were manually annotated using BlastP and the results showed that the unique genes
matched several bacteria including Photobacterium species, Vibrio genome sp. F6, Vibrio sp. 03-
59-1 and A. fischeri. In V. anguillarum, selective pressure led to acquisition of genetic traits that
could increase the virulence potential and fitness (Castillo et al. 2017). Similarly, A. wodanis may
have acquired the unique genes under selective pressure, which may provide an advantage to the

bacteria.

The genome analysis of the isolates showed that all isolated encoded CRISPR arrays suggesting
that all isolates might have had a functional CRISPR-Cas system before. This study showed
variations in the CRISPR-Cas systems, number of CRISPR arrays and spacers of the 20 isolates
tested and two isolates (VwWK7F1 and Vw7) do not encode any cas genes. Eight out of twenty-one
(40%) isolates encoded the Type IF CRISPR system like the reference (Paper 11) whereas the other
isolates eleven out of twenty-one encoded different CRISPR-Cas systems in terms of number of
cas genes and length of cas genes. This suggests that the isolates that encode incomplete cas
operon or lack cas operon had a functional CRISPR system before. As expected, the isolates that
showed incomplete CRISPR-Cas operon comprised less spacers than the isolates with a complete
CRISPR-Cas operon confirming the findings that the incomplete CRISPR-Cas system is not

functional as in the isolates with a complete cas operon.

Co-evolution and co-existence of CRISPR and phages have been reported in recent years (Watson
et al. 2021), and these phages can escape CRISPR-Cas immunity through mutation in protospacer
or PAM (Iranzo et al. 2013; Weissman et al. 2018). Moreover, phages may also encode anti-
CRISPR proteins to inhibit CRISPR-Cas immunity (Li & Bondy-Denomy 2021). The PHASTER
analysis showed that except for the Vw8 isolate, complete prophages were identified in all the
isolates. However, as described above, two isolates (Vwk7F1 and Vw7) did not encode any cas
genes suggesting that there is no correlation between the presence of CRISPR-Cas and incomplete

prophages. The analysis also showed that about six out of twenty-two isolates Vwk7F1, S7,
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511_S9, S13, Vw1l and Vw7 did not encode any incomplete phages while the other isolates
encoded incomplete prophages. These incomplete prophages encode genes that are believed to be
involved in the adaptive functions in their host and be a putative source for phage-derived products
such as bacteriocins and phage killer proteins (Bobay et al. 2014). Similarly, the genes in the

incomplete prophages in A. wodanis could provide an advantage during the adaptation process.

The phylogenetic tree based on prophage sequences (intact and incomplete prophage) showed that
the clustering of isolates was different from the grouping based on the core tree. This suggests that

the phages are present in the accessory genomes, and they may have been acquired through HGT.

To efficiently adapt and thrive in specific environments, bacteria possess a wide variety of VFs
and defense strategies that may contribute to pathogenicity and environmental survival. We
identified three T6SSs and four Aux clusters in the genome of the reference strain (Paper II).
Further genome analysis showed that all twenty-one isolates encoded T6SS1 and T6SS3 whereas
only fifteen out of twenty-two isolates encoded T6SS2. Although the T6SS1 and T6SS3 were like
the reference, the T6SS2 in many isolates were either different from the reference or completely
absent. The same pattern was observed for the Aux cluster as well where the Aux-1, 3 and Aux-4
were like the reference whereas the Aux-2 was different from the reference in most of the isolates.
However, the T6SS2 in 16 out of 21 (76%) isolates were less similar (AA similarity <50%) to the
reference T6SS2 cluster whereas the 7 out of 21 (33%) isolates Vw7, Vw8, Vw37, Vw29,
Vw130426, S10 and S6 did not encode the reference T6SS2 cluster. The proteins of the isolates
that encoded the T6SS2 with low similarity to the reference T6SS2 were searched against the non-
redundant protein database using BlastP. The results showed that the T6SS2 in the isolates were

highly like A. sifae, A. fischeri and A. logei.

Together the results suggest that the T6SS1 and T6SS3 are more conserved and the T6SS2 is not
conserved between the A. wodanis isolates. In our previous study, the reference T6SS2 has been
identified to be highly like vibrios particularly V. cholerae, which is a pathogen (Maharajan et al.
2022). However, the 16 out of 21 isolates that showed low similarity to the reference T6SS2
showed high similarity to other Aliivibrio species such as A. sifae, A. fischeri and A. logei. A. sifae,
A. fischeri and A. logei are environmental strains associated with symbiosis and not pathogens
(Engebrecht et al. 1983; Fidopiastis et al. 1998; Sawabe et al. 2014). This may indicate that the
T6SS2 in these 16 out of 21 isolates might behave more like environmental strains rather than a
potential pathogen that interacts with the host. Further research is required to investigate the

functional differences between the T6SS2 of reference and other isolates.
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The isolates used in Paper 111 were mostly taken from outbreak regions and ulcers (Table 1 of
Paper I11). As described above, VVFs are not necessarily required only for pathogenesis, they may
play multiple roles in survival, adaptation, and host interactions. Thus, to identify the VFs in A.
wodanis, the protein sequences were searched against the VFDB. VFs analysis results showed that
all twenty-two A. wodanis isolates contained approximately 200 genes encoding various VFs. The
VFs included flagellum gene cluster, Type Il secretion system, Ferric-anguibactin transport
system, Chemotaxis gene cluster, Thermolabile hemolysin, RNA polymerase sigma factor RpoD
and Twitching motility protein. In V. anguillarum, the VFs found were similar from strains isolated
from the same geographical location (Hansen et al. 2020). Similarly, the VFs in A. wodanis are

conserved due to the lack of diversity in the isolation place.

Secondary metabolites synthesizing BGCs are especially important for bacteria to compete against
other bacteria (Osbourn 2010; Srinivasan et al. 2021). Therefore, we aimed to identify the
secondary metabolite producing clusters in A. wodanis. The genomes encoded around five
potential BGCs with genes responsible for biosynthesis, regulation, and transport of secondary
metabolites such as thioamititdes, ectoine, siderophores, arylployene and resorcinol. The
siderophore cluster in the reference strain showed 60% gene similarity to Vibrio crassostreae
strain 8T5 whereas the clusters producing ectoine, arylployene and resorcinol showed 50-95%
gene similarity to the clusters of A. sifae. The siderophore clusters showed 100% gene similarity
in seventeen out of twenty-one isolates while the ectoine clusters revealed gene similarity in fifteen
out of twenty-one isolates when compared to the reference. The results showed that the
siderophore and ectoine clusters are the most conserved BGCs between reference and many other
isolates. The BGCs such as ectoine, arylpolyene and resorcinol are known to be involved in stress
response and host-pathogen interaction (Cimermancic et al. 2014; Schoner et al. 2016; Czech et
al. 2018). Even though the A. wodanis strains were from a diverse isolation period (1905-2013),
these predcited BGCs are quite conserved between isolates and this suggests the importance of
these BGCs in A. wodanis.
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CONCLUDING REMARKS

There is a huge knowledge of why and how bacterial populations use QS to communicate and
control diverse behaviours. This knowledge has provided a foundation to study QS dependent
regulation in several bacterial species. A. wodanis is like A. fischeri, A. salmonicida, A. logei and
Aliivibrio sp. “friggae ”, however it lacks the lux operon and the luxl/luxR QS system. Reference
A. wodanis has only one AHL based QS system AinS/AinR and a LitR regulator and produces one
AHL. Thus, the AHL based QS system has been believed to function like other aliivibrios.

Previous studies have reported that A. wodanis could be a competitor as it inhibits the growth of
M. viscosa in a co-cultivation experiment. In this study, A. wodanis encodes multiple VFs such as
T6SSs, siderophores, motility, hemolysin and protease and defense mechanism CRISPR-Cas that
may be involved in environmental adaptation, survival, host-pathogen interaction, and phage
defense. Our results also demonstrate that LitR, the QS master regulator regulates motility, growth,
hemolysin, siderophores and AiInS autoinducer synthase positively influences the protease
production in A. wodanis. More importantly, LitR and AinS play a vital role in controlling CPE
in the CHSE salmon cell line at 6°C and 12°C, where the effect was significantly high at 6°C. This
is further supported by the transcription profiling where LitR increases the expressions of T6SS2
and Aux-2 gene clusters more at HCD and 6°C than at LCD and 12°C. Additionally, LitR in A.
wodanis increases the expression of the complete CRISPR-cas operon. However, AinS do not
have a significant impact on the expressions of T6SSs and CRISPR-Cas systems suggesting that
LitR regulates these systems through either the LuxS/PQ QS system or some other unknown

functions.

Overall, the results obtained in the present work shows that LitR together with cell density and
temperature regulate various functions potentially linked to anti-bacterial and anti-eukaryotic
activity. Since QS regulates CPE, T6SSs and T6SEs in A. wodanis, blocking or inducing QS could
be used in treatment of winter ulcer disease or inhibiting M. viscosa infections, respectively. This
approach may overcome the limitations caused by antibiotics, since the blocking of QS only

suppresses the virulence and does not favour the development of antibiotic resistant bacteria.

Pan-genome analysis of twenty-two isolates revealed the phylogenetic distribution and the genetic
variations/similarity in CRISPR-Cas system, T6SSs, phages, VFs and BGCs between the isolates.
These findings may aid in understanding the genetic mechanisms that contribute to the co-

existence with M. viscosa and winter ulcer pathogenesis.
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FURTHER PERSPECTIVES

Environmental pathogenic bacteria survive and replicate in a community while maintaining the
mechanisms to infect the hosts. A. wodanis has been repeatedly isolated together with M. viscosa
during the winter ulcer outbreaks. Despite the co-existence of A. wodanis with M. viscosa, it has
not been identified as the main pathogen. While the exact function of A. wodanis in winter ulcer
remains unclear, several potential VFs (hemolysin, protease, siderophore, T6SS, chitinase and
motility) in A. wodanis have been identified in this study. However, the role of these VFs with
regards to interplay between A. wodanis and M. viscosa has not been studied yet. The expression
profiling studies revealed that QS and temperature regulate T6SSs and CRISPR-Cas systems.
However, further laboratory experiments are required to check the secreted substances of the
T6SSs apparatus and verify whether they target M. viscosa or fish cells. QS regulation of virulence
has been studied by treating the CHSE cell lines with supernatants harvested from wild type and
QS mutants grown 6°C and 12°C. However, cytotoxicity assays with live bacteria would provide
a contact-dependent role of T6SSs in CPE than just the supernatants. Additionally, the virulence
assay was performed only with salmon cell lines and not the whole fish. Future studies will be
aimed at challenging the fish with the QS mutants to understand the QS regulation of virulence.
Moreover, the pan-genome analysis was performed only with strains isolated from Norway and
outbreak/ulcer regions, therefore including environmental strains from various locations would

improve the genomic variations.
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ABSTRACT

Background. Quorum Sensing (QS) is a cell-to-cell communication system that
bacteria utilize to adapt to the external envi t by synthesizing and responding
to signalling molecules called autoinducers. The psychrotrophic bacterium Aliivibrio
wodaris 0&/09/ 139, originally isolated from a winter ulcer of a reared Atlantic salmon,
produces the autoinducer N-3-hydroxy-decanoyl-homoserine-lactone (30HC10-
H5L) and encodes the (8 systems AinS'R and LuxS/P(), and the master regulator LitH.
However, the role of (S in this bacterinm has not been investigated yet.

Results. In the present work we show that 30HC10-HSL production is cell density and
temperature-dependent in A. wodanis 0609139 with the highest production ocourring
at a low temperature (6 “C). Gene inactivation demonstrates that Ain3 is responsible
for 30HC10-HSL production and positively regulated by LitR. Inactivation of ain5 and
IitR further show that ()3 is involved in the regulation of growth, motility, hemaolysis,
protease activity and siderophore production. Of these (S regulated activities, only the
protease activity was found to be independent of LitH. Lastly, supernatants harvested
from the wild type and the Aaind and AlitR mutants at high cell densities show that
inactivation of ()5 leads to a decreased cytopathogenic effect (CPE) in a cell culture
assay, and strongest attenuation of the CPE was observed with supernatants harvested
from the Aliti mutant.

Conclusion. A. wodanis 06/09/139 use ()5 to regulate a number of activities that may
prove important for host colonization or interactions. The temperature of & “C that is
in the temperature range at which winter ulcer occurs, plays a role in AHL production
and development of CPE on a Chinook Salmon Embryo (CHSE) cell line.

Subjects Aquaculture, Fisheries and Fish S5cence, Microbiology, Molecular Biology, Veterinary
Medicine

Feywords (Quorum sensing, AHL, Aliivibrio wodaniz, Winter ulcer, Atlantic salmon, Motility,
Protease, Cytopathogenicity, Siderophores, CHSE
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INTRODUCTION

Cuorum sensing ((}5) is a cell-cell communication mechanism regulated by secretion and
accumulation of small diffusible signalling molecules called autoinducers (Al) in a cell
density-dependent manner (Bassler, 1595). In Gram-negative bacteria, the most common
signalling molecules used for intra-species communication are M-acyl homoserine lactones
{AHLs) referred to as Al-1. The AHLs consist of a common homoserine lactone (HSL) ring
attached to an acyl side chain with four to 18 carbon atoms and a carbonyl substitution
at third carbon {Parsek er al., 199% Kumari ef al, 2006). The type and number of AHLs
produced differ between bacteria and also between bacteria of the same species ( Purchit
er al., 2013 Girard et al, 2019). In addition to the AHLs, bacteria may use autoinducer-2
(Al-2) for both intra- and interspedies ()5 signalling (Forsyth o Cover, 2000; Schawder er
al., 20005 Li et al, 2000; Marques et al,, 201 1).

()5 was first described in Aliivibrio fischeri, previously known as Vibrio fischeri, and
later in other vibrios such as Vibrio harveyi (Nealson o Hastings, 197% Fugua, Winans
o Greenberg, 1994 Freeman, Lilley o+ Bassler, 2000). A. fischeri possesses two AHL based
(5 systems, the AinS/AinR and Luxl/TuxR, in addition to a LuxSTuxP(} system where
AinS, Luxl and Lux5 are the autoinducer synthases and AinR, Lux® and LuxP() are the
receptors. Luxl synthesizes N-3-oxohexanoyl-homoserine lactone (3-oxo-Cé-HSL) and
AinS synthesizes N-octanoyl- homoserine lactones (C8-HSL) while the Lux3 synthesizes
a furanosyl borate diester (AI-2) (Lupp &~ Ruby, 2004; Miyashiro o« Ruby, 2012). In
A. fischeri, the AinS/R and LuxS/LuxP() (5 systems work in parallel to transfer the signal
responses to Lux() via Lux(l. At a low cell density and low autoindwcers concentration,
the receptors AinR and LuxP() phosphorylate LuxD). Phosphorylated Lux() activates the
transcription of the sRNA grr gene to repress the transcription factor LitR through RNA
chaperone Hfq (Lupp er al., 2003). Alternatively, at high cell density, the autoinducers bind
to their cognate receptors leading to dephosphorylation of Lux( and litR expression. In
addition to the phosphorelay system, in A. fischeri, LitR directly activates luxR expression
to regulate bioluminescence production from the lwelCDABEG operon (Engebrecht o
Silverman, 1984 Lupp o Ruby, 2005; Bose, Rosenberg o Stabb, 2008; Verma d- Miyashiro,
2013). A fischeri also uses (J5 to control other activities such as motility, colonization and
biofilm formation (Lupp et al, 200% Lupp o~ Ruby, 2005 Stder, Mandel o« Ruby, 2008
Ray & Visick, 2012).

The marine bacterium Alfivibrio wodanis belongs to the genus Aliivibrio within
the Vibrionaceae family (Urbanczyk et al, 2007; Ast, Urbanczyk o Dunlap, 2009). The
bacterium is motile and psychrotrophic with the ability to grow at temperatures between 4
and 25 *C in the laboratory {Lunder et al., 1995 Lunder er al., 20005 Soderberg et al., 201%).
A. wodanis is repeatedly isolated together with Moritella wiscosa from Atlantic salmons
(Salmo salar) suffering from winter ulcer disease {Lunder et al., 1995 Bemedikisdorir er
al,, 20005 Lunder et al., 20005 Whitman et al, 2001). The disease has only been reported
in reared salmons, and when the sea water temperature drops below & “C (Lumder e al.,
1995; Benediktsdorir, Helgnson d- Sigurjonsdottir, 1998 Whitman et al., 2001). The role of
A. wodanis in pathogenicity of winter ulcer disease is uncertain, and M. viscosa is considered
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to be the main pathogen (Lunder er al, 1995; Benediktsdortir, Helgnsom o Sigurjonsdottir,
1998; Bruno et al., 1998).

Farlsen et al. {20012) and Karlsen et al. (2014) have attempted to study the interaction
between A. wodarmis and M. viscosa using different approaches. The studies suggest that
A. wodanis may influence the progression of a M. viscosa infection. In particular, they
show that predisposing Atlantic salmons to A. wodanis prior to infection with M. viscosa
led to lower mortalities (Karlsen eral., 2014). As a follow-up Hjerde er al. (2015) studied
the transcriptome of co-cultured A. wodamis and M. viscosa. In this study the authors
concluded that the presence of A. wodanis alters the transcriptome of M. viscosa and
impedes its growth. 4. wodanis genome encodes bacteriocin, a proteinaceous toxin that
inhibits the growth of closely or distantly related bacteria (Hjerde er al., 2015). It was
speculated that the expression of bacteriocin in A. wodanis might have possibly impeded
the growth of M. viscosa (Hjerde er al., 2015). Although the contribution of A. wodanis
in the development of winter ulcer is unclear and may have an alleviating effect on a
M. viscosa infection, laboratory experiments have shown that Atlantic salmons infected
with A. wodanis alone is able to cause clinical symptoms such as scale loss, fin rot and
internal pathological symptoms such as swollen spleen, peritoneal fat tissues and petecchia
in liver (Karlsen et al, 2014). Furthermore, supernatants harvested from high cell density
A. wodanis cultures induce severe and rapid cytopathogenic effect (CPE) in four differ cell
lines of salmonid origins ( Karlsen et al, 2014). Hence, the bacterium is able to produce and
secrete some yet unknown agent(s) that is cytotoxic to eukaryotic fish cells.

We have previously shown that A. wodanis strain 06,/0%/13% produces N-3-hydroxy-
decanoyl-homoserine-lactone (30OHC10-HSL) ( Purchir er al, 201 3), and encodes the Q5
systems LuS/LuxP() and AinS/AinR and the master regulator LitR. (Hjerde er al,, 2005).
In the study presented here we investigate the Q3 system of A. wodanis by studying the
functional roles of the autoinducer synthase AinS and the master regulator LitR. We
performed the analyses at different temperatures since A. wodanis has been associated
with the winter ulcer disease, and also due to the fact that temperature is an important
factor for AHL production and ()5 regulation in the closely related Alifvibrio salmonicida,
the bacterium known to cause cold-water vibriosis in Atlantic salmons (Bjellard er al,
20125 Hansen et al., 20014; Hansen et al, 2015). Our analysis show that the (S system in
A, wodanis regulates various phenotypic traits such as motility, growth, hemaolysis, protease,
siderophore production, as well as oytotoxdcity in a cell line. We speculate that (S regulation
of various potential virulent factors in A. wodanis may play a vital role during winter wlcer
development. To our knowledge, this is the first study on the 05 system of A wodarnis,

MATERIALS & METHODS

Bacterial strains, plasmids and growth conditions

Bacterial cells and plasmids used in this study are listed in Table 1. The wild type

A, wodanis 06/0%/139 and the constructed A. wodanis mutants were grown from glyceral
stocks [ —80 *C) on Luria-Bertani Agar (Difco BDY Diagnostics Sparks, MD, USA) plates
containing 1.5% agar (Sigma-Aldrich, 5t. Louis, MO, USA) and supplemented with a
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Table | Bacterial strains, plasmids and primers used in this study.

Strains, plasmids and primers Diescription ‘Source or reference

A wodanis

A wodaniz wild memhadﬁdnqdﬁﬂzuﬁ:nh:m from west Karlsen of al. {2004)

06097135 coast of Moreay

AlitR A wodamis 06,09/ 138 with a complete deletion of [ifR gens This study

Ains A_ wdamis 0609139 with a partial deletinn of ains gene This study

litR+ AlitR complemented with the wild type litR gene This study

E. coli

M09 Competent strain for transformation of pGEM vector with Yamisch-Perrown, Vieira & {2005)
imsert

5Y3ar Strain for replicating suicide vector, 4 pir Miller & Mekalaros (1988)

517-1 Dionor strain used for conjugation, A pir Simon et al. (1983)

Plazmids

pOdd4 Suicide wector with sach, cm®, REK origin (Apir) Miltom =t al (1996)

PGEM®-T Easy vector Cloning wector with f-galactosidase, Amp", ez, 3'T Fromega
overhangs, blue fwhite screening

pGEM AlitR pGEM®-T Easy vertor with AkirR This study

pDM4 AliE pDM4 with regions fanking the delsted [itR gene This study

pOMd R pDOMA with flanking regions and full length [itR gene This study

pOM4 Aains pOM4 with regions Hanking the deleted ainS gene This study

Primers

LitRA-F ATATACTOCACTTTACAACAAAMGOCCACCTC This study

LitRB-R CATATTTATITATATCCTTGOCAACAA This study

LitRC-F GATATAMATAAATATCTAATATTCAGAACTCAGAAAGTAGATA  This study

LitRD-K TATAATACTACTGAGCTTCTTGETGAAATTEG This study

LitRG-F CAGCCACCTAATAAACCAATCATC This study

LitRH-R COTCTTATCGOTCETGCTATT This study

AinSA-F AATAACTCCAGGGCTGATTATACAATAAGGTTGTG This study

Ain5E-R CTAGATTGTTITAGATCAAATETTGATA This study

Ain3C-F GATCTAAACAATCTAGACGAGOCACCAACATATCAA This study

AinSD-R TATATACTACTCAACCTCCATCCGATCTTTA This study

Ain5SG-F TCACCACCGAGAACCAAGACT This study

AinSH-R TTACGCTTGATAGCGACACCAA AT This study

NICHCAT TAACGOCAAAACCACOGOOCCGACATCA Miltom =t al [1996)

MOHREY TETACACCTTAACACTCGOCTATTGTT Miltom et al (1996)

final concentration of 2.5% NaCl (wt/vol) (LAZ25) for 3 days at 12 *C. The Pre-culture
of A. wodanis was grown overnight in 2 ml of Luria-Bertani broth (LB2.5) at 12 *C and

220 rpm.

The Escherichia coli (E. coli) strains IM10% and 5.17- 1lambdapir were grown on LA or
LB supplemented with 1% (wtfvol) MaCl (LAl and LB1, respectively) at 37 “C and 220
rpm overnight. The TA plasmid pGEM-T was propagated in E. coli JM10% { Promega). The
suicide plasmid pDM4 {GenBank: FC795686.1) was propagated in 5.17-1lambdapir cells.
The E.coli IM 109 and 5.17-1lambdapir transformants were selected on LA with 100 pg/ml
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ampicillin and 25 pg/ml chloramphenicol respectively. The potential transconjugants of
A. wodanis were selected on LALS supplemented with 2 pg'ml chloramphenicol at 12 *C
for 5 days.

A sea water-based medium (SWT) was used in the biofilm and colony morphology
assays consists of 5 gfL of Bacto peptone (BIY), 3 g/l of yeast extract (Sigma-Aldrich, 5t
Louis, MO, USA) supplemented with different sea salt (Instant Ocean, Aquarium systems,
Sarrebourg, France) concentrations (1.0, 2.8 and 4.0% per litre). For solid SWT plates, 1.5%
agar (Sigma-Aldrich, St. Louis, MO, USA) was added. The hemolysin assay was carried on
blood agar plates (BA) base no.2 (OXOID, Thermo Scientific) supplemented with 5% blood
and 2.5% MNalCl. Leibowitch-15 (L-15) medium {Thermo Fisher Scientific, USA) was used
for cytotoxicity assay and supplemented with 200 mM L-glutamine, antibiotic-antimycotic
sodution 100 units/ml penicillin, 100 pg/ml Streptomycin, 250 ng/ml amphotericin B
(PIS/A) (Sigma-Aldrich, 5t. Louis, MO, USA) and fetal bovine serum (FBS) (8%).

DNA extraction, PCR and sequencing

Genomic DNA was purified using Maslzrpm:em complete DMA/RNA purification kit
(Epicentre, Cambiao Ltd., Cambridge) and plasmids were purified using EZ.N.A® plasmid
mini kit (Omega Bio-tek, Inc., Morcross, GA). The DMA concentration was measured
using WanoDrop™ 3000¢ spectrophotometer (Thermo Scientific, DE, USA). The PCR
amplification was performed wsing Phusion® polymerase (Thermo Fisher Scientific,
Waltham, MA, USA) or Tag polymerase (Sigma, 5t. Louis, MO, USA) in a Acktik™
thermal cycler (Thermo Fisher Scientific, USA). Restriction digestion using Xhol and
Spel restriction enrymes and DNA ligation using T4 DNA ligase were performed as
recommended by the manufactures and were obtained from New England Biolabs (Ipswich,
MA, USA). The PCR. products and the digested DNA fragments were separated using
agarose gel electrophoresis and extracted using Montage™ gel extraction kit (Millipore,
MA, U5SA). DNA sequencing was performed using Big Dye (Applied biosystems, CA, USA).
The primers used in the PCR and sequencing reactions were synthesized by Sigma-Aldrich
and are listed in Table 1.

Construction of AlitR and AainS mutants

The litR (AWOD_I_041%) and aind (AWOD_I_1040) genes were in-frame deleted in

A. wodanis using allelic exchange as described by others (Milton et al., 1996 Bjelland er al,
20125 Hansen et al., 2015; Khider, Willassen o« Hansen, 2018). Briefly, IitR and ainS genes
were deleted by amplifying and fusing regions flanking these genes. The upstream (280
bp) and downstream (263 bp ) flanking regions of [itR gene were amplified by primer pairs
LitRALitRB and LitRC/LitRID) respectively. The upstream region contains the start codon
(ATG), and the downstream region contains the last three codons (TAA) at the C-terminal
end of it gene. The upstream (2533 bp) and downstream (271 bp) flanking regions of
ain3 gene were amplified using primer pairs AinSASAInSE, and AinSCfAInSD, respectively.
The upstream PCR product ends before the start codon (ATG), and the downstream PCHR
product contained the last 149 bp (50 codons) of the aind gene. PCR amplification was
performed with an initial denaturation at 98 “C for 30 s (s}, followed by 30 cycles of 98 *C
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for 10 5, 60 “C for 20 s, 72 “C for 30 5, finishing with a final extension at 72 “C for 5 min
and storage at 4 “C thereafter. The upstream and downstream PCR products of either
lith or ainS were fused by overlap extension PCE. This overlap PCR was performed by
mixing the upstream and downstream PCR products with DNA Phusion polymerase,
deoxynucleoside triphosphates (dNTPs) and buffer and cyding for seven times. Then
the primer pairs LitRA/D or AinSA/T were added. and 25 more cycles were run (FCR
amplification was performed similarly to the stated abowve). A'overhangs were added to
the fused PCR products and ligated into pGEM-T Easy vector. The ligated constructs were
transformed into E. coli IM 102 cells. The inserts (PCR overlap products) were digested
from the pGEM plasmid wsing Spel and Xhol restriction enzymes as the primer pairs
LitRA/D and AinSA/D contain restriction sites (Spel and Xhol) to enable further ligation.
The digested fused PCR products were further ligated into corresponding restriction sites
of the suicide vector pDM4. The pDM4 plasmid with either [itH or ain5 fused PCR product
was transformed to E.coli 5.17-1lambdapir cells. The resulting plasmids were designated as
pDM4 Al and pDM4Aains.

The pDM4AlirR and pDM4 AqinS constructs were transferred into wild type A. wodanis
by bacterial conjugation as described previously {Milton er al, 1996; Bjelland er al.,
2012 Khider, Willassem o Hansen, 2018). Briefty, the donor cells E.ooli 5.17- Hamhbdapir
harboring the pDM4AlitR or pDM4AainG were grown until mid-exponential phase to
ODVpo (optical density at 600 nm) of 1.0 and the recipient strain (A wodanis) to an
early-exponential phase O Digeo of 2.0. One ml from each culture was centrifuged separately
at room temperature and the pellets were separately washed twice with LB1 medium. The
washed bacterial pellets were mixed and resuspended in 10 pl of LE1. The resuspended
pellet was spotted onto LA plates and incubated at 19 *C for 6 h. The plates were further
incubated at 12 “C for 48 h. The spotted cells were then resuspended in 2 ml LBE25
and incubated overnight at 12 “C before plating (20, 40, &0, 80, and 100 pl) on LAZS
plates with 2 pg/ml chloramphenicol. Potential transconjugants were selected after 3 to
5 days and confirmed using colony PCR. To complete the allelic exchange needed to
generate the complete deletion mutants (Aagind and AlitR) potential transconjugants
(Awodanis-pDM4- Aqind or A.wodanis-pDM4-AlitR) were plated on LAZ5 plates with
5% sucrose to allow the second cross over. The cells that were able to grow were selected
based on their sensitivity to chloramphenicol. The antibiotics sensitive cells were confirmed
by colony PCR and further verified by sequencing.

Construction of AlitR complementary strain

The complementary strain (litR*) of the AlitR mutant was constructed by amplifying
the full-length wild type litH gene using primers LitRA and LitRD. Briefly, the length of
both the parental [itR gene and its flanking region used to generate [ith+ was 1,145 bp,
which was amplified from wild type using primers LitRA and LitRD). The PCR product was
then cloned into pDM4 using restriction digestion and ligation as described above. The
resulting plasmid pDM4litR* was transformed into E.coli 8.17-1lambdapir cells and further
transferred to the A. wodanis AlitR mutant by bacterial conjugation (described abowve).
The selection and verification of the potential complementary strain were performed as
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described above. The region that flanks the complemented region (litR+) after allelic
exchange was confirmed using primers LitRG and LitRH. The length of products amplified
using LithG and LitRH was 1,365 bp.

Preparation of bacterial supernatants for AHL measurements

The wild type A wodanis, AlitR and lith* were cultivated in parallel at & and 12 *C. The
cultures were diluted to a start ODgyg of 0.001 in a total volume of 60 ml LB2.5 in a 250
ml baffled flasks. The cultures were grown further at the selected temperatures and 220
rpm. Cultures of 1 ml {wild type, AlitR and lifR*) were collected at seven different cell
densities in total, six at the log phase (ODsoo of 0.5, 1.0, 2.0, 3.0, 4.0, 5.0) and one at the
stationary phase (8.0). For Aain5 AHL measurements, samples were only harvested at
the early stationary phase (0D of 6.0}, The cultures were centrifuged at 13,000 g for
2 min at 4 *C (Heraeus fresco 21; Thermo Scientific, Waltham, MA, USA). Seventy-five
microliters of each supernatant were acidified with 4 pl of 1M HCI and stored in three
techmnical replicates at —20 “C before measuring the AHLs. A commerdial 3-0H-C10-HSL
was used as a standard (Sigma-Aldrich, 5t. Louis, MO, USA). The sample preparations for
High-Performance Liquid Chromatography-Tandem Mass Spectrometry (HPLC-MS/MS)
were done as described by others (Furohir er al,, 2013 Hansen er al,, 2015). Briefly, the
acidified supernatants were mixed with three volumes of ethyl acetate (225 pl) and
vortexed. The ethyl acetate phase of the three technical replicates was pooled together into
a 1 ml 96 well plate and dried in a rotary vacuum centrifuge at —%0 “C for 2 h (Speed¥ac
Savant™ concentrator; Thermo Scientific). The dried samples were dissolved in 150 pl
of 20% acetonitrile containing 0.1% formic acid and 660 ng'ml of internal standard
3-oxo-C12-HSL (Sigma-Aldrich, St. Louis, MO, USA).

HPLC-MS/MS analysis

The HPLC-MS/MS analysis was performed as described in Purohit er al. (2013) and
Hansen et al. (2015). Briefly HPLC-M5/MS was performed using an Ascentis Express C18
reversed-phase column (30 » 2.1 mm, 2.7 pm particle size; Sigma). A sample of 20 pl
was injected into the column and eluted wsing 0.1% formic acid in water and 0.1% formic
acid in acetonitrile at a flow rate of 200 plfmin. The elution profile obtained was 5%
acetonitrile in 30 s, 90% in 300 s and 5% in the next &0 s. The separated compounds were
detected by Linear lon Trap Quadrapole (LTQ) part of the LTQ-Crbitrap (Thermo Fisher
Scientific). The LT(} was used in selected reaction monitoring (SEM) mode, and the SEM
was divided into two segments. Segment 1 scanned 30HC10-HSL and segment 2 scanned
the internal standard 30-C12-HSL with a retention time of 0~3.15 min and 3.15-6.00 min,
respectively. The ion trap parameters chosen for M3/MS were maximum injection time 30
ms, isowidth 1.0 mfz, collision energy 35, act () 0.25 and act time 30 ms. The measured
AHLs are presented in ngfml/ODs0. The AHL measurements at different temperatures
were performed twice.

Motility assay
Mouotility assay was performed in LA2.5 soft agar plates with 0.25% agar (Hjelland e al, 2003
Ehider, Willasser ¢ Hansen, 2018). Pre-cultures of A. wodanis wild type, Aain5, AlitR and
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lith+ were diluted 1:100 in LB2.5 and grown overnight at 12 °C to an 0D, comresponding
to L.0. Then 2 pl of each culture was spotted onto the LA2.5 soft agar plates and incubated
at 6 “C and 12 “C. The diameter of motility zones were measured in millimeters every 24 h

for 5 days.

Siderophore, hemolysis, chitinase and protease assays

Siderophore production was screened using Chromeazurol 5 (CAS) agar plates as described
by others { Laszon er al,, 2008), with the exception that 2.5% of MaCl was used in this study.
Culture supernatants harvested at ODq 6.0 (100 pl) from strains grown at & and 12 *C
were added to six mm wells casted in CAS agar. The CAS agar plates were incubated at
20*C for 2 days. Hemolysin production was estimated by spotting 2 pl cultures of each
strain on BA plates. The protease production was estimated by spotting 2 pl cultures of each
strain on LA2.5 agar plates supplemented with 2% skim milk {Sigma-Aldrich, 5. Louis,
MO, USA). The chitinase assay was performed by spotting 2 ul cultures of each strain on
LA2.5 supplemented with 2% colloidal chitin (Sigma-Aldrich, 5t. Louis, MO, USA) and
the plates were stained with 0.5% congo red (Sigma-Aldrich, St. Louis, MO, USA) for 30
min before destaining with 1 M NaCl for 20 min for chitinase zones measurement. All the
assays were performed with at least three biological replicates of strains A. wodarnis wild
type, Aaind, AlitR and litR+ and were incubated at & and 12 *C. The dear zones ratic values
for hemolysis, protease and chitinase assays were calculated as clear zone diameter/colomy
diameter.

Biofilm and colony morphology assays

The biofilm and colony morphology assays were performed as described previously { Hansen
er al., 2014} using SWT media and plates, respectively. Pre-coltures of A. wodamis wild type.
Aagins, and AlitR were diluted 1:100 in LB2.5 and grown overnight at 12 “C to an ODp,
of 1.0. For the biofilm assay, the cultures were further diluted 1:10 in SWT media, and a
total volume of 300 Ll was added to Falcon 24 well plates (BD Biosciences) and incubated
statically at & “C. The plates were monitored every 24 h. For the colony morphology assay,
a 250 pl of each bacterial culture was harvested by centrifugation, and the pellet was
resuspended in 250 ] SWT. Then, 2 pl of each culture was spotted onto SWT plates and
incubated at & “C for up to 4 weeks. The biofilm formation and colony morphology was
wvisualized using fiess Primovert microscope at 10x and 4x magnification, respectively and
were photographed with AxioCam ERcSs.

Cytotoxicity assay and crystal violet staining
Chinook salmon embryo (CHSE-214) cells were purchased from American Type Culture

Collection (Nicholson ¢+ Byme, 1973). Chinook salmon embryonic (CHSE) cells {passage
55) were grown in L-15. The CHSE cells were seeded 1 107 cells/ml in a flat-bottom
tissue culture 24-well plates (Falcon; BDY Biosciences) and incubated for 48 h at 20 *C.
Supernatants of A wodanis, AainS, AlitR and litR* grown at 6 *C and 12 “C were
harvested at 0D of 6.0, 7.0 and 8.0 and filter sterilized throwgh 0.22 pm filter. The 100%
confluent fish cells were washed with L-15 without supplements and treated with bacterial
supernatants {1:10 to L-15 with antibiotics) before incubating at 12 “C. LB2.5 was used
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as a negative control. The plates were monitored after 4 and 24 h. The treated CHSE cells
were quantified using crystal violet staining. Briefly, the wells with treated CHSE cells were
stained with 500 pL of 0.1% crystal violet for 20 min before washing with water. The plates
woere air-dried for 1 or 2 days, and the cells were dissolved in 6% ethanol before measuring
the absorbance at 90 nm (100 pL} using a spectrophotometer (Spectromax, Molecular
devices).

All assays were carried out in biological triplicates, unless otherwise indicated. The assays
were also performed in two to three independent experiments to validate the results.

RESULTS

In order to study the roles of QS in A. wodanis 06/09/139, we deleted parts of the aind
gene (347 of 396 codons) and the itk gene (200 of 201 codons) using allelic exchange. A
complementary AlitR strain (litR*) was constructed by re-inserting the full-length copy of
the wild type litR gene into the AlitR mutant to ensure that observed phenotypes are due
to the targeted gene inactivation and not to other factors. Despite several trials, we were
unable to rescue the AainS mutant. The schematic presentation of the litR and ain$ genes
in the genome of A. wodaris is shown in Fig. 51.

The AInS autolnducer synthase Is responsible for the production of
JOHCA10-HSL

In previous work, we mapped AHL profiles among members of the Vibrionacear family.
Only one single AHL, the 30HC10-HSL, was identified in A. wodanis 06,089,139 ( Purohir e
al., 2013). In A. salmonicida, the autoinducer synthase Ain5 was responsible for 30HC10-
HSL synthesis (Hansen eral, 2015). Thus our first aim was to verify if 30HC10-HSL is
produced by AinS. To this end, supernatants harvested from the wild type and mutants
{AainS, AlitR and litR+ ) were analyzed by HPLC-MS/MS as previously described { Puroki
et al., 2003 Hansen et al,, 2015). A peak corresponding to 30HC10-HSL was present only
in supernatants harvested from the wild type, AlitR mutant and the litR* (Fig. 1). This
supgests that AinS is the autoinducer synthase responsible for 30HC10-HSL production
in A. wodanis 06/0%/139. Unfortunately, we were not able to complement the ain§ mutant
which could have given absolute proof for Ain3 being the 30HC10-HSL synthase in

A. wodanis. Since ain5 is the only AHL-linked gene annotated in A. wodanis we find other
explanations unlikely.

LitR represses growth of A. wodanis at 20 "C

Mutations are known to affect the growth of bacteria. A. wodanis strains grow in a range of
4-25 °C and in a recent study in our lab, the optimal growth temperatures were found to
be 12-18 *C (Lunder er al., 1995; Lunder e al., 2000; Soderberg er al, 201%). We, therefore
tested the strains ability to grow at three different temperatures (6 “C, 12 °C and 20 “C)
within the reported temperature range for A. wodanis. As shown in Fig 2, the IitR or ainS
mutations did not alter the growth rate of A. wodanis at 6 “C and 12 *C, and all strains
reached a maximum ODgy, of ~8.0. The strains grew considerably faster at 12 *C than at
& “C, and the duration of the log/exponential phase {ODggo 0.5 to 8.0) for the wild type

Maharajan et al. (2024), Peerd, DOI 10.7717/peerj. 11980 w27

75



PeerJ

Hl:2. 80
100 - a5zl
WT
BD M
- ~ UG
A0 i e i
F-GH-CLI-HEL
R ]
D PR
L o . ||
an | dains f
oo - . 'y
a . I ?ﬂl-d
Soan S '.I;HI‘
o 0 b
Z o
E It oy
LESEHT
ki) . .
o M7 AR
= I .
o [ {E | /\/\/‘\',I\/i\"Q
Q40 - . i
fo=s 20 4 3-0H-CLO-HEL I
o
[ ]
| T HEE ol )
100 TiER*
BD -
5 ) /W\/J\/L
AG F0H-CT I-HEI U
¥ i
C T T T T T T T ]
00510152025 30353901550
Time [min)

Figure | 30HCI-H5L screening in wild type, AainS, AlitR and litR+. HPLC-MS/MS peaks showing

the relative abundance of 3DHC10-HSL in mhhnﬂﬂﬂ%dﬁﬂ;ﬁrrgrnﬁufﬂudii

ferent bacterial strains at 12 “C. LBE2_5 was used as a blank. BT: Retention Time, AA: Peak area count.
Full-size Bl DO 10,7717 peerj.1 1 980/fig-1

lasted for 22 h when grown at 12 *C compared to 45 h at 6 “C (Fig. 2). At 20 =C, which
is 2 non-optimal temperature for growth of A. wodanis in the laboratory (Soderbery er al,
2019, the wild type and Agind mutant showed a growth deficiency, and the growth halted
after reaching an ODlgpy of 2.0-3.0 before it finally reached maximum 0Dy of 5.0-6.0.
On the other hand, the AlitR mutant grew steadily and was able to reach an 0Dy, of 8.0
Meither of the strains grew in liquid media (LB2.5) at 25 “C, and after streaking single
colonies of the different strains onto blood agar plates (BA2.5) only the AlitR mutant was
able to form small colonies when incubated at 25 *C (Fig. 52). Thus, LitR represses the
ability of A. wodanis to grow at 20 *C and 25 *C.
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Figure 2 Growth curves of wild type A. wodanis 06/09/139, and the isogenic mutants Aains, AlitR
and [itB*. The strains were grown in LB2.5, 220 rpm at & *C (A}, 12°C (B} and 20 “C (C). The error bars
indicate the sandard deviation of three biological replicates.
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Figure 3 AHL profiling of supernatants harvested from wild type A. wodanis 06/09/139, AR and
lith*. (A} The 3DHC10-H5L concentrations [ng/milM0Dex ) were measured in acidified supernatants by
HPLC-MS/MS after growth of the different strains at 6 “C and (B} at 12 “C. The error bars indicate the
standard deviation of three biological replicates.
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JOHCA10-HSL production In A. wodanis Is cell density and
temperature-de pendent, and weakly regulated by LitR
To explore the role of temperature on the production of 30HC10-HSL in A. wodanis, we
analyzed supernatants harvested from the wild type 06,/09/139 at different cell densities
after growth at & and 12 “C. The HPFLC-M3/M3 analyses showed that the 30HC10-HSL
production was detectable from the measurements started at ODgp0 of 0.5 and increased
along the growth curve in a cell density-dependent manner. The bacterium produced
higher concentrations of 30HC10-HSL when it was grown at 6 “C compared to at 12 *C
(P < 0.05, by Students r test). Highest 30HC10-HSL concentrations were measured in the
stationary phase (0D, of 8.0) where the wild type reached concentrations of 21.06 & 0.43
ng/mli0:qg and 15.12 £ 0.94 ng/ml'ODg, after growth at & “C and 12 *C, respectively
(Table 51, Fig. 3).

We also analyred supernatants harvested from the AlitR mutant to examine if LitR is
a regulator of AHL production in A. wodanis, similar to what has been shown for other
aliivibrios (Leupp o« Ruby, 2004; Hansen et al., 2015). As shown in Fig. 5, the AlitR mutant
produced lower concentrations of 30HC10-HSL than the wild type did in the stationary
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phase, and the deletion of [it® led to an 24% reduction when the maximum concentrations
(measured at 0Dz = 8.0) of the wild type and AlitR were compared at & *C (WT = 21.06
+ .43 ng/ml/0Dgoe and AlietR = 16.01 £ 0.96 ng/ml/0Dsog; P < 0.05 by Students ¢ test)
and 22% reduction after growth at 12 “C (WT = 15.12 £ 0.94 ng/ml'0Dso0 and Alith =
11.78 £ 0.94 ng'ml/0Deo; P < 0.05 by Students ¢ test). The complementary mutant [itR+
behaved as the wild type with regard to 30HC10-HSL production.

Phenotypic tralts regulated by QS In A. wodanis 06/09/139

()5 is known to regulate several activities or phenotypic traits in vibrios and allivibrios
(Croxarto er al, 200% Zhu et al., 2002; Lee er al., 2004; Tsou o= Zhu, 20105 Bjelland et al,
2012 Ehider ef al, 201%). Therefore, we analyzed the wild type A. wodamis 06/09,/139
and ()3 mutants (AqinS and AlitR) with regard to motility, protease and siderophore
production, hemolysis, chitinase activity, biofilm formation and colony morphology. The
experiments were performed at 6 “C and 12 *C to determine if the temperature has an
influence on the phenotypic traits exhibited by the wild type. Aain and Alit mutants.

Moiility

The motility assay showed that the wild type A. wodanis 06/0%/13% was motile at both
6°C and 12 *C. The motility of wild type A. wodamis was 57% higher at 12 “C compared
toat & “C (12°C =42.17 £ 3.19 mm and 6 “C = 18.00 & 0.89 mm; P < 0.05 by Students
t test) (Fig. 4A). The Aains and AlitR mutants showed significantly higher motility than
the wild type at both temperatures. Compared to wild type, the AlftR mutant showed 27%
larger motility zones both at 6 C (WT = 18.00 + 0.9 mm and Aliff = 24.58 + 1.74 mm;
F < 0,05 by Students r test) and at 12 *C (WT = 42.17 & 3.19 mm and AlitR = 57.67
+ 1.97 mm; P < 0.05 by Students ¢ test). Similarly, the AainS mutant showed 17% larger
muotility zones at 6 “C (WT = 18.00 £ 0.8% mm and Aaind = 21.67 + 1.51 mm; P < 0.05
by Students ¢ test) and 26% larger zones at 12 *C (WT = 4217 £ 319 mm and Aain5 =
57.17 £ 3.87 mm; P < 0.05 by Students r test) (Fig. 44, Table 52).

Siderophore production

Siderophores are produced by the bacterium and secreted into the growth medium (Sandy
o Butler, 2005). Hence, the activity was analyzed in supernatants harvested at ODwno of
6.0 from the wild type and mutants after growth at & and 12 *C. The CAS assay showed
that supernatants harvested from wild type at 12 *C produced 19% larger zones than
supernatants harvested at 6 *C (Fig. 48, Table 52). Siderophore production was negatively
affected by the litR mutation, and the zones formed by AlitR mutant supernatants were
19% smaller at 6 *C (WT = 14.00 £ 1.00 mm and AlitR = 11.33 & 1.53 mm; P < 0.05
by Students r test) and 29% smaller at 12 *C (WT = 17.33 £+ 1.15 mm and AlitR = 12.33
+ 1.15mm; P < 0.05 by Students ¢ test) when compared to the zones produced by wild
type supernatants. The size of siderophore zones formed by the supernatants from AainS
mutant was not significantly different from the wild type at neither 6 *C nor at 12 *C
(Fig. 4B, Table 52).
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Figure 4 Motility, siderophore- and protease production, and hemolytic activity in A. wodanis, AainS,
AlitR and itR* mutants at 6 *C and 12 °C. (A) Soft agar plates showing the motility zones after 2 days.
(B) Siderophares produced at OD,, of 6.0 visible as yellow halos on CAS agar. (C) Protease production
visible as cleared zones on skim milk agar plates. (D) Hemolytic zones on blood agar.
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Protease activity

The protease assay showed that the wild type A. wodanis 06/09/139 was able to cleave
the skim milk embedded in the agar (F'iz. 4C). When compared to wild type, the average
proteolytic zone ratio of the AainS mutant was 16% smaller at 6 °C (WT = 1.47 £ 0.20
and Aain§ = 1.23 £ 0.08; P < 0.05 by Students ¢ test) and 17% smaller at 12 °C (WT =
1.78 £ 0.15 and AainS = 1.47 £ 0.07; P <0.05 by Students ¢ test). The proteolytic zones
produced by the AlizR mutant were not significantly different from the ones produced by
the wild type at neither 6 “C nor 12 °C (Fig. 4C, Table 52).

Hemolytic activity

The hemolysis assay showed that the wild type A. wodanis 06/09/139 was hemolytic
(Fig. 4D). The AlitR mutant produced hemolytic zones ratio that were 10% smaller than
the corresponding zones produced by the wild type at 6 °C (WT = 1.76 & 0.07 and AlitR
= 1.58 £ 0.07; P < 0.05 Students r test) and 10% smaller at 12 °C (WT = 1.84 £ 0.03
and AlitR = 1.66 % 0.06; P < 0.05 by Students ¢ test). Deletion of ainS had no significant
effects on the hemolytic activity, as both AainS and wild type produced similar hemolytic
zones on the blood agar plates (P > 0.05 by Students r test) (Fig. 4D, Table 52).

Chitinase activity
The assay showed no significant differences (P > 0.05 by Students ¢ test) in chitinase zones
between the wild type and mutants (AainS and AlitR) (Fig. 53, Table 52).
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Colony morphology and biofilm formation

The ability of the mutants to form biofilm and colony morphology was analyzed in the
SWT media with different salt conditions. The strains (A wodanis, AainS and AlitR)
did not form biofilm (Fig. 54). Similarly, on the SWT plates, the colonies of Aaind and
AlitR leoked smooth similar to the wild-type with no mugosity both microscopically and
macroscopically (Fig. 55).

Cytopathogenic effect on Chinook salmon embryonic cells (CHSE)
To test whether (35 affects the cytopathogenic effect (CPE) of A. wodanis 06/0%/13%, CHSE
cells were treated with supernatants harvested at different cell densities (0D, of 6.0, 7.0
and 8.0) from the wild type and mutants { Aain5 and AlitR) after growth at 6 and 12 *C.
The CPE was observed microscopically (Fiz. 5/}, and cells that survived and remained
attached to the substratum were thereafter quantified using a crystal violet staining method
{Figs. 5B and 5C). Supernatants harvested from the wild type had a CPE on the CH3E cells
similar to what has been described earlier (Karlsen o1 al, 2014). The temperature at which
the bacterium was grown and the time of harvest {cell density) determined the severity of
CPE. After growth at & “C, wild type supernatants harvested at OD g of 6.0 showed highest
CPE with complete lysis of the cells {Figs. 34 and 58). Wild type supernatants harvested
at ODqq of 6.0 after growth at 12 “C were less oytotoxic to the cells (Fig. 5A), but the CPE
increased with increasing cell density, and after treatment with supernatants harvested at
ODp of 8.0 the cells suffered from severe CPE and few cells remained viable and attached
to the substratum (Fig. 5C).

Compared to the negative control, some CPE was observed for cells treated with
supernatants harvested from the AlitR mutant, but most cells remained intact withouwt
losing the cell to cell contact (Fig. 5A). On the other hand, supernatants harvested at OD
goo 0F 6.0 from the Agind mutant grown at 6 “C induced severe CPE and few cells survived
(Figs. 5A and 5B). However, after growth at 12 “C the supernatants harvested from the
AqinS and AlitR induced similar CPE and were less cytotoxic than the corresponding
supernatants harvested from the wild type. Hence, in particular, ()5 and LitR play a role in
regulation of CPE towards CHSE cells in A. wodamis, and this regulatory role is somewhat
stromger at & “C compared to at 12 *C (Fig. 5, Table 53).

DISCUSSION

(15 is known to regulate several phenotypes or traits in vibrios and aliivibrios such as
mutility, siderophore production, hemolysis, biofilm formation, protease production and
virulence {Croxarto et al, 2002% Zhu et al, 2002; Sandy o~ Buder, 200% Bjelland et al., 2002
Yang o Defoirdt, 2015 Elgaml & Miyoshi, 2017; Balado et al., 2018).

Before the study presented here, we had a limited knowledge regarding the ()5 systems
in A. widanis. However, from previous genome analysis and HPLC-MS5/M3 analyses of
supernatants we knew that A. wodanis encoded two QS systems (LuxS/P(Q) and AinS/AinE)
and preduced one AHL (3OHC10-H5L) (Purohir er al., 2003; Hjerde et al., 2015). Thus, to
explore the role of the Q3 in A. wodanis, the essential genes aind and iR, were inactivated
and their functional roles were investigated when the bacteria was grown at 6 “C and 12 *C.
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Figure 5 Cytopathogenic effect (CPE) in CHSE cells inoculated with snpernatants of wild type
A wodanis, Agin5, AlitR mutants and litR* harvested at 6 and 12°C. (A) CPE observed in CHSE cells
treated with supernatants harvested at 0D of 6.0 from strains grown at 6 “C (top) and 12 “C (bottom).
The images were taken after 24 h incobation at 12 *C with a Mikon Eclipse T5100 Inverted Phases contrast
Microscope at 10x magnification. The bar charts represent the absorhance measured after crystal violet
of 6.0-8.0 from strains grown at & *C (B) and 12 *C (C). NC denotes negative control. The error bars
indicate the standard deviation of three biological replicates.
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Ohr study shows that AinS is the autoinducer synthase responsible for cell density
dependent 30HC10-HSL production in A. wodanis. This is similar to Ain§ in
A. salmonicida, which produces the same type of AHL (30HC10-HSL) (Hansen et al,
2015). Previous studies of pathogenic vibrics and aliivibrios have pointed to a relationship
between a temperature closest to disease temperature and AHL production ( Harnsen er al,
2015 Bhedi et al, 2007). Similarly, the temperature was found to regulate 30HC10-HSL
production in A. wodanis, where the concentration was higher at 6 “C than at 12 *C. Thus,
the effect of temperature on 30HC10-HSL production in A. wodanis may correlate to the
winter ulcer threshold temperature, 8 “C.

LitR in A. salmonicida and A. fischeri are activators of AHL production while the LitR
homologue VanT in Vibrio anguillarum does not affect AHL production (Crocatio ef al,
2002 Lupp o Ruby, 2004; Hansen et al,, 2015). Interestingly, LitR is only a weak activator
of 30HC10-H5L synthesis in A. wodanis, suggesting that other mechanisms may be
imvolved in regulation of AHL production. Several LitR-independent regulations such as
Ain3 autoregulation or cydic adenosine monophosphate (cAMP) - cAMP receptor protein
(CRP)-, response regulator (GacA)-, posttranscriptional regulator (RsmA)- and regulator of

Maharajan et al. (2021), PeerJ, D01 10.77 17/peerj.11880 1527

81



PearJ

general stress response (RpoS)- mediated regulation have been reported in A. fischeri (Lupp
o Ruby, 2004; Lyell e al, 2003). The genome of A. wodanis encodes homologs of GacA
(AWOD_I_1749), RpoS (AWOD_I_2147 and AWOD_IT_1179), RBsmA (AWOD_I_2393)
and CRP (AWOD_I_0320) {Hjerde er al., 2015). However, further studies are needed to
investigate if these regulators are involved in 30HC10-HSL production in addition to LitR
in A wodanis.

The A. wodanis AlitR mutant exhibited better growth than the wild type and Aain§
mutant at the non-optimal temperatures 20 and 25 *C. At 20 *C the wild type and Aain$
mutant stopped growing in the early log phase and then continued growing after few hours,
whereas the Alith mutant grew well without this pause. This suggests that LitH is a negative
regulator of growth and temporarily prevents growth of A wodanis at 20 *C. Others have
reported that (S upregulate growth at non-optimal temperatures such as in A fischeri and
A salmonicida where deletion of litR led to slower growth than their respective wild types
(Fidopiasiis et al., 2002 Hansen et al, 2015). However, in some bacteria like Pseudomonas
aeruginosa, the mutation of ()3 transcriptional regulators (LasR and RhiR) provided a
growth advantage to the lasi and rhiR mutants over the wild type (Heurlier et al., 2005
Yin et al, 2007). Moreover, during alkaline stress, the lasi mutant in F. aeruginesa showed
better cell viability than the wild type {Heurlier er al., 2005). Bacteria experience various
fluctnations in the environment, and suboptimal temperature is a key stressor, which the
bacteria have to react and respond to in order to survive. This is well-known from studies
with E.coli where a temperature shift from 37 to 42 “C results in accumulation of heat
shock proteins to maintain homeostasis and later, after the bacteria have adapted to the
temperature, the heat shock proteins are down regulated to assist the growth again ( Bulba,
1983; Guishers e al, 2004). Thus, A. wodaris may respond to non-optimal temperatures
by inducing heat shock proteins and start to grow again after adapting to the temperature
shock. However, the mechanisms LitR. may play in the response to stress and non-optimal
temperatures needs to be further investigated.

A. wodanis is considered a secondary pathogen in winter ulcer disease, and little is known
about virulence factors in this bacterium. In a community, bacteria produce variows virulent
and non-virulent factors that provide an opportunity for adaptation and survival, such
as motility, biofilm formation, siderophore and protease production (Hibbing ef al,, 2000
Cullen & McClean, 200 5; Diard o« Hardy, 2017). In this study, we found that A. wodanis
06,/0%,/13% was motile and produced siderophores, hemolysin, protease and chitinase.
A. wodanis grows faster at 12 “C than at & “C, and the aforementioned phenotypes
or activities were strongest at 12 *C. Deletion of litR and ainS in A. wodanis changed
several phenotypes in this study. (5 regulation of motility has been shown in numerous
Vibrionacear members, where the effect of (5 on motility varies between bacteria. ()5
positively regulates motility in V. harveyi and Vibrio cholerae, whereas it negatively affects
maotility in A salmonicida, A. fischeri, Vibrio parahaemolyticus and Vibrio algimolyticus
(Lupp d= Ruby, 2004; Nielsen et al., 2006; Rui er al., 2008; Bjelland et al., 2012 Kernell Burke
et al, 2015; Yang ¢+ Defoirdr, 2015). Similarly, in our study, QF negatively regulates
muotility in A wodanis. In a planktonic state, bacteria require higher motility to reach
towards the host or surface, as they attach, the motility decreases to facilitate colonization
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{Lupp o Ruby, 2005; Liu et al,, 2008). Since LitR. negatively regulates motility, it is likely that
A. wodanis is more motile at low cell density and reduces its motility as it reaches higher cell
density by activating the LitR-Ain3 pathway. In A. fischeri and V. cholerae, hypermotility in
()5 mutants have led to low colonization of the hosts {Gardel o Mekalanos, 1996 Lupp et
al., 2003; Lupp & Ruby, 2005). We speculate that the hypermotile AainS and AlitH strains
may behave like planktonic cells and result in low colonization in the host.

The motility is often linked to biofilm formation and colony rugoesity in many Vibrio
and Aliivibrio spp. ( Yildiz & Visick, 200%; Bjelland et al., 201 % Jewmielita, Wingreen o Bassler,
201 8; Khider et al, 2019). In the present study, neither the wild type nor the hypermotile
strains { Aaind and Alitl) formed biofilm or colony rugosity under the tested conditions.

Proteases play an essential role in numerous bacterial biological processes and also
act as vinulence factors in many pathogens (Rui et al, 200% Synghon eral, 2000). Q8
master regulators such as VanT in V. anguillarsim, HapR in V. cholera, SmcR in Vibrio
vulnificus, Opal in V. parahaemolyticus are known to be associated with regulation of
proteases (Croxario ef al, 2002 Wang er al., 20015 Elgaml o Miyoshi, 2017; Chang d- Lee,
2015). However, in A. wodanis LitR. did not affect protease production. Interestingly, AinS
in A. wodanis seems to positively affect protease production. This observation supgests
that protease production is activated by AinS independently of LitR. LitR independent
regulations of proteases have also been reported in other bacteria {Charcey, Wood &
Fierson, 199% Elgaml o Miyoshi, 2017). As AHL is still produced in the AlitR mutant,
the AHL could bind to some unknown LitR-independent regulators and express the wild
type proteases. Thus, there is a possible linkage between other regulators and the AHL
F0OHC10-HSL

Deletion of lith in A. wodanis led to a reduction in siderophores production and
hemaolytic activity. The bacterium secretes siderophores to acquire iron from the
environment and is a potential virulent factor (Ratledge o Dover, 20007 Balado eral.,
215). The genome of A. wodanis encodes two siderophores clusters (AWOD_I_1553-
1563 and AWOD _I1_0923-0927) and several putative hemolysin genes (AWOD_I_0727,
AWOD_I_2361, AWOD_I_2612, AWOD _II_0256 and AWOD_II_1158) with high
similarity to A. salmonicida and A. fischeri MI11 (Hjerde et al,, 2015). Hemolysin and
siderophores are under ()5 regulation in other Vibrionacene members (Gao er all, 2008
McRose er al, 2018). The finding that LitR is a positive regulator of siderophore and
hemolysin production suggests that these phenotypes are more significant at high cell
densities in A. wodanis. However, consistent with the LitR regulation of AHL production,
LitR seems only to be a weak activator of siderophore and hemolysin production and
may indude other regulation mechanisms. In A. fischers, a mutation in ain5 showed no
effect on siderophore production (Leupp ef al, 2003). Similarly, neither siderophore nor
hemolysin production was affected in AainS mutant, suggesting that their productions
are not dependent on AHL-mediated ()3 system. Additionally, the performed hemolysis
and proteases assays in this study are semi-quantified test and conducted mainly due to
their importance in virulence. However, further experiments and quantification methods
are required to draw a better conclusion. While 5 is known to negatively regulate
chitinase in V. harveyi, the ()5 does not affect the chitinase production in A. fischeri
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{Defoirds et al., 2000; Cao er al., 2012). Like A. fischer, deletion of ain8 and litR in A. wodamnis
did not have an effect on chitinase production, suggesting the production is independent
of the (5 system.

In the study of Karlsen et al. supernatants (ODno of 6.0-7.5) harvested from A. wodanis
grown at & “C were cytotoic to four different salmon cell lines induding CHSE (Farlsen
et al., 20014). Similarly, in the work presented here A. wodanis supernatants caused CPE
on CHSE, but the severity varied with time of harvest and the temperature at which the
bacterium was grown. When grown at & “C, a severe CPE was observed with supernatants
harvested in the early in the stationary phase {ODeo of 6.0). However, when the cells were
exposed to supernatants harvested at later stages in the stationary phase more cells survived
and remained attached. This suggests that the factor(s) responsible for causing cell death
is more strongly expressed early in the stationary phase at this temperature. The situation
is opposite when the wild type was grown at 12 “C where a higher cell density seems to be
wital for expression of the cytotoxic factor(s). Thus, if (5 is involved in regulation of CPE
the “quorum” needed to turn on this activity may be achieved at lower cell densities when
the bacterium is grown at & “C compared to at 12 “C. Several pathogenic vibrios such
as V. cholerae, V. parahacmolytioes, V. vulnifices and V. alginolytios use (5 to regulate
cytotoxicity (Cao et al, 2000; Gode-Pormatz o« MoCarter, 2011; Shao et al, 2011; Gao et al,
2015). Similarly, our results show that LitR. and Ain5 are activators of cytopathegenicity.
However, only the litR mutation led to reduced CPE when the CHSE cells were treated
with supernatants harvested after growth at 6 “C suggesting that the cytotoxic effect
is independent of AinS and AHL mediated (5 at this temperature. In addition to the
Ain3fAnR system A wodanis encodes the genes needed for the Lux3/LuxP() system.
Perhaps at & *C, the virulence or CPE is more dependent on this latter (S system or. so
far, other unknown factors.

The temperature has been shown to regulate ()5 in some bacteria, where a difference in
phenotypes between the wild type and (8 mutants is dearly different at one temperature
compared to another. This was seen for A. salmonicida where a lith mutation led to biofilm
formation and rugose colonies when the bacteria were grown at a low temperature { Hansen
et al., 2011 4). However, when the same bacteria were grown at higher temperatures the AlitR
mutant behaved like the wild type and was not able to produce biofilm and rugose colonies
{Hanzen er al, 2014). Ain3 in A salmonicida produces the same AHL as A. wodanis in
addition to seven Luxl produced AHLs, and the concentration of 3-0H-C10-HSL was
much higher at low temperature (Hansen er al,, 2015). A. wodanis is not able to produce
rugose colonies or biofilm, and the difference in AHL production at different temperatures
is modest. However, the different (J5 regulated phenotypes are expressed at & *C in
A. wodanis, and at this temperature the CHSE cells showed highest CPE.

CONCLUSION

Based on the findings presented in this study, A. wodanis D6 /09,139 produces some virulent
factors that may be used for inter- or intraspecies co-operation and competition for niche
adaptations during winter ulcer development. Many bacteria use AHL-mediated ()5 for
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regulation of various phenotypic traits { Papenforr o~ Bassler, 2016). Like other Vibrionaceas
members, the LuxSP() and AinSfAinK (S systems in A. wodanis probably convey into the
same cascade to activate LitR and downstream genes. In this study, we found that Ain5 is
responsible for autoinducer production. We have shown that temperature is an essential
factor in regulating AHL production, growth and cytotoxicity. Although 05 in A. wodanis
may not be a crucial activator or repressor of vinulence-assodiated phenotypic traits, the
minor role in regulation can add knowledge to the winter ulcer disease development. The
regulatory mechanisms other than (05 that regulates the phenotypic traits in A. wodanis
need to be further investigated.
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AHL M-acyl-homoserine-lactone
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Mm millimetre
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Figure S1. Schematic representation of litR and ainS gene context of A. wodanis 06/09/139.
Pink blocks indicate the deleted region. Green arrows indicate the primer-binding sites. Black
arrows indicate the transcription start sites. Green lines indicate the retained gene region. Gene

position in the genome is presented in parentheses.
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Additional file 2

Figure S2. Growth of wild type A. wodanis 06/09/139, 4ainS and AlitR. The strains were grown
on BA 2.5 plates, at 25 °C for 2 days.
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Additional file 3

AainS AlitR litR*

Figure S3. Chitinase production of wild type, 4ainS, AlitR and |itR*. The bacterial cultures
were spotted on colloidal chitin plates and incubated at 6 and 12°C. The zones were measured
after 4 days.
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Additional file 4
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Figure S4. Biofilm assay of wild type, 4ainS and AlitR in SWT media at 6°C. Biofilm assay
of wild type, 4ainS and 4litR in SWT media at 6°C. Cultures were visualized using Ziess Primo
Vert microscope at 10x magnification and was photographed with AxioCam ERc5s after 2 days
of incubation.
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Additional file 5

Figure S5. Colony morphology of wild type, 4ainS and AlitR on SWT plates at 6°C. (A) The
colonies on 1.0%, 2.8% and 4.0% SWT plates were photographed after 3 days of incubation. (B)
Colony morphology was visualized using Zeiss primo vert microscope at 4x magnification and
was photographed with Axiocam ERc5s after two weeks of incubation.
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Additional file 6

Table S1. 30HC10-HSL concentrations produced by wild type A. wodanis 06/09/139,
AlitR and litR* at different cell densities and temperatures.

30HC10-HSL production (ng/ml/ODpy)

6°C 12°C

ODgoonm WT AHtR LR+ WT AHIR LR+

0.5 1.25+0.14 1.05+ 0.19 1.51+£0.11 0.51+0.10 0.37+ 0.20 0.54+£0.23

1.0 1.11+0.14 0.92+0.07 1.32+£0.16  0.74+0.09 0.50+0.16 1.04+0.18

2.0 2.46+ 0.53 1.61£0.17  2.35£0.24 1.67£0.11 1.37£0.29 2.18+0.14

3.0 3.26+1.88 225+ 0.15 3.04+£0.16 3.07+0.39 2.01+ 0.29 3.51£0.16

4.0 7.17£ 049  4.21+147 6.21£046 543+0.52 3.14£0.29 4.83+£0.43

5.0 8.80+ 0.24 7.17£0.96  9.67£0.05  7.50+1.89 6.27+ 2.06 7.67+0.50

8.0 21.06+£0.43 16.01£0.96 22.26+0.17 15.12+0.94 11.78+0.94 14.41+ 0.91
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Additional file 7

Table S2. Phenotypic activities tested for A. wodanis 06/09/139, AainS, AlitR and litR+ at
6°C and 12°C.

Phenotypes WT AainS AKtR HtR+
12°C 6°C 12°C 6°C 12°C 6°C 12°C 6°C
Motility Zone 4217 18.00 57.17 21.67 57.67 2458 42.67 19.33
(mm) +3.19 +0.89 +3.87t *1.511 +1.977 +=1.741 +4.59 =0.52
Siderophore 17.33 14.00 15.50 13.67 1233 11.33 18.00 13.67
Zone (mm) +1.15 +1.00 +1.32 +1.15 +1.157 +1.53t +2.00 +115
Protease zone 147=
ratio 178+£0.15  1.47+0.20 0.07t 1.23+0.081  1.72£010  L42£019 1.73+0.06 142+£0.25

Hemolytic zone
ratio 1.84+ 0.03 1.76+ 0.07 1.81£0.06 1.83+0.07 1.66+0.06! 1.58+0.07' 1.74+£0.06 1.75+0.04

Chitinase zone
ratio 228+ 0.14 228012 2.23+012 228+0.12 2.28+0.14 2,30+ 0.10 228+ 014 219+0.20

1 Symbol denotes significant difference (2 < 0.05) between AlitR/AainS mutants and wild type A wodanis
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Additional file 8

Table S3. Absorbance measured after crystal violet staining of CHSE cells treated with
supernatants harvested from strains grown at 6°C and 12°C.

Absorbance measured at 590nm

WT AainS AlitR litR* Negative
control
12°C
ODé0onm = 023+0.04 027+£0.09 024004 0.19+£0.03 025+0.02
6.0
ODé0onm = 0.13+0.02 020+0.03 026+003 0.12+0.03
7.0
ODé00nm = 0.10+0.01 0.18+0.04 0.19+0.03 0.07+0.01
8.0
6°C
OD600nm = 0.07+0.01 009+£0.02 0.17+001 007+£0.01 0.26+0.02
6.0
ODéoonm = 0.12+0.02 0.15+0.01 020+0.02 0.10+0.02
7.0
OD60onm = 0.17+£0.05 017+£0.03 020+£0.03 0.16+0.04
8.0
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Quorum Sensing Controls the
CRISPR and Type VI Secretion
Systems in Aliivibrio wodanis
06/09/139

Amudha Despalakshmi Maharajan ™, Enk Hjerde *°, Hilde Hansen* and
Nilz Peder Willassen ™

* howegian Stmcfum! Baiogy Cerier and Departmant of Chambiry, Faculy of Sokevs and Teotnolgy, LAT Tha At
Unvarsty of Monsey, Tromess, Nomay, *Cantne for Sishiormatios, Dopartment of Chamisty, Faculty of Soanoa and
Tectmoiogy. LIT The Archic Linkersly of Mornway, Tomsa, Nomway

For bacteria to thrive in an anvironment with compotitors, phages and emircnmental
cues, they use diffierent sirategies, including Typa V] Secration Sysiems (TE35s) and
Clusterad Regularly Interspaced Short Palindromic Hepeats (CRISPR) to compate
for space. Bacteria often wse quorum sensing (05), to coordinate ther behavior as
the cal density incroases. Like other alivibrios, Awibrio wodanés 06/09439 harbors
two QF systoms, the main LuxSTudP0 system and an M-acyl homosaring lactong
{AHL)-mediated AnS/AINA systam and a master G5 regulator, LitR. To explore the 05
and sunival sirategies, we performed genome analysis and gene exprassion profiing
on A wodanis and two 05 mutants (AainS and ARR) at two call densities (ODB00 2.0
and 6.0) and temperatures (B and 124C). Ganome analysis of A wodaris rovealed two
CHISPR systams, one without a cas loci (CRISPR system 1) and a type |-F CRISPR
gystam [CRISPR system 2). Cur analysis also idantified three main TESS clusters [TBSS1,
TESS2, and TES53) and four awxliary clusters, as wel about 80 potential Type VI
sacration effectors (TESES). Whan comparing the wildtype transcriptome data at different
call dansities and temperatures, 13-18% of tha genes wera diffierantialy expressad. The
CRISPR system 2 was cell density and temperature-independent, whereas the CRISPR
gystam 1 was temperaiure-dependent and cel density-indapandant. The primary and
awndliary clusters of T6SSs ware both call density and temparaiure-dependent. In the
AlitR and AanS mutants, saveral CRISPR and TESS ralated genes were differontially
expressed. Deletion of K65 resulied n decreasad expression of CRISPR systemn 1 and
increased axpression of CRISPR systam 2. The TESS1 and TESSZ gene clustars wara
less expressad while the TESS2 dluster was highly expressed in AlitR. Moreover, in AlitR,
the hopd gene was strongly activated at 6°C compared to 12°C. AInS positivaly affected
the csy genes in the CRISPR system 2 but did not affect the CRISPR amays. Although
AnS did not significantly afiect the expression of TESSs, the halimark ganes of TBSS
ficp and vgrs) were AinS-depandent. The work demonsirates that T65Ss and CRISPR
gystams in A wodanis are Q5 dependent and may play an essential role in sunival in its
natural emvironment.

Kaywords: CRIEPR, TEES, GOS8, Abric wodands DET0GM 30, LR and AInS
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INTRODUCTION

Cruorum  sensing (35) is a cell density-dependent cell-to-
cell communication system in which bacteria produce mli
respond to signaling molecubes called autoinducers (Als), which
subsequently activates the (S transcriptional regulator to control
specific functions such as bioluminescence, motility, biofilm,
secretion and virubence (1-5). Multiple Q8 systems have been
described in several WVibrio species (6). Two OF sysiems,
AinS/AME and LuxS/LuxPQ) that are believed to work through
phosphorelay mechanism have been identified in the genome of
Alitvibrio wodmnis (7). The AinS/Ainkt QF system produces Al-
1 known a5 N-acyl homoserine lactones (AHLs) and is present
in many Gram-negative bacteria (2, ). These AHL-mediated Q5
systems are used for intra-species communication (8, %) The
LuxS/LuxP( (5 system is present in a wide variety of Gram-
negative and Gram-positive bacteria, and produces the AI-2
called furanosyl borate diester and is invalved in inter-species
commaunication {10, 11). These two OQF systems are known to
work in parallel in Vibrie harvey, Aliivibrio fischeri and Vibrio
cholerae (12-14) At low cell density, when the Al concentrations
are low, the Al receptors act as kinases and relay phosphate to the
RpoM (o54)-dependent activator Lux() via phosphotransferase
LuxlU. This, in turn, activates the expression of grr sEMAs, which
together with BMA chaperone Hfg represses translation of the
mBMA encoding the master regulator LR (9, 14, 15). At high cell
density, the signaling mobecules reach a threshold concentration
and hind to the receptors to dephosphorylate Lux(), which
terminates the grr sEMA transcription. In the absence of Qrr
sHMA, iR is activated to regubste hundreds of genes (1, 14, 16).

In the environment, bacteria co-exist in communities with
multiple competitors, including other bacterial species and
phages, and have to respond to warious cues such as changes
in temperature, nutrient and iron availsbility, pH, osmolarity
and salinity {17-22). Hence, bacteria hawe developed warious
strategies such & protein secretion, contact-dependent growth
inhibition, bacteriocin production and antibiotic production to
survive and thrive (23-27). Some strategies are not necessarily
harmful to competitors, such as adhesion, exopolysaccharide
production, siderophore production, motility, biofilm formation,
hest shock response and quorum quenching (28-34). Other
strategies developed, such as defense mechanisms against phages
or mobile genetic elements (MGEs), including restriction-
modification, receptor modification and clustered regularly
interspaced short palindromic repests-CRISPR  associzted
{CRISPR-Cas) are for protection (35-37).

The CRISPR-Cas systern is an adaptive immune system
against invading nucleic acids from phages and other MGEs and
is composed of cos genes, a leader sequence and a CRISPR array

Abbreviations: AHL, N-acf homoserine ladone; Aux, Amxiliary; Bp, Base pair;
CHSE, Chimnok mmmsmmwmm
Falindromic Repeats; DEGs, Dl dl genes; P, Fold chamge, HED,
High cell density: LT, Low ool demsity; MGE, Mohile genetic clement; Min,
mimies; Oy, Opticl density measered at S00nT; 05, (morum sesing: RHS,
Eeamangement bedspot prolein; BFKM, reads per kilobase of gene per million
reads mapped; TRSE, Type W1 Serretion Effecior; TESS, Type V1 Ssmetion Sysism;
Ip, Trameoriphoame profile

with repeats separated by several spacer sequences (35, 38). Two
CRISPR classes have been identified with six main types and
several subtypes, which are categorized based on the types of
cas genes, direct repeats and gene arrangement where class 1
includes the type I, I11 and IV whereas type [1, V and VI belong to
class 2 (39-41). Several ¥ibrio species harbor the type 1 CRISPR
system classified into subtypes such as type I-A, I-B, I-C, I-I, I-E
and I-F (40, 42, 43). Q5 regulation of CRISPR system has been
described in bacteria like Pseudomonas aeruginosa, Sevratia sp.
and Chromobacferiem violaceum (44-47).

Q5 regulates type VI secretion systemns (T&55s) in seversl
vibrios such as V. cholerae, Vibrio parshoemolyticus, Vibrio
anguillarum, Vibrio fluwiclis and Vibrio alpimodyfices (48-51).
T&SS is one of the largest contact-dependent secretion system
bacteria use to transport TeSS efectors (T65Es) into eukaryotic
heosts, bacterial competitors or the environment (53-56). In
some bacteria, T655s are also known to be imvolved in the
uptzke of metal ion (57, 58). The T&55 was first identified in
V. cholerae as a virulence-associated secretion (vas) gene cluster
and kzter in many other bacteria (59-61). The T65Es are toxin
modecules with anti-bacterial or anti-eukaryotic activity (62-
64). Seweral anti-bacterizl effector molecules such as amidases,

autoprocessing repeats-in-toxin and EvpF have been identified
(65-69). TES5 gene clusters often encode Immunity proteins
close to the effector genes in order to neutralize their effector
mlecules to prevent self or sibling-killing (70). For instance,
immunity proteins such as antitoxin TsaB in V. choierae have
been reported to protect seli-killing against effectors VgrG-
3 and TseZ, respectively (71). In addition, immumity protein-
independent mechanisms like envelope stress response and two-
component systems can facilitate self-protection (72

A wodawis is 3 Gram-negztive, rod-shaped, non-luminescent
and motile bacterium with multiple polar flagella (73). A. wodanis
strains grow in the range of temperatures and salt concentrations
between 4-25°C and 1-4% respectively (73). The genome of A
widanis 06/0%139 contains two chromosomes and 4 plasmids
(7). A wodanis has been repestedly isolated together with
Morifella wiscosa (M. wiscosa) from Atlantic sslmon (Sabmo
salar) during outbreaks of winter ulcer that mainly occurs at
2 temperature below &=C (74, 75). Infected fish can survive
when the temperature rises showve B°C (74, 761 Winter ubcer
causes mortality and significant losses in farming industry and
is characterized by large ulcers, hemorrhages and internal tissue
necrosis in the infected fish (74, 77). Although M. wiscosa is
the primary agent for the disease, the role of A wodamis and
the mechanism behind the co-existence with A wodanris in
the winter ulcers are still umdear (74, 77). Experimental study
reproducing field ohservation reveal that A. wodanis affects the
progression of M. visrosa infection and i responsible for the
chronic pathogenesis in fish (7). A. wodanis adheres to Atlandic
salmon head kidney cells and in a bath dhallenge, A. wodanis
separately produces clinical symptoms such as fin ot and other
internal pathological symptoms in Atlantic salmon and it can
co-infect Atlantic sslmon together with M. viscosa (78). In a co-
cultivation experiment, A. wodanis impedes the growth of M
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viscosa and when both the bacteria were implanted together in
fish sbdomen, A. wodanis alters the gene expression of M. wiscosa
7). It has been further hypothesized that A. wodamis perhaps uses
bacteriocin to impede the growth and virulence of M. viscosa
(7). In our previous studies we have reported that A. wodanis
produwces one AHL and encodes two QS systems (7, 79). In the cell
culture studies, A. wodiznis is known to be cytotoric to different
salmon cell lines when treated with supernatants harvested at
cell densities higher than ODgyg (optical density meszsured at
&00nm) of 6.0 (78, 50). Moreover, in 2 HPLC-MS/MS analysis,
the AHL production in A. wodanis begins at the early log phase
and increases with increase in cell density slong the growth curve
(80). Hence in this transcriptomics study, we chose two cell
densities one at the early log phase (0Dgop 20) and the other
at the cell density close to the end log phase (DD 6.0) to
study the role of cell densities in gene expression. Furthermore,
in our recent study, we found that the temperature 6~C which is
lower than the winter ulcer disease threshold temperature 8°C,
hzs more impact on AHL production and cytotoxicity im CHSE
cell line than 12°C {B0). Therefore, in this study, we wanted
to analyze the effects of °C and 12°C in gene expression. We
have also shown that A wodisnis uses the 05 to regulate growth,
muotility, siderophore- and protease production, hemolysis as
well &5 cytotoxicity in the Chinook salmon embryo (CHSE) cell
line (80). Considering the importance of understanding the Q5
and survival strategies in A. wodinis, we performed genome
analysis and RMNA sequencing (ENA-Seq) to reveal the global
gene expression in the wild type and its (05 mutant strains AginS
and AR

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
The A. wodmnis 06709139 used was originally isolated from the
head kidney of an Atlantic salmon on the west coast of Morway
in 2006 {78). The construction of the Agirs and AlitR in-frame
mutanis by allelic exchange has been described in a recent study
(80). A wodanis 06/09/139 and the mutants from glhycerol stocks
were grown at 12°C for 3 days on Luriz-Bertani Agar {Difco
BD Diagnostics Sparks, M, U5A) with 2 total concentration
of 1.0% {wtivol) peptone (Sigma-Aldrich, St Lowis, MO, TSA),
0.5% (wi/vol) yeast extract (Merck, Darmstadt, Germany), 2.5%
Na(l {wtfvol) (Sigma-Aldrich, 5t Louis, MO, USA) and 1.5%
agar (Sigma-Aldrich, 5t. Louis, MO, USA). The pH of the media
was adjusted to 7.5. Three biological replicates of pre-cultures of
A wodanis 06/09/139 and the mutants Agins and AR were
grown from a single colony in 2 mi of Luris-Bertani Broth (LB2.5)
overnight at 12=C, 220 rpm.

RMNA Extraction and rRNA Depletion

Pre-culture biological triplicates of A. wodanis 06/09139, AainS
and AlitR were diluted to a start 0D of 001 in LB25in 2
final volume of 60ml using 2 250 ml baffled flasks. The cultures
were grown further in parallel using two Infors HT Multitron
incubators set 2t & and 12°C at 220 rpm. The cultures were
diluted 1:10 for ODsm measurement and harvested at low cell
density (LCIY) ODgq of 2.0 and high cell density (HCD) ODgy

of 6.0. A small culture volume (1 ml) was harvested and mixed
with two wolumes of BENAprotect Bacteria reagent ((agen,
Hilden, Germany). The treated cultures were then incubated
fior 5 min at room temperature and vortexed for a few seconds
before centrifiging at 13,000 rpm for 2min in a cold Heraeus
fresco 21 centrifuge (Thermo Scientific, Waltham, MA, USA).
The pellets were flash-frozen with liquid nitrogen and stored
at —B0FC until ANA isolstion. The total BNA from the cell
pellets was isolated wsing the Masterpure ™ complete DNA/IMNA
purification kit (Epicenter, Madison, W1, USA) according to
the manufacturer’s instructions. The BNA concenfration was
mezsured in NanoDrop™ zoooc spectrophotometer (Thermo
Scientific, Waltham, MA, USA). Ribosomal EMA (rRNA) was
depleted from the total RNA using a Ribo-zero rENA removal kit
for bacteria ([lumina, 5an Diego, CA, USA). The ENA quality
before and after rEMA depletion was determined wsing Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).

RMA Sequencing and Data Analysis

The mBMA libraries were prepared using the TrueSeq stranded
mBENA library kit ([lumina, %2n Diegn, CA, USA) and sequenced
on Mextseq 500 (Mumina, 1SA) using 150 cycles mid-output kit
and rum a5 4 75 bp paired-end reads at Morwegian Sequencing
Center. The image analysis and base calling were performed using
[Muming’s KTA software version 2.4.6. Reads with low base call
quality were removed using [lumina’s default chastity criteria.
The quality of the raw sequencing data was controlled using
Fast(QC versiom 0.11.5 (httpss'fwww. bininformatics. babraham ac.
ukfprojects’ fastqo’). The gene expression levels were determined
using EDDGE-pro v1.0.1 (B1) and DESeq2 (62) with default
parameters. EDGE-pro was wsed to align the reads to the
reference genome (GCA_0D0953695.1) and convert the raw
coverage into reads per kilobase of gene per million reads
mapped (RPKM). DEseq2 was used to estimate the comparative
differential gene expression values and provide the output as
2 log2fold change value with p-walue The log2fold change
values were converted into fold change (FC) values, and the
cutodf walues of > 2.0 or =—2.0 with padj values of < 0.05
were counted as significantly differentially expressed genes
{DE(s). The transcriptome profiles of each strain was compared
as high cell density agminst low cell density (tpHCINLCDY),
high growth tempersture 12°C agsinst low temperature &C
(tp12°Ci5~C) and mutants against wild type (tpARRWT and
tpAainS'WT). These sbbreviations of comparisons are wsed
throughout this paper. The BMA sequence data of wild type A
wodanis, Anin§ and ANR have been deposited in the Buropean
Mudeotide Archive (www_ebiac ulfena) under study accession
number PRIEB34433.

Functional Gene Family and Pathway
Analysis

KEGG BRITE and KEGG pathway mapper were used to map the
DEGs (FC values > 2.0 or =—2.0) fiound when wild type was
compared agzinst cell densities (tpHCIVLCD) and temperatures
(tp12°Cis"C) and also when mutanis were compared against
wild type (tpARRWT and tpAginS/WT) at different cell
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densities and temperzstures against the reference organism A.
wodsmis 06/09/139 (B3).

Identification of CRISPR Systems,
Protospacers and Prophage

The CRISPR-Cas operon in A wodamis 06/09/139 genome
was identified using CRISPRCasFinder (84), and a homology
search was performed using KEGG Sequence Similarity Database
(55DB) (231 An intergenic distance of < 100 bp between genes
was considered as a single operon in this study. The CRISPR
arrzys with direct repeats and spacers were identified from the
genome of A. wodanis using the CRISPR finder tool (E5), while
the protospacers were identified using CRISPR target (86). The
prophages in A. wodanis were identified using the phage search
toal (FHASTER) (87, B8

Identification of Type VI Secretion Systems
and Type VI Secretion Effectors

The T&55 gene clusters in A. wodamis 06/09/139 were identified
using SecReTé (89) and 2 homology search agzinst other TS5
gene clusters using KEGG 55DB datsbhase (83). The naming of
TeE5S genes of A. wodonis 06/09139 in this study fiollows the
naming of V. cholerae T&SS (90). Potentisl T65Es in A. wodanis
were predicted using the Bastion & tool (91).

RESULTS

We have previously shown that A. wodamnis 06/0%139 produces
one AHL (30HC10-H5L) and encodes genes for OQF (7, 7).
Moreover, in a recent study, the Q5 system in A wodanis
06/09/13% was found to affect warious phenotypes that are
possibly linked to the winter whoer disezse development (E0)
Genome analysis and transcriptome profiling was therefore
performed to further study the QS and survival strategies in A.
widaris by comparing wild type and its AlitR and AainS mutants
at bow (OD0o of 2.0) and high cell density (ODgpo of 6.0) and two
different temperatures, & and 12°C.

Differential Expressed Genes

The transcriptome profiles of A. wodanis and mutant strains
AlditR and AminS at different cell densities and temperatures are
listed in Supplementary Table 1. The average of mapped reads
to the reference genome of A. wodanis was zbove 90% in all
samples suggesting that the transcriptome data were sufficient for
further analysis.

The total number of DEGs at all tested conditions are shown
in Figare 1, and the complete lists of all DEGs are given in
Sapplementary Table 2. When comparing the transcriptome
profiles at HCD relative to LCD (tpHCDVLCD) of the wild type
after growth at 6°C, 18% of the total genes (m = 4.282) of
A. wodawis were differentially expressed. Increasing the growth
temperzture to 12°C lowered this number of DEGs to 15%
Among the tested tpHCIWVLED conditions of wildtype, AlitR and
AuinS (Figare 14), the highest numbers of XEGs were observed
for the AlR mutant at 6°C, where the number of DEGs account
for about 32% of the total genes in of A. wodmnis. On the other
side, the lowest number of DEGs (8% of the total 4282 genes)

was observed in the ANR mutant tpHCDVLCD at 12°C. The ains
mutant tpHCDVLCD at 67C and 12°C showed 15 and 18% DEGs,
respectively. Further, the DEGs in tpHCDfI.CD (WT_12°C)
and tpHCIWLCD (WT_g=C) were sorted wsing KEGG BRITE
and KEG( pathway mapper using A. wodanis 06/09/139 25 a
reference organism. The functional families with at least 15 DEGs
WeTe emzymes, [ransporters, secrefion system, bacferial molifity
profeins and rikosome 2 shown in Sepplementary Figare 1A
In addition, in the wild type tpHCIVLCD comparison, at
&°C, a few DEGs (n = 5) with FC wvalues = 2.0 were also
mapped into the functional families prokaryotic defense system,
which includes the CRISPR related genes. The KEGG pathway
mapping revealed that the DEGs (m > 30) in the wild type
tpHCIVLECD were involved in metabolic pathways, microbicl
metabolissn in diverse environmenls, bosynthesis of secondary
metabolites, ABC transporiers, Fosynthesis of amtilriodics, two-
componert system, carbon metobolisn and the nibosome. The
numbers of DEGs involved in these pathways were similar
in wild type tpHCIVLCD at both temperatures except in the
ribosome pathway. At tpHCIWVLCD (6°C), 42 DEGs mapped
into the ribosome pathway, whereas only one DEG mapped at
tpHCDVLCD {12°C) (Supplementary Figare ZA).

Comparison of the tr profiles of the wild type
grown at 12°C and 62C (tp12=CJ/6°C) revealed DEGs, accounting
for 13 and 17% of the total 4282 A wodanis genes at
HCD and LCI, respectively (Figare 1A). In the Agin§ mutant
(tp12°CH&~C), 10 and 14% of total genes were differentially
expressed st HCD and LCD, respectively. Compared to the
wild type and the Agin5 mutant, 31% of the totsl genes in
the AR mutant were diferentially expressed (tp12=Ci6C) at
LCD, whereas at HCI), 4% of the total genes were differentially
expressed. Further, the DEGs in wild type (tp12°C/6"C) with
FC walues > 2.0 and =—2.0 were sorted into KEGG BRITE
and KEGG pathway mapper. The functional families with
DEGs of = 15 were enzymes, iransporters, ribosome, ribosome
biogenesis and non-coding ENAs (Sapplementary Figare 1B).
Few DEGs (n < 10) in wild type (tp12°Ci6°C) mapped
into families swch as secrefion systemn and prokeryotic deferse
sysiem. The KBGG pathway mapping reveabed that the
DEGs (n = 30) in the WTitp12"Chs"C) were imwolved in
pathways such a5 metfabolic pmihways, microbial metabolism
in diverse environmenls, biosymthesis of secomdary metabolites,
ABRC tramsporiers, biosynthesis of mnfibiofics, two-component
system, carfon melabolism, prrine mefabolism, Aminosgyl-tRNA
Fipsynthesis and ribososme. The numbers of DEGs iovolved
in these pathways were higher at tp12=C/6~C (LCD) than at
tp12°CA6"C (HCD). For example, 43 DEGs at LCD mapped
to the ribosome patfway while only & DEGs mapped at HCD
{Supplementary Figare 2B).

When comparing the profile of the AlitR mutant to the
wild type tpARRWT at HCD, 3 and 4% of the total genes
were differentially expressed at 12 and 6°C, respectively. In the
tpARRWT (HCD_E>C), 4% of the total genes were differentially
expressed. In tpARERWT (LCD_12C), 5% of toial genes
whereas in tpARRWT (LCD_ 6=C), 11% of the total genes
were found to be differentially expressed. The number of DEGs
was two times higher at §°C and LCD compared to 12°C and
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HCD (Figare 1A). When comparing the expression profile of
the Agins mutant with the wild type (tpAainS'WT) at HCD,
0.7 and 0.4% of the total genes were differentially expressed
at 12 and &°C, respectively. In tpAginS/WT, during LCD) and
12°C, 0:9% of the total genes and at LCD and G, 0.4% of the
total genes were found to be differentially expressed The DEGs
in AlitR and AainS mutants were sorted using KEGG BRITE
{Supplementary Figare 3A) and mapped into KEGG reference
pathway for A wodanis 06/09/13% niary Figare 44).
The DEGs (r > 5) in the AlitR and Aaind mutants compared
to wild type with FC wvelues of > 20 and =—20 were
associgted with functional families such a5 emzymes, secretion
system, bacterial motilify proteins, transporters and prokaryatic
defense system. The KEGG pathway mapping revealed that the

DEGs in the tpATRAWT and tpAminS™WT mutants affected
several pathways, including metabofic pathways, two-component
sysiem, biosynihesis of secondary metabolites, Quorem sensing and
bacterial chemotaxis (Sapplementary Figares 3B, 4B). Together
our results suggest that, LitR is a crucial global regulstor of genes
at 6°C and at bow cell density. As well, LitR has more impact on
gene expression than AinS.

Key QS Genes of A. wodanis Are Cell
Density and Temperature Dependent

Only a few genes known to be involved in the A. wodanis Q5
systern were differentially expressed under the experimental

conditions tested (Supplementary Table 3). When comparing
the wilkd type transripiome profile at HCD o LCD
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{tpHCIVLCD), the Al synthase gene sing (AWOD_1_1040)
and master 5 regulator gene iR (AWOD_I_o419) showed FC
values of 2.01 and 2.24, at 6°C, respectively, while no significant
differences were observed at 125C.

When the wild type profile st high temperature was
compared at low temperature (tpl12=Ci&~C), the grr sENA
gene (AWOD_I_sBEMA_054) was significantly higher with FC
value of 292 at LCI, whereas no difference in its expression
was observed at HCD). Temperature alone did not significantly
impact other genes of the 5 system at either HCD or LCD
(Supplementary Table 3).

ing the profile of the ANtR mutant relative to the wild
type (tpALtRAWT), only the FC value of ainS st LCD and 12°C
was significant (FC = —1.93, pag value < 0.05), althowgh slightly
lower than the cutoff FC value used in this study. The deletion of
litR did not affect other QS related genes in A- wodanis under the
conditions tested. On the other hand, when comparing the AainS
mutant profile to the wildtype (tpAsin5/WT), the litR expression
was significantly lower at all conditions examined. The FC values
of lit! were notably lower at HCDY compared to LCD. At HCD,
the BC walues for KR at 6°C and 12°C were —2.53 and —2.87,
respectively. At LCD. the FC values at 6°C and 12°C were
—1.93 and —2.04, respectively, indicating that the expression of
litR in the AginS mutant increases with incressed density and
independent of the temperature. Furthermore, the phosphorelay
protein-encoding gene fuxll (AWOD_I_0921) expression was
significantly higher in the AainS mutant at HCD (FC = 2.81)
and LCD {FC = 2.17) at §~C, whereas at 12C no differences were
observed Hence, the [uxl/ expression in the AginS mutant was
slightly higher at HCD compared to LCD and its expression was
atfected only at low temperature.

Differential Expression of CRISPR-Cas
System in A wodanis
We identified two CRISPR systems in the genome of A. wodanis
using CRISPFRCas finder (84), where CRISPR system 1, located
on chromosome 1, did not contsin amy cas loci, whereas
CRISPR system 2, located in chromosome 2, contzins the cas
loci (Figare 2). The CRISPR system 2 was classified as a Type
I-F CRISPR system. A totsl number of 25 and 40 spacers
with a bength of 32-33 nucleotides were identified in CRISPR
system 1 and 2, respectively (Sapplementary File 54). When
the spacers were searched agminst the phage datsheses using
CRISPR Target, spacers matched to the profospacers with at least
5 single nuclectide polymorphisms. For example, spacer 11 of
CRISPR system 1 matched to the Vibrio phage CTX plasmid
pCTX-2, whereas spacer 19 of CRISPR system 2 matched to the
Staphyiococcus phage phiSP38-1 with 2 score of 200

The data shows that in the wild type, the csy3, casl, and
cas3 genes of CRISPR system 2 have significantly higher FC
values (FC > 2.0) at HCD than at LCD after growth at &C. Mo
significant differences in FC values of the cas genes were observed
in wild type (t(pHCIVLCD) at 12°C (Supplementary Table 5).
Cell density had no impact on the expression of CRISPR amays
of CRISPR systems 1 and 2 at either temperature.

‘When the expression profile at 12°C was compared to 6°C,
at LCDY and HCD, the CRISPR arrays of system 1 displayed
sigmificantly lower FC values (FC value = ~—2.0), suggesting
temperature difference influences CRISPR system 1. However,
temperature had no effect on the CRISPR system 2

Further, the expression data showed that the expression of ras
genes of CRISPR system 2 were strongly reduced in the AR
muiant zt &ll conditions examined The FC values of the cas
genes in the ANt mutant increased with increasing cell density
at both temperatures. Notably, in the AlitR mutant at 6°C, the
FC values of csy3 and csyl were twice as high at HCD (FC =
— approx. 1000} compared to LCIY (FC = — approx 5.0). At
LCD, the genes csyl, osp2, csy3, and csyd had lower FC values
at 6"C compared to 12°C, wheress the cas? and oms3 showed
higher FC values (Supplementary Table 5). However, at HCD,
the highest FC values for cas genes were observed at 6°C than
at 12°C. The CRISPR array of system 2 in the AlifR mutant
showed significantly lower expression at LCD and 12°C (FC value
= —1.96) and LCD and 6~C (FC value = —2.6%). However, at
HCI, the expression of the CRISPR array of system 2 was not
sigmificantly different The data slso showed that the CRISPR
array of system 1 was highly expressed at HCD and 12°C, whereas
the FC values were not significantly different at HCID and 6°C or
at LCD at 6°C and 12°C. In the Agin§ mutant compared to wild
type. genes such as csy2, cspd, and oy showed significanthy lower
expression at two experimental conditions, LCD, 12°C and HCD,
°C. No significant differences were observed in expressions of
the CRISPR array of system 1 and 2 in the Aging mutant

A. wodanis Harbors Three Main T655s and

Four Auxiliary Clusters

A wodanis was found to harbor three T658s, each encoding the
conserved core and accessory TeSS genes. Te551 was located
on chromosome 1, whereas the T6552 and TeS53 were on
chromosome 2. The Te551 gene chusters (AWOD_I_0981-0995)
were composed of 3 operons with 15 consecutive genes, whereas
the T&552 gene clusters consisted of 1 operon with 15 consecutive
genes (AWOD_II_0111-0125) and T&553 gene clusters with
2 operons with 20 consecutive genes (AWOD_II_1008-1027)
as shown in Figare 3. The main T655 clusters comprised the
core components vasARDEFGHIKLQRS, valine-glycine repeat
protein G (wgr) and Hemolysin Coregulated protein (ko) and
the accessory genes vasCIUTWVX (50, 92, 93). The genes vasARHIL
and vasDFE may form the base-plate and membrane complex,
respactively (94-96). The genes vasR() and vasC may form the
outer sheath and the FHA domain, respectively, while ws(s
is believed to act = a chaperone (97, 9EL The gene wasH
may serve as 4 sigma-54 dependent transcriptional regulator
and vaslS & lysoryme-related proteins (99). The T&S53 in A
widanis does not encode the transcriptional regulator wasH (29).
Four wgris paralogous genes were identified in A. wodanis, and
using them a5 markers, four auxiliary clusters were predicted,
such as Aux-1 (AWOD_I_1435-1440, AWOD_I_2030), Aux-
2 (AWOD_II_0126-0141), Aux-3 {AWOD_II_1028-1032) and
Aux-4 (AWOD_II_1054-1060). The auxiliary clusters were
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located together with the core TeS5 genes encoding Profine-
alanine-alanine-arginine repeats (PAAR), ¥Vgri: and Hecp. The
Aux-1 cluster does not encode Hop, and Aux-4 does not encode
a PAAR protein. Four genes encoding adaptor proteins of the
DUF4123 family (unknown function) were identified adjacent to
vgrizl, vgr(z2 and vgriz4, whereas no adaptor protein-encoding
gene was present adjacent to wrie3.

Differential Expression of T6SSs and
Aunxiliary Clusters of A. wodanis

In the wild type, at HCD, the main clusters TA551 (vasRIQIM1)
and TeS852 (vasHIIIJIKIL) were highly expressed at both &
and 12°C, compared to LCD. No differential expression was
observed for the T6353 (Supplementary Table 6). Furthermore,
the complete auxiliary cluster Aux-1 showed higher expression
at HCD at both temperatures. The Aux-2, Aux-3 and Aux-
4 showed only significant differences in some gemes such
a5 AWOD_I_p12é - 0139, AWOD_I_1031 - 1032 and
AWOD_II_1054 - 1059, respectively.

The temperature did not affect the expression of the T6551
and T&553 in the wild type However, a few genes (vas(2,
vasRZ vasS2, amd wvasD2) of T&552 were differentially expressed
at HCI, while at LCD. only was()2 was differentially expressed.
As for the auxiliary clusters, only the genes encoding membrane
protein and DUF4123 (AWOD_I_1435 and AWOD_I_1439) of
Aux-1, kepl of Aux-2 and a putative uncharacterized protein
(AWOD_II_1031) of Aux-3 were ditfferentially expressed.

When the AlfR mutant was compared to wild type
(tpAltR/WT), the data revesled that the vasR1Q1JT operon of
T&581 was differentially expressed at all tested conditions. The
FC walues of genes vasRIQ1JI were marginally higher at HCD
compared to LCD. Particularly the FC values of vas(Q)I gene in
AlitR mutant were twice as high at HCD compared to LCD
at both temperatures. The FC values of wasRIQU/] operon in
the AlitR mutant were significantly higher at 6°C compared to
12°C at both cell densities (S| Table 6). The genes
vasFIDICT showed higher FC values in AlitR mutant at LCD
than HCD:. At 6°C, the complete T8582 cluster was differentially
expressed in the AfifR mutant at both HCD and LCD. At 12°C,

differential expression was only observed in some of the genes
in the Ta552 cluster. Moreover, the FC walues of Te552 genes
were higher at low (6°C) compared to high {12°C) temperature.
The TE553 gene cluster was only differentially expressed at LCD
and &°C with an average FC value of 2.0. In AlitR mutant,
some genes of Aux-1, Aux-2 and Aux-3 were differentially
expressed, wheress the Aux-4 showed no differential expression
(Supplementary Table 6). In Aux-1, the expression of vgri:l was
lower in AditR mutant with an FC value of—4.90 at LCD and
&°C. The genes encoding Hepl, Vgrz2, PAAR motif-containing
protein, a protein with ankytin repeats and the rearrangement
hotspot (RHS) protein in the Aux-2 were differentially expressed,
where the FC values (FC = —22.75) of hgpl at HCD and 6°C
was approximately thrice compared to LCD (FC = —B31).
Similarly, three times higher expression of hgrl was observed at
6°C compared to 12°C &t both HCD and LCD. About & of the
16 total genes in the Aux-2 duster showed significantly lower
expression gt LCD and 6°C. The Aux-3 was highly expressed in
the AlifR mutant, relative to wild type, at HCI) and 12°C and
at LCD and 6°C. When comparing the Aain5 mutant with the
wild type (ipAmin5/WT), only the expression of vasR 1 and vasiQ1
genes of the TaS81 chester were significantly reduced, wheress no
differences in T&552 and T&553 gene clusters were observed. The
vgrizi of Aux-1 showed lower expression (FC value = —2.07)
at LCD and 6°C while the hgpl of Aux-2 showed significant
lower expression (FC < —2.0) at all conditions at LCD
and 12°C. Additicnally, the genes AWOD_I1_1031 and hgp3 of
Aux-3 showed significant higher expression at HCD and 12°C.
Orther genes of auxiliary clusters in AginS mutant did not show
Potential TESE Molecules ldentified in A.
wodanis 06/09/139

‘We predicted B0 potential effectors proteins using the T&SE
prediction tool Bastion & (Sapplementary Table 7) (91). OF the
80 potential effectors, 29 could be annotated, while 51 were
identified as putative proteins. Of the potential effectors, 44 were
located on chromosome 1, 33 effectors on chromosome 2 and 2
etfectors were predicted to be located on plasmid p20. Among the
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annotated TE5Es, we found potential cell wall degrading effectors
such as M-acetylmuramoyl-L-zlanine amidase and hydrolzses,
membrane degrading effectors including phospholipases, and
severdl mucleotide degrading mucleases. Only a few effectors
such as a porin-like protein H (AWOD_I_1000), 2 RHS protein
{AWOD_11_0133) and type V1 secretion system secreted protein
Hop (AWOD_II_1032) were located close to the main T&58
clusters, wheress the rest were located in different locations on
bath chromospmes.

Differential Expression of TESEs in

A. wodanis

In wild type, 24 effector genes were differentially expressed at
HCD (tpHCINLCDY) at £°C, while 19 effectors were differentially

expressed at 12°C (Supplementary Table 7). These effector genes
encoded several proteins including outer membrane proteins,
membrane proteins, proteins with PAAR motif, lipoproteins
with LysM domain, a sulfite reductase [NADPH] Savoprotein
alpha-component, a secreted endonuclease I and a choline
dehydrogenase. [nterestingly, in the wild type at HCD and 6°C,
an FC value of 173.29 was found for choline dehydrogenase
(AWOD_II_1235), which was 20 times higher than at 12°C
(FC = £99). When the wild type profiles at high and
low temperatures were compared (tpl2°Cf6°C), 18 effectors
and 22 effiectors were differentizlly expressed at HCD and
LCI, respectively. These effectors comprised putative exported
protein, putative lipoprotein, putative beta-lactamase, amine
oxidase and choline dehydrogenase.
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In the AlitR mutant, genss encoding effector molecules
with significanfly lower expression (FC = —10)
were  putative proteins  (AWOD_[_m7s,
AWOD_1_1184, AWOD_II_o501, and AWOD_II_0658),
outer membrane protein (AWOD_I_1120), putstive Bpoprotein
(AWOD_1_1186. AWOD_II_ 0440, AWOD_I_0B04, and
AWOD_I_1206), putative polysaccharide  deacetylase
({AWOD_1_1338), membrane protein (AWOD_I_1567),
amine oxidase (AWOD_II_0852) and phospholipase
({AWOD_II_1212). The effector molecules genes diferentially
expressed in AainS mutants incuded a putative histidine
decarboxylase (AWOD_I1_1509), and 2 secreted endonuclease
(AWOD_1_o252). Additionally, genes encoding effectors such
a5 3 porin-like protein H (AWOD_1_1000), an endonuclesse [
precursor (AWOD_1_2248) and a &-phospho-beta-glucosidase
({AWOD_I_o02%) were differentially expressed in both AlitR
and AaginS mutants. The diferential expression of effector
maolecules in AlitR mutant was seen more often during LCT and
6°C than at other experimental conditions like HCD and 12°C
(Supplementary Table 7).

DISCUSSION

A. wodanis is frequently isolated together with M. viscosa during
the winter wicer outhreaks and believed to be involved in the
progression of winter ulcer disease (7, 73, 74, 78). Although
M. viscosa is the main agent causing the disease, the reason for its
co-existence with A. wodmnis is not yet clear. Bacteria use several
strategies to compete for niche adaptions, which are known to be
regulated by various mechanisms, including QS (45, 100-102)
In our previous stiudy we have shown that QS in A wodanis
regulates various phenotypic traits and cytotoxicity on CHSE cell
line (&0) In this study, we performed genome analysis and gene
expression profiling of A. wodanis to explore the Q5 system and
its role in regulating the survival strategies.

Total DEGs

‘When comparing the transcriptome profile of the A, wodanis
wild type between cell densities (tpHCDYLCD) and temperatures
{tp12°CI6=C), the strongest effect in terms of number of DEGs
were at LCT (164 more genes than at HCDY) and at 62C (140 more
genes than at 12°C). Furthermore, the functional mapping of
DEGs revealed that families such as secrefion system, prokaryalic
defense systemn and tramsporfers were highly expressed at HCD
compared to LCD. As expected, the gene families related to
protein synthesis such & ribosomes, ribosome biogenesis and
trangfer BNA biogenesis were less expressed at HCD compared
to LCD (ipHCIVLCD). Similar cell density-dependent gene
expression has been reported in Aliivibrio salmonicida, where
about 1,000 genes were differentizlly expressed in response to
increase in cell density (103). In the AJifR mutant, 1.8 times more
DEGs were ohserved at tpHCIVLCD at 6°C than for the wild type
grown at the same condition, suggesting LitR is an important
regulator in A. wodamis at low temperature. Furthermore, in A.
wodanis, the lowly expressed genes in comparison tp12°0SeC
were Telated to protein synthesis such as mom-roding RNAs,
ribasoenes, trangfer RNA biogenesis and ribosome biogenesis. This

suggests that genes related to protein synthesis are less expressed
at 12°C compared to 6°C. Temperature is one of the major
environmental stress factors that bacteria encounter in nature
and many genes respond to temperature changes. In addition, the
functional families such as the secrefion sysfem and prokaryotic
dgfense system were also regulated by temperature in A wodanis.
For example, in V. parahaemodpficus 13% of DEGS were observed
when the bacteria were grown at 15°C and 42°C compared to
its optimal temperature 37°C, where genes related to energy
metabolism were highly afected due to temperature change
{104). In A. wodanis, more DEGs were identified in tpARRAWT
({LCDY) and tp ARRWT (6°C) compared to at HCIV and 12°C,
suggesting LitR is 2 global regulator when the temperature is low
and the cells are in the early log phase. This is in contrast to
A saimonicida, where the numbers of DEGs in AlitE mutant
were higher at HCD compared to LCD at 12°C (103). The
comparison between the transcriptome profiles of mutants and
wildtype (ipANRWT and tpAsinS™WT) showed sbout 5 to 24
times more DEGs in tp AIR/WT compared to tpAanSWT at
both cell densities and temperatures. This indicates that only
a few genes seem to be regulated through the AinS5-dependent
05 system. This is similar to A. safmonicids, where only about
20 genes were differentizlly expressed in Agind mutant when
compared to wild type, whereas in [ifR mutant compared to
wild type, 3 to 10 times more DEGs were found (103, 105).
Moreower, in this study, the transcriptomics was performed at
Ol of 6.0, which is a late log phase in A. wodamis while it
can reach an ODsgo of ~~8.0. Therefore, the AHL-mediated gene
regulation in A. wodanis may differ at ODspo higher than 6.0. The
functional mapping of DEGs from comparisons tp AIRWT and
tpAainSWT showed that the genes affected by LitR and AinS in
A wodamis mainly belongs to the families such as secrefion system
and prokaryotic defense mechanism, which contained the T&5S
and CRISPR genes, respectively. MNevertheless, other families
such as emzymes, bacterial mofifity profeins and trarsporfers were
alse found to be afected by LitH and AnS in this study. LitR
and AinS in A. wodamis also influenced various pathways such
as metsbolic pathways, Quornm semsing, and fwo-component
sysiems, suggesting their role in signaling mechanisms and
metabolic activities. (5 regulztion of metabalic functions such
a5 glucose uptske, phosphoenolpyruvate-dependent sugar and
nucleotide binsynthesis are known to enhance the co-operative
behavior of bacteria to survive under limited nutrient conditions
(101). Similarly, the LitR and Ain5 regulation of metabalic
pathways in A. wodanis may play 2 role in co-operative behavior
under limited nutrient conditions.

QS5 System in A. wodanis

In wild type, we found that an increase in cell density resulted in a
higher expression of the AHL sutoinducer synthase gin$ and the
master (5 regulator MR when grown at 6°C and not at 12°C.
This demonstrates that cell density only affects the expression
of iR and ainS genes at low temperature. Similar increased
expression of ain was also observed in the AlitR mutant strain
when comparing HCD to LCD (tpHCIVLCD), indicating that
the ainS expression is not entirely LitR-dependent. These results
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confirm our previous work, where we showed that the 30HC10-
HSL production is cell density- and temperature-dependent (E0).
Similar to AinS in A. salmonicica (105), the AinS in A. wodanis
negatively affected the huxll expression. This suggests that the
decreased expression of luxll could repress grr and activate iR
in A. wodanis. Similarly, in this stwdy, IuxDl was affected by AinS
only at &°C, which could suggest that low temperature affects
the phosphorelay function of [ux(. Omn the other hand, the grr
gene was more expressed at 12°C compared to 6°C. Qrr sRNAs
in vibrios are known to regulate several target mAMNAs, including
the master (35 regulator LuxB (106). In A. fischeri, Orr sEMAs
negatively regulates the production of LitR (16} Therefore,
the incressed expression of grr in A wodanis at 12°C may
negatively affect the production of LitR and, subsequently, the Q8
dependent gene expression. Our results illustrate that iR, minS,
luxU, grr sENA in the A wodanis (5 system were differentially
expressed in 2 cell density and temperature-dependent manner.
The proposed (5 model in A wodanis and its regulation of target
genes are presented in Figare 4.

In this study, LitR in A. wodanis did not afect the ainS
expressiom, except &t LCD and 12°C (FC = —1.93) in the AlitR
mutant This confirms our previous work where we showed
that the 30HC10-H5L production is not completely controlled
through LitR (20 However, LitR in A. fischeri and A. salmonicida
has been shown to significantly upregulate AinS (11, 107). In
A_ fischer, several LitR-independent regulatory mechanisms hawve
been reported to regulate minS, such 2 am$ auto-regulation or
cyclic AMP receptor protein- and glucose-mediated mechanisms
{11, 108). Similarly, in A. wodaris, other regulatory mechanisms
may regulate the expression of min3. The deletion of aind
in A wodsnis negatively affected the 6itR expression. [n the
ApinS mutants, the FC values of iR were slightly higher at
HCD compared to LCI) at both temperatures, which suggests
that 30HC10-HSL partly aclivates iR independently of the
temperature. Similarly, the autoindwcer synthase C8-HSL in
A fischeri positively affected Wi in a cell densty-dependent

manmner {14).

Regulation of CRISPRs and Spacers

A. wodanis harbors 2 type I-F CRISPR system and a CRISPR
system without casloci, the CRISPR system 1 and CRISPR system
2, respectively. CRISPR systems without cas loci are knowm
a5 orphan arrays, where most of these are known to be non-
functional {39). However, some of the orphan CRISPR arrays
may function together with invading cas genes or the cas genes
present in a different location within the same genome {109). In
A wodanis, the CRISPR system 1 consists of 25 spacers, whereas
CRISPR system 2 consists of 40 spacers. The difference in the
number of spacers in A. wodanis suggests that the CRISPR system
1 is less active than the CRISPR system 2 or is a remnant of 2
previously active CRISPR systermn. In addition, the spacers were
not identical between CRISPR systems 1 and 2, indicating both
are working independently of each other or that CRISPR system
2 has been introduced later than CRISPR system 1. The cos genes
in A. wodanis shows ~90% amino acid similarity to the cas genes
in M wviscosa, suggesting that the CRISPR system 2 has been
horizontally transferred from M. viscosa. We speculate here that
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both bacteria can defend themselves against the same agents,
which may favor their co-existence during the development of the
winter ulcer disease Similarity search of the spacers in A. wodanis
against the phage databases revealed Vibrio phage CTX plasmid
pCTX-2 and Stgphylococcus phage phisPas-1.

The expressions of cas genes (oosd, cosd, and oy3) in wild
type seems to be cell density-dependent at &°C. where the
cas genes showed increased expression at HCD compared to
LCD. However, cell density had no significant effect on the
expression of CRISPR armrays of CRISPR systems 1 and 2
regardless of temperatures. Therefore, the CRISPR systems are
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other. Besides the structurzl rode of Hep, it is involved in the
inter-bacterial competition, bacterial invasion, adherence, and
cytotoxicity against host cells, also known to have other functions
in different bacteria (127, 128). Therefore, the multiple copies of
hcp in A. wodawnis may have different functions.

V. cholerae utilizes T&5S to compete against diverse eukaryotic
and prokaryotic organisms (66, 125). In V. fluvialis, the T&852
is anti-bacterial and provides a better competitive fitness in
the marine environment (123). The T6552 in A. wodanis,
which shows higher homology to V. fluvialis and V. cholerae,
may enhance A. wodienis through inter-bacterial competition
and virulence.

The T&S53, unlike T6551 and TE552 in addition to stractural
components, contains additions]l genes wisABCD encoding
transporter proteins and does not contzin vasH. VisA-D plays a
role in siress responses, transport function and hgp expression in
V. mngwillzrum, and VasH is essential to drive the expression of
the T&55 operon by inducing hgp and veric expression (48, 130).
The mutation in vasH repressed hop expression and impaired
its anti-bacterial activity in other vibrios (123, 131} Im V.
anguiliarem, VisA-D proteins are invalved in stress respomses,
however, plays no role in virulence (4E). Similarly, T&553 in
A. wodanis is probably involved in stress responses. After V.
anguillarum, the T655 similar to T6553 in A. wodanis is in M.
visrosa (misl). The genes encoding Hop (AWOD_II_1028 and
AWOD_IT_1032), which are located close to each other, shows
71% similarity to M viscoss hgp, MVIS_3030 (7). This implies
that the T&853 in A. wodanis might have a similar function as
mis] of M. viscoss during the winter ulcer disease development.

In this study, expression of the Té551 and T&S52 genes and
their auxiliaty clusters in A. wodanis zre dependent on cell
density. Such cell density-dependent T&55 expression has been
reported in V. parahgemolyficus (50). Some of the genes in the
Ta552 and suxiliary clusters (Auz-2 and Aux-3) were found
to be altered by temperature. The expression was found to be
higher at §°C than at 12°C. In V. iwwialis, the T6352 is regulated
by temperature (123). Temperature-dependent regulation of
virulent factor genes may be an essential festure for many bacteria
to survive in harsh environments (132}

LitR in A. wodanis seemed to positively affect two Ts85s
(T63551 and T&552) and negatively affect the expression of T6553
gene cluster. This demonstrates that (5 regulation of the T&55s
in A. wodiznis is very complex. The regulation of T6553 by LitR in
A_ wodanis indicates T6553 may play different roles than T&551
and TES52. Such reciprocal regulation has also been shown in V.
parzhaemolyticus, where the 5 regulator OpaR downregulates
T&581 and wpregulstes T6552 where T6551 functions as anti-
bacterial and T&552 & anti-eukaryatic (133).

LitR in A. wodanis seemed to positively affect only the genes
encoding the outer sheath and base-plate proteins of T&551,
suggesting these genes are (% dependent. Interestingly, LitR was
involved in activating the expression of the whole apparatus
of the Ta552 systemn. Moreover, LitR zlso repressed the entire
Ta553 gene clusters but only at LCD at 6°C. Therefore, T6852
is ultimately (S dependent, whereas T6551 and T6553 are not
completely (35 dependent. Regulation of TE5S by LuxE homologs
have been described in V. choleree (HapR), V. alpinoiyficus

(LuxR) and V. amguillarem (WaoT) (48, 49, 51, 134). Furthermore,
we observed that LitR in A. wodanis is a strong activator of kopl
expression at 6°C than at 12°C. Hence, this possibly implies
that hgpi of TE552 is may be involved in the cytotoxicity in
CHEE cell line {B0). Temperature has been shown to influence
hpr expression in other bacteria such as Yersimia pestis and V.
parahgemolpticas (133, 135). Similary, in A. wodanis, the high
expression of hop at 6°C indicates that the T6552 could be more
active at low temperature (6=C).

We identified that the genes in Aux-? encoding znkyrin
repeat-containing proteins and RHS proteins were differentially
expressed in tpARRWT at 6°C. Ankyrin repeat proteins are
known to be involved in pathogenesis by imitating and impeding
host function (134). RHS proteins are toxins that are exported
to the cell surface through TaSS, and it mediztes anti-bacterial
activity (137-139)L Ain5 had no significant effect on the main
and suxiliary clusters of Ta55s like LitR. However, AinS positively
influenced the expression of the hgpl and vgrlel genes and may
indicate that only these T&55 genes are dependent on AHL-
mediated 5. We predicted several T655 effectors in A wodanis,
including lipoprotein, nucleases, membrane proteins, amidases
and succinylglutamate desuccinylase. However, most of them
are putative and hypothetical profeins, which require further
research to confirm. From the transcriptomics data, we found
that cell density regulated sewerzl predicted TeSEs in wild type.
Chaline debrydrogenase, an osmoprotectant enzyme that protects
bacteria from adverse temperatures and other stresses, was more
highly expressed at 6°C (140, 141). The temperature has affected
expression of several T65Es indicating a temperature-dependent
production of effector proteins. Similar to the LitR regulation
of T&SS main and auxiliary clhusters, it also controfled several
Te5Es. Few T65Es were also found to be afected by AinS.
This may indicate that several effectors are dependent on QF,
where LitR influenced the expression higher at LCD and 65C.
Some of the known effectors included porin-like protein H
(AWOD_I_1000), 2 molecular filer for hydrophilic compounds
and bacteriocin (AWOD_pa20_0063), which is 2 vindent factor
in A wodanis that modulstes the growth and virulence of M
viscosa (7, 17). Genes encoding T655 immunity proteins are
wsually Incated close to the genes encoding effector proteins (53).
The potential immunity protein of Aux-1 (AWOD_I_1437) in
A wodanis shows 30% amino acid similarity to the immunity
protein in V. choleree strain O1E1 {%0), while in Aux-2, the
immunity protein (AWOD_I[_0134) shows 29% amino acid
similarity to Mucilgpinibacter pofjawali (142). The immunity
protein (AWOD_II_1058) in Aux-4 shows 77% amino acid
similarity to a hypothetical protein in A. fischeri MJ11 (124)

CONCLUSION

In this present study we show that cell densities and temperatures
influenced the expression of many genes in A wodanmis.
Moreower, the 08 related genes in A. wodanis are cell density-
and temperature-dependent, where 6°C plays an essential role
in activating the AHL-medisted S system. A. wodanis harbors
two CRISPR systems, three Te55s and four aumiliary T655s in
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its genome. We show that the CRISPR system I and T&553
of A. wodanis zre similar to those in M. wiscosa, the bacteria
with which A wodamis co-exists during winter ulcer disease.
The low-temperature &°C at which winter ulcer occurs exerts
a significant effect on the expression pattern of A. wodanis
than at high-temperature 12°C. We demonsirate here that
LitR regulstes CRISPR-Cas and T655 in a cell density- and
temperzture manner. Moreover, (35 is found to regulate several
potentiz]l TE5Es in A. wodanis Thus, the (S regulation of T&55s
and CRISPR-Cas system of A wodamis could be essential to
understand the possible mechanisms used by A wodanis during
its co-existence with other bacteria like M. viscosa or the host.
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Figure S1. Functional gene family mapping of DEGs in wild type. (A) and (B) Bar chart showing the increased
and decreased expression of genes in wild type compared between cell densities (HCD/LCD) and temperatures
(12°C/6°C) sorted into different functional families respectively. IE and DE indicate increased and decreased
expression respectively.
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Figure S2. KEGG pathway mapping of DEGs in wild type. (A) and (B) Bar chart showing DEGs in comparisons
WT (HCD/LCD) and WT (12°C/6°C) mapped into top 31 KEGG pathways of A. wodanis respectively.
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Figure S3. Functional gene family mapping of DEGs in litR and ainS mutants compared to wild type. (A) and
(B) Bar chart showing DEGs from AlitR/WT and 4ainS/WT at two different cell densities and temperatures sorted
into different functional families. IE and DE indicate increased and decreased expression respectively.
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Figure S4. KEGG pathway analysis of DEGs in |itR and ainS mutants compared to wild type. (A) and (B) Bar chart
showing genes with increased and decreased expression in comparisons A/itRIWT and 4ainS/WT mapped into top 20
KEGG pathways of A. wodanis respectively. IE and DE indicate increased and decreased expression respectively.

123



Additional file 5

>spacerl
TAACAGTAAGCAAACGTGGATCTTTTCCTTTC
>spacer2
TTGGTATTATTATTCGTGAATTTCCGCAAAAT
>spacer3
CGAGGGGACAGAGATCCCGCCTGAATGCAGAC
>spacer4
CTTGAGCAACTTGGATTTCTTTTGATTTGTCA
>spacer5
GCCGACAAAGCTATTAAATCCATGTTTATGAT
>spacer6
TGTTTGTTCATTCTATTTCACCATTTTAATTA
>spacer7
GAAAATCCAAGGGACAGCCTACGTATTTTTTA
>spacer8
AGCGACTTGATGGTGTAGCATTAAATCCATTA
>spacer9
AATCAGCGTAATCGACTGGAAAAGTGTCTACT
>spacer10
AATCTGTGTTGATGAGTGTCATCGCTTGGATT
>spacerll
GTTGGTCTGGTTTACCCCCGTAATACTAGACG
>spacerl2
CGCCGAAGTTCAACACGTCGTCGCAGAAGAAA
>spacerl3
TTCTGTATGAGCAATTAAAATGTTATCGCAAG
>spacerl4
GCGGAGGTGTTGGTGGGTCAAACGGTTCAATT
>spacerl5
TTGTTATGACTTTCCGACCTTTCTCCAAAGCA
>spacer1l6
GGAAGTGAATTAGAACTCGCGTTCCTTCTTGT
>spacerl7
ATACAGTCGGAGAAGTTAAGATTCTTGCGTAT
>spacerl8
TAATAATGTTTTTTGTTGGATCTTCTGGCAAT
>spacer19
TGATTGGTCTTGCTGCGATTGGTTTCGGTATC
>spacer20
ATGACACTGTTCACTTTCAGATTAATGGGACT
>spacer21
TTTGGTTTGAATTACTTCCTGCTTTGCGTGAG
>spacer22
TTTGTCGCCAGTTTTAGATCCTTTTTGACAGG
>spacer23
GTACTGCATCAATGACACCCGAATCATCATAA
>spacer24
GGTAATCCCTCACGTTTCATAGCGTCAAATAAT
>spacer25
TGAGCAAGACTAACACCAGCTAAATCAGCAGA

CRISPR array 2

>spacerl
ACCATGGAATATTTGCGGCGTTTGCCTGGGGC
>spacer2
TTGTGTTTATATTTACACCATCAATAACGAAA
>spacer3
AGCTATACCTTTAACAGCTAAGGTGTGGTGTG
>spacer4
ATTTTTTGAATACCATTTACCCGGGCGGTGTT
>spacer5
CTCTGTTATTTACTATAACGGTTCGAATAACT
>spacer6
TAGAAGATATTGAAACCAATACACTTAAACTA
>spacer7
ATCACTAAGAATGTGGGTCTTGCTGCTTCTGC
>spacer8
ATGTGGTCTAGCTTAGCTAGTCTTACTATGGA

Spacers in CRISPR array 1 and 2
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>spacer9
TTCAATTACTTGAGTAGCCATACTGATACAGT
>spacer10
CTTATCACTCTTCGTCAAATTTAAGGCATTCA
>spacerl1
AGCAAATGAGATTACGCGCTCTTTTGCTAATT
>spacer12
CTCTTTTAACTCTTTAGTTTGCTGCTTGATTT
>spacerl3
CGATAAACTATAAAGAAAGTTTTAAATGTAAA
>spacer14
ACCTAGCCGCTCGAATGCTAATGACTCCCACA
>spacerl5
ATGATCGCAGTTGCTAGAGGTAAGCGTAACGA
>spacer1l6
CATCATAAGGCTGTCCTGGAGTTTGAGACGGT
>spacerl7
AGGAGGTCGATTTAACAGATGATTGATGAACT
>spacerl8
TTATATGATAGCTATGGTCTGGTGAGATAAGA
>spacer19
CTCAACTTGCGTTTTCTCATCAACAAAACAAA
>spacer20
ATTTAGCGGTTGCCTGTTTTGCTTGAGCAAATT
>spacer21
AAACTATCTACGATTGGAACGATTGCCGCTACG
>spacer22
GAAACTTTAATTTTTTCTTGCTTGGATGAACT
>spacer23
TATTTAACTTCAATACCGCCAAACGTCAGTTG
>spacer24
ATGCAACAGCTTCATAGCTTTTTCCGCCACCA
>spacer25
AAATGAATAAAGAACTTTTAAGCGTAATTAAA
>spacer26
TATTCAACGGTCAAGTTTCCCCCGCTTTTGATG
>spacer27
AAGAAATCATAACATCATCACAAACTTGAGTAA
>spacer28
TTGCAAATGAAAATTTCGTAGTGGTTTCGTCC
>spacer29
AACCATCCGCAATCTCTCGACAGGTCTCTGGA
>spacer30
AATAGATTGAATAATTCGTGAATCATCAAATG
>spacer31
ATATAGAGGGATCATTAACTGGAATAGAAAAC
>spacer32
GGTTCTGTGGCTTTGGGTATTCCTCAAGCTAT
>spacer33
TATTAATCATATTATGAACCCAATCTAGTAAA
>spacer34
CTCAAAAGCTACTGCACACCAGTTACACTGTC
>spacer35
TGTAACGCCCCCACACTATCCATAATTTAATA
>spacer36
GATGAAAAAGGCGCAAAGAAGTACCGTTTTAA
>spacer37
ATTGCTCCTGATGGCTCTAAATGGGCTTGTGT
>spacer38
TTGTTCCTATTGACGGTTATATTGCTCCTGAT
>spacer39
GCACCTAGGGTTATTTTAGGATTATACTTATT
>spacer40
TTGATAAGGGTTTTTTAACTAAACGTTCTGGG
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Additional file 6

Supplementary Table S1. Summary of RNA sequencing data

Total no.

Total no.

of paired | of Percent
Total no. | ' P . mapped
of reads reads singletons reads to
mapped to | mapped to A wodanis
A. wodanis | A. wodanis | "~
Replicate 1 | 9318078 | 8683744 165736 94.97 %
WT_LCD_12°C |Replicate 2 | 8603498 | 8042848 131030 95.00 %
Replicate 3 | 8039172 | 7628826 101488 96.15 %
Replicate 1 | 6830012 | 6431918 94524 95.55 %
WT_LCD 6°C |Replicate 2 | 6764050 | 6275884 129210 94.69 %
Replicate 3 | 16382490 | 13607574 291488 84.84 %
Replicate 1 | 8405606 | 7924150 142350 95.96 %
WT_HCD _12°C |Replicate 2 | 7031754 | 6612690 102022 95.49 %
Replicate 3 | 10520706 | 10038078 141765 96.76 %
Replicate 1 | 9104484 | 8630120 133158 96.25 %
WT_HCD 6°C |Replicate 2 | 8794288 | 8404036 112444 96.84 %
Replicate 3 | 7847740 | 7559668 76473 97.30 %
Replicate 1 | 7143446 | 6738906 94882 95.66 %
AainS LLCD_12°C | Replicate 2 | 8654686 | 8043884 145735 94.62 %
Replicate 3 | 9865158 | 9091846 214675 94.33 %
Replicate 1 | 7390374 | 6947748 101472 95.38%
AainS LCD _6°C |Replicate 2 | 8156088 | 7717366 105927 95.91%
Replicate 3 | 8183570 | 7634498 134886 94.93%
Replicate 1 | 8638822 | 8134650 167682 96.10 %
AainS HCD_12°C | Replicate 2 | 10776830 | 10216972 183895 96.51 %
Replicate 3 | 6664550 | 6310982 97213 96.15 %
Replicate 1 | 9212642 | 8683448 145152 95.83 %
AainS HCD_6°C | Replicate 2 | 8208020 | 7766162 104979 95.89 %
Replicate 3 | 15229180 | 14602412 164224 96.96 %
Replicate 1 | 6867568 | 6487820 104444 95.99 %
AlitR LCD_12°C |Replicate 2 | 8258068 | 7775178 109325 95.47 %
Replicate 3 | 11600026 | 10966164 162825 95.93 %
Replicate 1 | 6469472 | 6151132 87641 96.43 %
AlitR_1.CD_6°C | Replicate 2 | 6545258 | 6193608 93113 96.05 %
Replicate 3 | 6707028 | 6308428 103580 95.00 %
Replicate 1 | 10079514 | 9496982 168175 95.88 %
AlitR_ HCD_12°C | Replicate 2 | 7936052 | 7505174 145316 96.40 %
Replicate 3 | 5773648 | 5419312 102581 95.63 %
Replicate 1 | 8032142 | 7611686 111371 96.15 %
AlitR_HCD_6°C | Replicate 2 | 8780408 | 8370148 109231 96.57 %
Replicate 3 | 6454230 | 6182194 72719 96.91 %
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Additional file 7

Supplementary Table S2. Fold change values in wild type A. wodanis, AlitR when
comparing HCD to LCD, 12°C to 6°C, litR mutant compared to wild type and ainS mutant
compared to wild type

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8861277/bin/Table 2.xlsx
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Additional file 8

Supplementary Table S3. Fold change values i

m related genes of A. wodanis 06/09/139

n QS syste;
IuxO)

litR ain§ ainR luxU 654 qrr hfg luxS IuxP IuxQ
?bb
A C A T N o I B I
Q>/ Q}/ Q}/ 9}/ Q>/ Q>/ 0}/ 0}/ Q>/ Q>/ Q>/
4\0 4\0 éo 4\0 éo 4\0 4\0 4@ 4‘0 4}0 4\0
Comparisons » » » ¥ » » » ¥ » Ad ¥
Wild type FC padj FC  padj FC _padj FC padj FC padj FC padj FC padj FC padj FC padj FC padj FC padj
HCD/LCD(12°C) 124 005 103 093 1.07 070 -131 018 -1.17 033 -131 007 -1.26 041 123 027 -1.04 080 -1.01 096 106 0381
HCD/LCD(6°C) 224 000 201 000 116 028 -133 0.3 -146 001 -1.01 096 133 044  -1.04 075 -1.15 034 -128 0.05 145 0.02
12°C/6°C(HCD) -151 000 -123 040 106 078 133 022 135 008 114 051 167 009 107 080 -1.54 001 128 009 -1.30 023
12°C /6°C(LCD) 123 012 161 0.03 118 025 135 009 112 044 151 000 292 000 -1.18 014 -168 000 104 0.80 1.09 0.60
AlitR
HCD/LCD(12°C) -1.77 007 164 006 1.06 080 -143 014 -123 024 -1.03 091 -1.34 0.38 108 080 -1.58 003 -1.09 068 121 032
HCD/LCD(6°C) -1.51 0.07 320 0.00 1.43 002 -129 029 -102 093 145 0.00 1.18 0.65 123 005 -124 010 -1.04 080 1.14 041
12°C/6°C(HCD) 1.17 061 -1.67 0.02 -1.03 093 113 074 125 024 109 071 112 0.80 -1.15 052 -146 006 1.17 045 -1.04 0.89
12°C /6°C(LCD) 1.47 0.19 109 079 131 0.09 129 023 154 001 163 0.00 1.85 0.05 -1.01 096 -1.15 044 125 0.12 -1.12 050
Aain$
HCD/LCD(12°C) -120 018 116 074 1.06 074 -148 001 -126 020 -1.68 0.00 1.01 0.99 123 030 -1.63 001 102 093 134 007
HCD/LCD(6°C) 1.61 004 159 034 1.17 054 111 077 -106 0.87 -1.00 099 -127 0.59 -1.01 099 -1.00 099 -137 0.19 120 048
12°C/6°C(HCD) -1.51 001 -1.70 0.12 1.19 023 -198 000 -1.05 083 -1.20 020 131 0.40 103 09 -1.68 000 136 005 105 077
12°C /6°C(LCD) 1.27 030 -128 065 1.31 029 -122 050 112 074 137 027 1.04 0.94 -120 049 -1.04 090 -1.02 094 -1.06 086
AlitRIWT
AtRIWT(HCD_12°C)  -61.91 NA -122 076 -1.12 085 -111 089 1.06 093 113 081 -1.00 100 -1.04 098 -124 054 -1.09 088 1.02 0.99
ARAWT(LCD_12°C) -24.11 NA -193 001 -1.14 050 -1.04 089 109 068 -1.13 036 104 092 106 084 117 043 -1.04 086 -1.14 046
ALtR’WT(HCD_6°C) -11098 000 114 059 -1.01 095 1.06 087 117 041 120 018 1.41 NA 120 016 -128 0.12 101 097 -1.18 040
AlitRIWT(LCD 6°C)  -36.87 0.00 -138 029 -126 0.19 100 1.00 -124 025 -122 023 1.57 0.26 -1.08 062 -123 017 -125 0.17 1.05 082
AainS/WT

AainS/'WT(HCD_12°C) -2.87 0.00 -3.80 NA 1.06 089 137 NA 1.14 068 -121 053 -1.08 NA -1.02 09 -1.06 088 -1.01 098 1.14 0.75
AainS/WT(LCD_12°C)  -2.04  0.00 -441 NA 106 085 153 001 121 041 103 093 -134 NA -105 087 141 003 -1.04 087 -1.10 0.70
AainS/'WT(HCD_6°C)  -2.53 0.00 -253 000 -1.04 100 281 0.00 148 005 110 1.00 1.08 NA 1.01 1.00 102 100 -1.06 1.00 -1.14 094
AainS/WT(LCD 6°C)  -1.93  0.01 -234 NA -1.06  1.00 217 0.00 116 100 1.09 100 1.53 NA -102 100 -1.10 100 100 1.00 102 1.00
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Additional file 9

Supplementary Table S5.Fold change values of CRISPR system in A. wodanis 06/09/139

N U]
& & & & & & g
N N ’ N D S >
q\o°’ &’ $o°’ éo° 4 qlo“” .ﬂow &
\:d kad Aol \:d \sd had \sd
< Bid
& &
& &
& &
ol o
cspd csy3 csy2 esyl cas3 casl TR [9) )
o
. y © 4
& & & & & & &
& O <& & F ¢ &
& & & & & P &
- & o & 3 o o \ v
§ § § § J p & &
& & & & & & & & &
s* & s s s & & s s
Comparisons Cqu (?s C?} OQ} (?} OQ} N Cqs Oé

Wild type(HCD/LCD)  FC _ padj FC padj FC padj FC _ padj FC padj FC padj FC__ padj FC  padj FC  padj

(HCD/LCD) 6°C 170 0.00 2.05 0.00 1.83 0.00 1.53 001 2.42 0.00 2.27 0.00 124 022 .1.83 000 104 082

(HCD/LCD) 12°C 130 023 1.30 0.10 1.21 0.25 -1.08 0.69 1.52 0.00 1.88 0.00 1.03 0.90 -1.83 000 -1.26 028
Wild type(12°C/6°C)
(12°C/6°C)HCD 133 024 -1.01 0.99 -1.01 096 -136 0.10 -1.07 0.73 1.08 0.75 -121 029 _-210 0.00 -1.8 0.01]
(12°C/6°C) LCD 180 0.00 1.61 0.00 1.54 0.00 1.25 0.15 1.52 0.00 1.33 0.04 1.02 092 205 000 -132 004
AlitR/IWT

(MitR/'WT)HCD_6°C  -7.80 0.00 -11.15 0.00 -1036 0.00 -1035 0.00 -6.12 0.00 -10.32 0.00 -3.20 0.00 161 000 -16%9 0.00
(MitR/'WT)HCD_12°C  -7.54 0.00  -8.66 0.00 -7.35 0.00 -6.50 0.00 -4.84 0.00 -6.65 0.00 -2.03 000 201 0.00 -1.14 086
(MEHR/WT)LCD_6°C  -5.54 0.00 -4.94 0.00 -6.24 0.00 -587 0.00 <557 0.00 -8.12 0.00 -5.81 0.00 -1.77 000 -269 0.00
(AR'WT)LCD_12°C_ -7.21 0,00  -7.22 0,00 -6.55 0,00 -744 0.00 -4.86 0.00 -5.78 0.00 -2.70 0,00 -124 049 -196 0.00

AainS/WT
(AainS/WT)HCD_6°C  -1.67 0.00 -2.06 0.00 -1.92 0.00 -187 0.00 -1.70 0.00 -1.52 0.00 -137 020 152 001 1.03 1.00
(AainS/WT)HCD _12°C -1.77 002 -1.78 0.02 -1.70 0.03 -1.80 0.00 -1.59 0.01 -1.72 0.00 -1.11 0.78 144 018 1.02 097
(AainS/WT)LCD_6°C  -1.73 007 -1.95 0.01 -1.94 001 -150 0.02 -1.69 0.11 -1.52 031 -120 100 110 1.00 -1.05 1.00
(AainS/WT)LCD _12°C_ -2.02  0.00 -2.03 0.00 -1.94 0.00 -150 0.00 -1.83 0.00 -1.48 0.01 -1.12  0.69 104 093 -116 064
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Additional file 10

Supplementary Table S6. Fold change values of T6SS gene clusters in wild type when comparing high cell density to low cell density

T6SS1

Aux-1

T6SS2

Aux-2

T6SS3

Aux-3

Aux-4

Wildtype (WT)
HCD/LCD(6°C) HCD/LCD(12°C)

AWOD_ID Protein FC padj FC padj
AWOD 1 0981 serine/threonine protein kinase 1.31 0.10 152 0.02
AWOD 1 0982 i hospt in ph VasL1 1.97 0.00 1.53 0.15
AWOD 1 0983 putative type VI secretion protein VasK1 2.26 0.00 2.36 0.00
AWOD 1 0984 putative type VI secretion protein VasF1 1.48 0.02 -1.23 026
AWOD 1 0985 putative type VI secretion protein VasEl 152 0.01 1.17 0.50
AWOD 1 0986 putative type VI secretion protein VasD1 1.43 0.20 138 0.30
AWOD 1 0987 putative type VI secretion protein VasC1 1.51 0.08 1.82 0.03
AWOD 1 0988 sigma-54 di d iptional 1 y protein, VasH1 3.12 0.00 2.45 0.00
AWOD 1 0989 chaperone ClpB, VasG1 3.08 0.00 2.50 0.00
AWOD _1_0990 putative type VI secretion protein VasB1 2.31 0.00 183 0.11
AWOD 1 0991 putative type VI secretion protein VasAl -1 0.54 1.28 0.14
AWOD 1 0992 putative type VI secretion protein VasS1 1.54 0.14 1.48 0.14
AWOD _1 0993 putative type VI secretion protein VasR1 222 0.00 230 0.00
AWOD 1 0994 putative type VI secretion protein VasQ1 227 0.00 2.80 0.00
AWOD 1 0995 putative type VI secretion protein VasJ1 1.77 0.00 2.08 0.00
AWOD 1 1435 membrane protein 2.92 0.00 1.39 035
AWOD 1 1436 membrane protein 232 0.00 2.48 0.00
AWOD 1 _1437 membrane protein 2.81 0.00 2.49 0.00
AWOD 1 1438 membrane protein 3.48 0.00 291 0.00
AWOD 1 1439 putative uncharacterized protein, DUF4123 4.50 0.00 252 0.00
AWOD 1 1440 VerG protein, VgrG1 1.42 0.05 1.93 0.00
AWOD 1 2030 putative uncharacterized protein, PAAR motif 2.04 0.00 2.44 0.00
AWOD 11 0111 type VI secretion-related uncharacterized protein, VasQ2 -1.00 0.98 -1.62 0.01
AWOD 11 0112 type VI secretion-related uncharacterized protein, VasR2 1.19 028 -1.39 0.03
AWOD _II 0113 type VI secretion-related lysosyme protein, VasS2 1.40 0.05 -1.41 0.05
AWOD _II 0114 type VI secretion-related uncharacterized protein VasA2 1.61 0.01 1.06 0.76
AWOD _II 0115 type VI secretion-related uncharacterized protein VasB2 2.01 0.00 1.66 0.00
AWOD _II 0116 type VI secretion-related FHA domain protein VasC2 1.98 0.00 143 0.02
AWOD _II 0117 type VI secretion-related lipoprotein VasD2 2.40 0.00 -1.11 0.69
AWOD 11 0118 type VI secretion-related protein VasE2 1.64 0.00 124 0.11
AWOD _II 0119 type VI secretion-related protein VasF2 1.74 0.00 1.72 0.02
AWOD_11_0120 type VI secretion ATPase, ClpB protein, VasG2 191 0.00 1.68 0.00
AWOD _II 0121 Sigma-54 depend iptional regul VasH2 2.17 0.00 2.00 0.00
AWOD_I1_0122 type VI secretion-related protein VasI2 2.09 0.00 2.17 0.00
AWOD 11 0123 type VI secretion-related protein (ImpA domain protein), VasJ2 2.41 0.00 3.01 0.00
AWOD 11 0124 putative type VI secretion protein VasK2 (IcmF-related protein) 2.05 0.00 199 0.00
AWOD 11 0125 type VI secretion-related protein VasL2 1.56 0.02 2.04 0.00
AWOD 11 0126 Hcp protein (haemolysin co-regulated protein), Hepl 2.63 0.00 4.80 0.00
AWOD 11 0127 VgrG protein, VgrG2 1.82 0.00 1.91 0.01
AWOD _II 0128 type VI secretion-related protein, PAAR 2.17 0.00 2.52 0.00
AWOD _II_0129 ankyrin repeat containing protein 1.67 0.01 155 0.08
AWOD II 0130 ankyrin repeat containing protein (pseudogene) 2.29 0.00 1.89 0.00
AWOD 11 0131 putative uncharacterized protein, DUF4123 2.69 0.00 2.34 0.01
AWOD 11 0132 putative uncharacterized protein, DUF4123 2.86 0.00 2.00 0.01
AWOD _II_0133 RHS protein -1.07 0.64 111 037
AWOD 11 0134 putative uncharacterized protein -1.19 035 -1.29 0.13
AWOD_II_0135 pseudogene 2105 077 -124 0.12
AWOD _II_0136 putative uncharacterized protein 1.18 039 -1.23 0.24
AWOD 11 0137 transposase (fragment) 1.36 0.20 -1.06 0.84
AWOD _II 0138 pseudogene -2.28 0.00 -1.10 0.53
AWOD 1II 0139 putative uncharacterized protein -2.14 0.00 =115 0.42
AWOD_II_0140 RHS protein -1.36 0.10 -1.09 0.65
AWOD 11 0141 putative uncharacterized protein -1.53 0.00 -131 0.06
AWOD 11 1008 putative uncharacterized protein 1.41 0.02 -1.03 0.85
AWOD _11_1009 putative type VI secretion protein VasX 1.46 0.00 112 0.49
AWOD 1II 1010 putative type VI secretion protein, ImcF-related VtsI 130 0.03 115 028
AWOD 11 1011 putative type VI secretion protein VasF3 1.24 021 1.08 0.66
AWOD 11 1012 putative type VI secretion protein VasE3 1.06 0.79 -1.19 0.26
AWOD _11_1013 putative type VI secretion protein VasD3 1.15 0.46 -1.12 0.58
AWOD 11 1014 putative type VI secretion protein VasC3 135 0.03 -1.07 0.66
AWOD 11 1015  putative type VI ion protein, p ic solute-binding protein VisD ~ 1.47 0.01 1.08 0.70
AWOD 11 1016  putative type VI secretion protein, periplasmic solute-binding protein VtsC =~ 1.23 0.11 118 022
AWOD _I1_1017 putative type VI secretion protein, MFS transporter VisB -1.14 034 1.02 0.93
AWOD 11 1018 putative type VI ion protein, D-alanine-D-alanine ligase VtsA 1.02 0.91 1.02 0.92
AWOD _II_1019 chaperone ClpB, VasG3 -1.16 029 -1.58 0.00
AWOD 11 1020 putative type VI secretion protein VasB3 -1.12 0.40 -1.30 0.02
AWOD _11_1021 putative type VI secretion protein VasA3 -1.18 032 -131 0.02
AWOD _II_1022 putative type VI secretion protein VasS3 -1.05 0.82 -1.39 0.07
AWOD 1I_1023 putative type VI secretion protein VasRB3 1.01 0.97 -1.29 0.06
AWOD 11 1024 putative type VI secretion protein VasRA3 -1.24 0.19 -1.26 0.11
AWOD _II_1025 putative type VI secretion protein VasQ3 -1.07 0.69 -1.15 0.36
AWOD _1II_1026 hemolysin-coregulated protein Hcp2 1.09 0.57 -1.04 0.80
AWOD 1I_1027 putative type VI secretion protein VasJ3 1.20 022 -1.08 0.64
AWOD _I1_1028 putative type VI secretion protein VasV, PAAR domain protein -1.15 0.49 -131 0.26
AWOD _II_1029 putative type VI secretion protein VasU -1.11 0.59 -1.55 0.01
AWOD _II_1030 putative type VI secretion protein VgrG3 -1.02 0.93 -1.77 0.00
AWOD 11 1031 putative uncharacterized protein -1.69 0.00 -7.11 0.00
AWOD_II_1032 putative uncharacterized protein, Hep3 -1.48 0.00 -2.82 0.00
AWOD _II_1054 membrane protein 1.48 0.16 291 0.00
AWOD II_1055 membrane protein 197 0.00 3.27 0.00
AWOD _II_1056 membrane protein 145 030 1.99 0.09
AWOD 11 1057 putative uncharacterized protein 3.08 0.00 2.46 0.01
AWOD _II_1058 putative uncharacterized protein, DUF4123 3.38 0.00 299 0.00
AWOD _II_1059 VgrG protein, VgrG4 4.11 0.00 3.90 0.00
AWOD _II_1060 secreted protein Hepd 1.62 0.15 145 038
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y Table S6. Fold change values of T6SS gene clusters in wild type when comparing 12°C to 6°C

T6SS1

Aux-1

T6SS2

Aux-2

T6SS3

Aux-3

Aux-4

‘Wild type (WT)
12°C/6°C(HCD)  12°C/6°C(LCD)
locus tag Protein FC padj FC padj
AWOD 1 0981 serine/threonine protein kinase 138 0.09 123 021
AWOD 1 0982 serine/th i hosph in phospt VasL1 -1.03 0.94 127 0.40
AWOD 1 0983 putative type VI secretion protein VasK1 122 0.54 1.15 0.50
AWOD I 0984 putative type VI secretion protein VasF1 -1.33 0.13 1.41 0.05
AWOD 1 0985 putative type VI secretion protein VasEl -1.01 0.98 133 0.11
AWOD _I 0986 putative type VI secretion protein VasD1 122 0.54 1.29 0.41
AWOD 1 0987 putative type VI secretion protein VasC1 1.41 0.21 1.21 0.46
AWOD _1 0988 sigma-54 dependent transcriptional regulatory protein, VasH1 -1.08 0.85 1.20 0.49
AWOD _1 0989 chaperone ClpB, VasG1 1.27 0.51 1.53 0.03
AWOD _1_0990 putative type VI secretion protein VasB1 1.34 0.50 1.70 0.04
AWOD _1_0991 putative type VI secretion protein VasAl 1.61 0.01 1.17 0.29
AWOD 1 0992 putative type VI secretion protein VasS1 1.74 0.03 1.88 0.02
AWOD 1 0993 putative type VI secretion protein VasR1 1.51 0.08 1.51 0.01
AWOD _1 0994 putative type VI secretion protein VasQl 1.01 0.97 -1.21 036
AWOD 1 0995 putative type VI secretion protein VasJ1 1.04 0.86 -1.10 061
AWOD 1 1435 membrane protein 1.06 0.91 2.33 0.01
AWOD 1 1436 membrane protein 1.44 027 138 031
AWOD 1 1437 membrane protein 1.31 0.36 1.49 032
AWOD 1 1438 membrane protein 1.43 0.18 1.74 0.00
AWOD 1 1439 putative uncharacterized protein, DUF4123 1.16 0.69 215 0.02
AWOD 1 1440 VgrG protein, VgrGl 124 037  -1.07 0.75
AWOD 1 2030 putative uncharacterized protein, PAAR motif 1.40 0.25 1.20 0.58
AWOD 1II 0111 type VI secretion-related uncharacterized protein, VasQ2 -3.95 0.00 -2.45 0.00
AWOD _II 0112 type VI secretion-related uncharacterized protein, VasR2 -2.48 0.00 -1.48 0.00
AWOD _II 0113 type VI secretion-related lysosyme protein, VasS2 -229 0.00 -1.16 038
AWOD II 0114 type VI secretion-related uncharacterized protein VasA2 -1.69 0.01 -1.09 0.64
AWOD _II 0115 type VI secretion-related uncharacterized protein VasB2 -1.14 0.54 110 0.64
AWOD _II 0116 type VI secretion-related FHA domain protein VasC2 -1.17 037 122 0.19
AWOD _II_0117 type VI secretion-related lipoprotein VasD2 -2.41 0.00 112 0.62
AWOD _II 0118 type VI secretion-related protein VasE2 -1.45 0.00 -1.06 0.70
AWOD _II 0119 type VI secretion-related protein VasF2 -1.73 0.01 -1.69 0.01
AWOD _II_0120 type VI secretion ATPase, ClpB protein, VasG2 -1.51 0.01 -1.29 0.11
AWOD _II 0121 Sigma-54 depend; iptional regulator VasH2 -1.36 0.09 -1.22 0.24
AWOD _II_0122 type VI secretion-related protein VasI2 -1.25 0.43 -1.26 035
AWOD 1II 0123 type VI secretion-related protein (ImpA domain protein), VasJ2 -1.15 0.56 -1.42 0.07
AWOD _II_0124 putative type VI secretion protein VasK2 (IcmF-related protein) -1.07 0.71 -1.01 0.95
AWOD II 0125 type VI i lated protein VasL2 -1.10 0.66 -1.39 0.09
AWOD II 0126 Hcp protein (haemolysin co-regulated protein), Hepl -1.10 0.67 -2.01 0.00
AWOD 11 0127 VgrG protein, VgrG2 -1.24 0.44 -1.30 0.12
AWOD 11 0128 type VI secretion-related protein, PAAR 1.08 0.83 -1.09 0.67
AWOD II 0129 ankyrin repeat containing protein -1.25 0.30 -1.14 0.63
AWOD I 0130 ankyrin repeat containing protein (pseudogene) -1.14 0.62 1.07 0.76
AWOD 11 0131 putative uncharacterized protein, DUF4123 1.08 0.85 121 0.44
AWOD _II 0132 putative uncharacterized protein, DUF4123 1.03 0.94 147 0.16
AWOD 1II 0133 RHS protein -1.08 0.59 -1.26 0.04
AWOD _II_0134 putative uncharacterized protein 1.05 0.86 1.18 023
AWOD II 0135 pseudogene 1.20 022 1.46 0.00
AWOD _II 0136 putative uncharacterized protein 113 0.54 1.69 0.00
AWOD _II_0137 transposase (fragment) 1.23 0.43 1.82 0.01
AWOD _II 0138 pseudogene 1.66 0.00 -1.22 0.12
AWOD _II_0139 putative uncharacterized protein 1.82 0.00 1.00 0.99
AWOD _II_0140 RHS protein 1.42 0.07 1.18 035
AWOD I 0141 putative unch d protein 1.77 0.00 1.57 0.00
AWOD _II_1008 putative uncharacterized protein -1.12 0.57 133 0.01
AWOD _II_1009 putative type VI secretion protein VasX -133 0.06 1.00 0.99
AWOD _II_1010 putative type VI secretion protein, ImcF-related VtsI 1.06 0.67 124 0.08
AWOD _II_1011 putative type VI secretion protein VasF3 1.06 0.80 125 0.13
AWOD 1II 1012 putative type VI secretion protein VasE3 1.17 0.40 1.51 0.01
AWOD 1II 1013 putative type VI secretion protein VasD3 1.09 0.69 1.45 0.03
AWOD 1II 1014 putative type VI secretion protein VasC3 1.08 0.66 1.60 0.00
AWOD 1II 1015 putative type VI secretion protein, periplasmic solute-binding protein VtsD 1.00 0.99 1.41 0.02
AWOD 1II 1016 putative type VI secretion protein, periplasmic solute-binding protein VisC 1.18 0.30 126 0.08
AWOD I 1017 putative type VI secretion protein, MFS transporter VisB 1.17 037 1.03 0.84
AWOD 11 1018 putative type VI ion protein, D-alanine-D-alanine ligase VtsA -1.04 0.81 -1.02 092
AWOD _II_1019 chaperone ClpB, VasG3 1.32 0.04 1.85 0.00
AWOD 1II_1020 putative type VI secretion protein VasB3 1.06 0.74 1.25 0.06
AWOD _II_1021 putative type VI secretion protein VasA3 -1.01 0.98 113 031
AWOD _II_1022 putative type VI secretion protein VasS3 -1.22 0.39 1218 0.55
AWOD _II_1023 putative type VI secretion protein VasRB3 -1.23 021 1.07 0.59
AWOD _II_1024 putative type VI secretion protein VasRA3 1.27 0.15 133 0.04
AWOD _II_1025 putative type VI secretion protein VasQ3 1.15 0.42 128 0.05
AWOD _II_1026 hemolysin-coregulated protein Hep2 1.04 0.87 122 0.08
AWOD 11 1027 putative type VI secretion protein VasJ3 -1.26 0.21 1.05 0.72
AWOD _II_1028 putative type VI secretion protein VasV, PAAR domain protein -1.20 0.48 -1.02 0.93
AWOD II_1029 putative type VI secretion protein VasU -1.64 0.01 -1.15 0.42
AWOD _II_1030 putative type VI secretion protein VgrG3 -1.47 0.00 122 0.12
AWOD 11_1031 putative uncharacterized protein -2.90 0.00 1.46 0.00
AWOD II_1032 putative unch ized protein, Hcp3 -1.69 0.00 1.16 0.17
AWOD 1I_1054 membrane protein 1.14 0.71 -1.77 0.11
AWOD 1II 1055 membrane protein 1.26 0.56 -1.47 027
AWOD 11 1056 membrane protein 1.05 091 -1.33 051
AWOD 11 _1057 putative uncharacterized protein 113 0.79 1.42 0.24
AWOD 1II 1058 putative uncharacterized protein, DUF4123 1.09 085 1.17 0.72
AWOD _II_1059 VerG protein, VgrG4 1.14 0.69 1.16 0.70
AWOD 11 1060 secreted protein Hep4 1.08 0.87 1.19 0.68




T6SS1

Aux-1

T6SS2

Aux-2

T6SS3

Aux-3

Aux-4

Supplementary Table S6. Fold change values of T6SS gene clusters in the /itR mutant P to wild type
AlitRIWT
HCD_6°C HCD_12°C I LCD_6°C LCD_12°C
AWOD_ID Function FC padj FC padj FC padj FC padj
AWOD 1 0981 serine/threonine protein kinase -1.22 031 =122 0.64 -1.62 0.02 -1.22 034
AWOD _1_0982 ine phosph in phospt VasL1 -133 0.26 -135 0.50 -117 0.71 -1.39 0.40
AWOD _I_0983 putative type VI secretion protein VasK1 -1.13 0.59 -132 0.65 -1.80 0.02 -1.08 0.86
AWOD 1 0984 putative type VI secretion protein VasF1 -1.60 0.01 -1.64 0.04 -1.46 0.14 211 0.00
AWOD 1 0985 putative type VI secretion protein VasEl -1.40 0.05 -1.39 0.39 -1L.72 0.01 -1.69 0.01
AWOD 1 0986 putative type VI secretion protein VasD1 -1.47 NA -1.83 0.08 -2.86 NA -1.72 0.12
AWOD 1 0987 putative type VI secretion protein VasC1 -1.32 0.17 -1.69 0.11 -2.02 0.02 -1.26 0.50
AWOD 1 0988 sigma-54 dependent transcriptional regulatory protein, VasH1 -1.64 0.01 -1.42 0.50 -1.96 0.04 -1.08 0.88
AWOD _1_0989 chaperone ClpB, VasG1 -1.74 0.00 -1.63 0.30 -1.92 0.02 -1.50 0.25
AWOD 1 0990 putative type VI secretion protein VasB1 -1.36 0.28 -1.54 0.44 -1.40 0.42 -1.20 0.63
AWOD 1 0991 putative type VI secretion protein VasAl -1.34 0.09 -1.67 0.01 -2.04 0.00 -1.43 0.02
putative type VI secretion protein VasS1 -1.55 NA -2.28 0.01 -2.25 NA -1.76 0.05
putative type VI secretion protein VasR1 -4.43 0.00 -4.03 0.00 -3.20 0.00 -2.80 0.00
1 ( putative type VI secretion protein VasQ1 -7.19 0.00 -5.13 0.00 -2.69 0.00 -2.63 0.00
AWOD 1 0995 putative type VI secretion protein VasJ1 -3.15 0.00 -2.43 0.00 -2.59 0.00 -1.91 0.00
AWOD I _1435 membrane protein -1.75 NA -1.41 0.57 -1.35 NA -1.60 NA
membrane protein -1.22 0.53 -1.56 0.26 -1.70 NA -1.25 0.61
1 membrane protein -1.14 NA -1.80 0.10 -1.28 NA -1.06 NA
AWOD 1 1438 membrane protein -1.26 0.20 -1.52 031 -1.87 0.02 -1.06 0.89
AWOD 1 1439 putative uncharacterized protein, DUF4123 -1.41 0.18 -137 0.62 -1.98 NA -1.22 0.68
AWOD _1_1440 VerG protein, VgrGl -2.09 0.00 -2.01 0.02 -4.90 0.00 -1.88 0.04
AWOD [ 2030 putative uncharacterized protein, PAAR motif 131 0.28 -L11 0.93 -1.24 0.64 133 0.53
AWOD 11 0111 type VI secretion-related uncharacterized protein, VasQ2 -20.28 0.00 -5.33 0.00 -21.38 0.00 -7.00 0.00
AWOD 11 0112 type VI secretion-related uncharacterized protein, VasR2 -17.59 0.00 -6.69 0.00 -19.31 0.00 -8.66 0.00
AWOD 11 0113 type VI secretion-related lysosyme protein, VasS2 -13.50 0.00 -4.27 0.00 -11.40 0.00 -6.09 0.00
AWOD 11 0114 type VI secretion-related uncharacterized protein VasA2 -5.83 0.00 -2.67 0.00 -7.35 0.00 -2.96 0.00
AWOD _I1 0115 type VI secretion-related uncharacterized protein VasB2 -3.41 0.00 -2.26 0.01 -5.44 0.00 215 0.00
AWOD 11 0116 type VI secretion-related FHA domain protein VasC2 -3.13 0.00 -2.40 0.00 -5.48 0.00 -3.26 0.00
AWOD 11 0117 type VI secretion-related lipoprotein VasD2 -8.32 0.00 -3.46 0.00 -3.87 0.00 -4.52 0.00
AWOD 11 0118 type VI secretion-related protein VasE2 -4.30 0.00 -2.31 0.00 -4.53 0.00 2.72 0.00
AWOD 11 0119 type VI secretion-related protein VasF2 -2.43 0.00 -1.34 0.58 -4.32 0.00 -1.43 027
AWOD 11 0120 type VI secretion ATPase, ClpB protein, VasG2 -4.19 0.00 -2.44 0.00 -5.03 0.00 -2.37 0.00
AWOD 11 0121 Sigma-54 dependent transcriptional regulator VasH2 -2.45 0.00 -1.52 0.09 -3.65 0.00 -1.52 0.04
AWOD 11 0122 type VI secretion-related protein Vasl2 319 000  -2.02 0.01 2,69 0.00 -1.50 027
AWOD 11 0123 type VI secretion-related protein (ImpA domain protein), VasJ2 -2.41 0.00 -1.71 0.16 -4.22 0.00 -1.22 0.62
AWOD 11 0124 putative type VI secretion protein VasK2 (IcmF-related protein) -2.69 0.00 <215 0.00 -3.51 0.00 -1.67 0.00
AWOD 11 0125 type VI secretion-related protein VasL.2 -2.39 0.00 -2.27 0.00 -5.19 0.00 -1.37 021
AWOD 11 0126 Hep protein (haemolysin co-regulated protein), Hepl -22.75 0.00 -8.22 0.00 -8.32 0.00 -1.86 0.00
AWOD II 0127 VgrG protein, VgrG2 -3.09 0.00 -1.74 0.07 -4.16 0.00 -1.10 0.76
AWOD 11 0128 type VI secretion-related protein, PAAR -1 0.00 -1.48 0.42 -2.62 0.00 1.07 0.88
AWOD 11 0129 ankyrin repeat containing protein -2.42 0.00 -1.96 0.00 241 0.00 L1 0.78
AWOD 11 0130 ankyrin repeat containing protein (pseudogene) -1.43 0.08 =132 0.57 -3.83 0.00 1.10 0.79
AWOD 11 0131 putative uncharacterized protein, DUF4123 -1.17 0.57 -1.30 0.73 -1.67 0.12 115 073
AWOD _II 0132 putative uncharacterized protein, DUF4123 -1.87 0.00 -130 0.65 -1.03 0.95 1.08 0.87
AWOD _II 0133 RHS protein -1.28 0.05 -1.09 0.86 -1.68 0.00 118 0.24
AWOD _I1 0134 putative uncharacterized protein -1.26 026 -1.14 0.86 -1.32 017 1.19 0.29
AWOD 11 0135 pseudogene -1.23 0.18 -1.08 0.94 -1.36 0.10 -1.04 0.88
AWOD _II 0136 putative uncharacterized protein -1.16 0.47 -1.07 0.96 -1.18 0.54 107 0.78
AWOD 11 0137 transposase (fragment) 117 0.61 122 0.79 119 065 1.08 082
AWOD 11 0138 pseudogene -1.03 091 -121 0.62 -1.56 0.00 120 026
AWOD 11 0139 putative uncharacterized protein -1.00 1.00 -1.43 0.17 -1.43 0.07 1.07 0.78
AWOD 11 0140 RHS protein 1.05 0.86 -1.14 0.82 -2.04 0.00 -1.04 0.89
AWOD 11 0141 putative uncharacterized protein 1.26 0.20 -1.02 0.99 -1.77 0.00 -1.00 0.98
AWOD _I1_1008 putative uncharacterized protein 1.35 0.06 1.14 0.86 2.43 0.00 133 0.13
AWOD I1_1009 putative type VI secretion protein VasX 1.35 0.03 1.23 0.55 223 0.00 124 031
AWOD 11 1010 putative type VI secretion protein, ImcF-related VtsI 124 0.08 123 0.57 237 0.00 130 0.14
AWOD _I1_1011 putative type VI secretion protein VasF3 125 0.16 112 0.87 2.50 0.00 137 0.06
AWOD _II_1012 putative type VI secretion protein VasE3 125 021 1.02 0.99 221 0.00 1.09 0.73
AWOD _1I_1013 putative type VI secretion protein VasD3 136 0.05 117 0.82 227 0.00 115 0.52
AWOD _11_1014 putative type VI secretion protein VasC3 111 0.60 1.09 0.90 227 0.00 126 0.13
AWOD I1_1015 putative type VI secretion protein, periplasmic solute-binding protein VtsD 117 038 116 0.76 199 0.00 136 0.06
AWOD II_1016 putative type VI secretion protein, periplasmic solute-binding protein VisC 1.29 0.07 -1.01 0.99 2.09 0.00 1.19 043
AWOD II_1017 putative type VI secretion protein, MFS transporter VisB 1.41 0.00 110 0.86 1.81 0.00 1.02 093
AWOD I1_1018 putative type VI secretion protein, D-alanine-D-alanine ligase VisA 1.15 038 -1.02 0.99 1.94 0.00 1.09 0.71
AWOD _11_1019 chaperone ClpB, VasG3 1.44 0.00 113 0.86 211 0.00 -1.06 0.77
AWOD 11 1020 putative type VI secretion protein VasB3 139 0.01 116 0.71 1.92 0.00 -1.21 027
AWOD _11_1021 putative type VI secretion protein VasA3 131 0.09 1.00 0.99 1.83 0.00 -1.46 0.00
AWOD I1_1022 putative type VI secretion protein VasS3 1.20 0.40 1.03 0.99 1.93 0.00 -1.18 0.46
AWOD _11_1023 putative type VI secretion protein VasRB3 115 0.42 1.02 0.99 1.91 0.00 -1.53 0.01
AWOD _I1_1024 putative type VI secretion protein VasRA3 133 0.08 114 0.86 2.04 0.00 1.17 0.39
AWOD 11_1025 putative type VI secretion protein VasQ3 1.28 0.11 116 0.80 2.06 0.00 1.26 0.11
AWOD II_1026 hemolysin-coregulated protein Hep2 1.44 0.01 131 0.45 1.96 0.00 1.54 0.01
AWOD 11 1027 putative type VI secretion protein Vas)3 137 0.01 142 0.20 1.94 0.00 1.50 0.00
AWOD 1I1_1028 putative type VI secretion protein VasV, PAAR domain protein 2.1 0.00 2.03 0.00 2.11 0.00 1.28 028
AWOD 11 1029 putative type VI secretion protein VasU 1.84 0.00 2.17 0.00 247 0.00 1.49 0.01
AWOD _I1_1030 putative type VI secretion protein VgrG3 193 0.00 2.00 0.00 235 0.00 129 0.04
AWOD 11_1031 putative uncharacterized protein 1.91 0.00 5.79 0.00 2.85 0.00 1.65 0.00
AWOD 11 1032 putative ized protein, Hep3 1.75 0.00 3.15 0.00 247 0.00 2.05 0.00
AWOD 11_1054 membrane protein 130 039 1.07 0.97 -1.48 036 184 NA
AWOD II 1055 membrane protein 133 0.29 110 0.96 -1.37 0.42 1.75 0.14
| 1056 membrane protein 1.05 NA 115 0.91 -1.32 NA -1.05 NA
) 111057 putative uncharacterized protein 113 0.69 -1.17 0.89 1.01 0.99 134 0.52
AWOD _I1_1058 putative uncharacterized protein, DUF4123 -1.22 0.50 1.07 0.98 114 NA 128 0.63
AWOD 1II 1059 VgrG protein, VgrG4 112 0.67 -1.02 0.99 1.07 0.89 144 0.40
AWOD 11_1060 secreted protein Hepd -1.68 NA -1.62 032 -1.16 NA 1.05 NA
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|SuEElemenlag Table S6. Fold change values of T6SS gene clusters in the @in$ mutant compared to wild type

T6SS1

Aux-1

T6SS2

Aux-2

T6SS3

Aux-3

Aux-4

AainS/WT
HCD_6°C [ HCD 12°C | LCD 6°C LCD_12°C
locus tag Protein FC | padj FC | padj | FC | padj FC padj
AWOD 1 0981 serine/threonine protein kinase -1.05 1.00 -1.05 091 -1.39 0.82 -1.16 0.51
AWOD _1 0982 ine phosph in phosph VasL1 -1.28 NA -1.04 NA 1.06 NA -1.27 NA
AWOD 1 0983 putative type VI secretion protein VasK1 -1.11 1.00 -1.01 0.98 -1.09 1.00 -1.07 NA
AWOD 1 0984 putative type VI secretion protein VasF1 -138 023 -1.08 NA -1.05 1.00 -1.44 NA
AWOD 1 0985 putative type VI secretion protein VasEl -1.26 0.76 -1.19 0.70 -1.11 1.00 -1.37 0.13
AWOD 1 0986 putative type VI secretion protein VasD1 -1.17 NA -122 NA -1.30 NA -123 NA
putative type VI secretion protein VasC1 -1.16 0.96 -1.13 0.81 -1.52 NA -1.20 NA
sigma-54 dependent transcriptional regulatory protein, VasH1 -1.34 0.57 1.02 0.98 -1.10 NA -1.01 NA
| chaperone ClpB, VasGl1 -1.29 0.73 -1.07 0.91 -1.51 NA -1.09 NA
AWOD 1 0990 putative type VI secretion protein VasB1 =126 NA -1.07 NA -1.30 NA -1.01 NA
AWOD 1 0991 putative type VI secretion protein VasAl -1.09 1.00 -1.47 0.10 112 1.00 -1.19 0.40
AWOD 1 0992 putative type VI secretion protein VasS1 -1.11 NA -1.43 NA -1.02 NA -1.32 NA
AWOD _1 0993 putative type VI secretion protein VasR1 -1.75 0.00 -2.17 0.00 -1.58 0.27 -1.70 0.00
AWOD 1 0994 putative type VI secretion protein VasQ1 -2.12 0.00 -2.35 NA -1.85 NA -1.46 NA
AWOD 1 0995 putative type VI protein VasJ1 -1.78 0.00 -1.69 0.01 -1.26 0.98 -1.42 NA
AWOD 1 1435 membrane protein -1.05 NA -1.11 NA -1.09 NA -1.38 NA
membrane protein -1.16 NA 1.02 NA -1.07 NA 1.01 NA
[ membrane protein -1.10 NA -1.39 NA -1.01 NA 1.01 NA
AWOD I 1438 membrane protein -1.18 0.94 -1.13 0.82 -1.17 1.00 -122 NA
AWOD 1 1439 putative uncharacterized protein, DUF4123 -1.25 NA -1.12 NA -1.13 NA -1.12 NA
AWOD _1_1440 VgrG protein, VgrG1 -1.37 0.48 -1.29 0.48 -2.07 0.02 -1.87 NA
AWOD 1 2030 putative unch ized protein, PAAR motif -1.01 NA 1.12 NA 1.14 NA 1.09 NA
AWOD 11 0111 type VI secretion-related uncharacterized protein, VasQ2 -1.36 0.11 -1.41 NA -1.69 0.10 -1.19 0.49
AWOD 11 0112 type VI secretion-related uncharacterized protein, VasR2 -1.44 0.02 -1.61 0.03 -1.78 0.05 -1.76 0.00
AWOD 11 0113 type VI secretion-related lysosyme protein, VasS2 -1.34 0.26 -1.68 NA -1.63 0.17 -1.70 0.00
AWOD II 0114 type VI secretion-related uncharacterized protein VasA2 -1.22 0.79 -1.29 032 -1.68 0.16 -1.53 0.00
AWOD 11 0115 type VI secretion-related uncharacterized protein VasB2 -1.25 0.57 -132 030 -1.48 0.66 -1.41 0.14
AWOD 11 0116 type VI secretion-related FHA domain protein VasC2 29 032 -1.20 0.56 -1.37 0.79 -1.61 0.02
AWOD 11 0117 type VI secretion-related lipoprotein VasD2 -1.54 0.03 -1.23 NA -1.27 NA -1.84 NA
AWOD II 0118 type VI secretion-related protein VasE2 -1.47 0.00 -1.24 051 -1.41 0.66 -1.57 0.00
AWOD 11 0119 type VI secretion-related protein VasF2 -1.18 0.91 133 0.46 -1.74 0.26 -137 NA
AWOD 11 0120 type VI secretion ATPase, ClpB protein, VasG2 -1.42 0.02 -1.18 0.63 -1.56 0.49 -1.71 0.00
AWOD _II_0121 Sigma-54 d d iptional il VasH2 36 0.11 1.03 0.95 -1.53 0.49 -1.19 0.51
AWOD 11 0122 type VI secretion-related protein VasI2 -1.22 0.83 1.05 0.93 -1.39 NA -1.49 NA
AWOD 11 0123 type VI secretion-related protein (ImpA domain protein), VasJ2 -132 0.40 -1.01 0.99 -1.33 0.94 -1.09 NA
AWOD 11 0124 putative type VI secretion protein VasK2 (IcmF-related protein) -1.38 0.04 -1.17 0.57 -1.17 1.00 -1.23 034
AWOD 11 0125 type VI secretion-related protein VasL.2 -1.25 0.68 -1.07 0.86 -1.40 0.77 -1.28 NA
AWOD 11 0126 Hecp protein (haemolysin co-regulated protein), Hepl -2.01 0.00 -2.83 0.00 -2.40 0.00 -1.10 0.76
AWOD _II_0127 VgrG protein, VgrG2 -1.55 0.03 -1.10 0.84 -1.63 0.40 -1.01 0.98
AWOD 11 0128 type VI secretion-related protein, PAAR -1.14 1.00 1.08 0.89 -1.47 0.58 116 NA
AWOD _II 0129 ankyrin repeat containing protein -134 031 -1.24 NA -1.21 0.99 1.28 NA
AWOD _II 0130 ankyrin repeat containing protein (pseudogene) -1.19 0.93 1.16 0.77 -1.65 NA 1.10 NA
AWOD 11 0131 putative uncharacterized protein, DUF4123 -1.07 1.00 1.21 0.72 -1.46 NA 1.09 NA
AWOD 11 0132 putative uncharacterized protein, DUF4123 -1.14 1.00 1.01 NA -1.23 NA 1.16 NA
AWOD 11 0133 RHS protein -1.19 0.75 1.07 0.84 -1.06 1.00 111 0.57
AWOD II 0134 putative uncharacterized protein -1.17 0.93 -1.13 0.82 1.02 1.00 1.08 0.77
AWOD _II 0135 pseudogene -1.12 1.00 -1.08 0.87 1.14 1.00 -1.04 0.89
AWOD 11 0136 putative uncharacterized protein -1.04 1.00 -1.07 0.87 1.23 0.98 -1.02 0.97
AWOD 11 0137 transposase (fragment) -1.32 NA -1.22 NA 1.11 NA -1.08 NA
AWOD _II 0138 pseudogene 110 1.00 -1.03 0.93 -1.07 1.00 -1.05 0.87
AWOD _II_0139 putative uncharacterized protein 1.04 1.00 -1.11 0.83 -1.05 1.00 1.09 0.78
AWOD _II_0140 RHS protein -1.08 1.00 -1.05 0.92 -1.26 0.98 1.01 0.97
AWOD 11 0141 putative uncharacterized protein -1.03 1.00 -132 0.26 -1.28 098 -1.07 0.83
AWOD _II_1008 putative uncharacterized protein 112 1.00 110 0.84 152 0.18 -1.00 1.00
AWOD II_1009 putative type VI secretion protein VasX 1.01 1.00 1.12 0.82 132 0.83 1.02 0.97
AWOD 1II 1010 putative type VI secretion protein, ImcF-related Vsl 1.03 1.00 1.07 0.82 1.39 0.66 -1.15 0.57
AWOD 11 1011 putative type VI secretion protein VasF3 1.07 1.00 1.04 094 1.45 0.58 -1.06 0.87
AWOD 11 1012 putative type VI secretion protein VasE3 112 1.00 -1.06 0.88 137 0.78 -1.07 0.82
AWOD 11 1013 putative type VI secretion protein VasD3 1.02 1.00 1.04 0.94 1.50 0.53 1.00 1.00
AWOD _II_1014 putative type VI secretion protein VasC3 -1.05 1.00 -1.01 0.99 1.55 0.23 1.12 0.59
AWOD _II_1015  putative type VI ion protein, peri; ic solute-binding protein VtsD -1.14 0.97 -1.04 0.93 1.46 0.57 1.08 0.80
AWOD 11 1016  putative type VI secretion protein, periplasmic solute-binding protein VtsC 1.01 1.00 -1.04 091 136 0.75 1.03 091
AWOD 1I_1017 putative type VI secretion protein, MFS transporter VtsB 117 0.86 -1.02 0.94 124 0.98 -1.18 0.50
AWOD II_1018 putative type VI ion protein, D-alanine-D-al ligase VisA -1.02 1.00 1.01 0.97 1.42 0.55 1.04 0.91
AWOD _II_1019 chaperone ClpB, VasG3 1.03 1.00 -1.02 0.98 1.39 0.54 -1.17 0.48
AWOD 1I_1020 putative type VI secretion protein VasB3 -1.01 1.00 -1.13 0.70 1.24 0.97 -1.24 0.20
AWOD 11 1021 putative type VI secretion protein VasA3 1.06 1.00 -1.19 045 129 0.83 -134 0.02
AWOD 11_1022 putative type VI secretion protein VasS3 -1.01 1.00 -1.18 0.72 128 0.94 -1.14 0.57
AWOD 1I_1023 putative type VI secretion protein VasRB3 -1.00 1.00 -1.12 0.73 123 097 -132 0.05
AWOD _1I_1024 putative type VI secretion protein VasRA3 1.09 1.00 1.06 0.92 130 0.82 -1.01 0.97
AWOD 11_1025 putative type VI secretion protein VasQ3 -1.05 1.00 1.04 0.94 128 0.89 -1.01 0.97
AWOD II_1026 hemolysin-coregulated protein Hep2 1.02 1.00 117 0.72 122 098 1.01 0.98
AWOD II 1027 putative type VI secretion protein VasJ3 =117 0.81 1.26 0.57 115 1.00 -1.02 0.95
AWOD _II_1028 putative type VI secretion protein VasV, PAAR domain protein 1.43 0.10 1.56 NA 131 0.94 1.08 NA
AWOD _II_1029 putative type VI secretion protein VasU 1.39 0.05 1.63 0.07 1.44 0.69 132 0.16
AWOD II_1030 putative type VI secretion protein VgrG3 1.41 0.02 1.56 0.02 1.44 0.57 118 035
AWOD 11 1031 putative uncharacterized protein 1.73 0.00 2.97 0.00 1.61 022 126 032
AWOD 11 1032 putative uncharacterized protein, Hep3 1:77. 0.00 2.32 0.00 1.49 0.36 1.42 NA
AWOD II 1054 membrane protein -1.04 NA 1.31 NA -1.26 NA 1.30 NA
AWOD II_1055 membrane protein 1.03 1.00 131 NA -1.30 NA 136 NA
AWOD _II_1056 membrane protein -1.10 NA 123 NA -1.47 NA 1.06 NA
AWOD _II_1057 putative uncharacterized protein -1.10 1.00 1.05 NA 1.03 NA 1.22 NA
AWOD _II_1058 putative uncharacterized protein, DUF4123 -1.07 NA 1.18 NA -1.04 NA 1.10 NA
AWOD _II_1059 VgrG protein, VgrG4 -1.09 1.00 1.21 0.71 115 NA 1.18 NA
AWOD 11 1060 secreted protein Hepd -1.20 NA -1.21 NA -1.02 NA -1.11 NA
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Supplementary Table S7. Type VI secretion system effectors predicted by Bastion 6 and their fold change values in wild type when compared between cell densities (HCD/LCD)
HCD/LCD

[ T6SE predicted by Bastion 6 | 6°C | 12°C
locus | Gene product | _FC | padj | FC | padj
AWOD 10029 6-phospho-beta-glucosidase 183 000 152 00l
AWOD_1_0055 TatD related DNase 115 032 1.00 0.98
AWOD_1_0090 putative lipoprotein 2104 080 <131 012
AWOD_I_0096 membrane protein 213 000 -106 080
AWOD_1_ 0154 putative lipoprotein -1.26 0.1 -1.27 0.04
AWOD 1 0175 putative exported protemn -1.27 0.18 <117 0.46
AWOD 1 0346 outer membrane protein 215 0.00 228 0.00
AWOD | 0414 N-acetylmuramoyl-L-alanine amidase -L12 0.53 L4 047
AWOD 1 0448  chitobiose phosphorylase (glycosyl transferase) -1.02 091 -5.55 0.00
AWOD 1 0451 putative endochitinase 1.68 0.00 -3.07 0.00
AWOD_1_0522 puiative lipoprotein -1.63 0.00 -1.47 0.00
AWOD_1 0717 rare lipoprotein A -L13 0.53 =130 0.09
AWOD_I_0809 putative lipoprotein 112 049 <156 0.00
AWOD 11000 porin-like protein H 109 072 550 0.00
AWOD_I_1095 putative HNH endonuclease -1.35 0.03 1.14 0.52
AWOD_I_1120 outer membrane protein 246 0,00 1.94 0.00
AWOD 1 1184 putative exported protein -1.53 0,01 1.43 028
AWOD 1 1186 putative lipoprotein -4 002 133 018
AWOD 1 1189 putative exported protein 1.16 041 -1.25 0.11
AWOD 1 1230 lipoprotein NipC -1.52 0.00 -1.06 0.78
AWOD [ 1294 putative nuclease -1.45 0.05 1.04 0.88
AWOD_1_1338 putative polysaccharide deacetylase 187 000 161 003
AWOD 1_1428 succinylglutamate desuccinylase 2.06 0.00 177 0.00
AWOD _I_1438 membrane protein 348 0.00 29 0.00
AWOD_I_1509 putative histidine decarboxylase 2.10 0.00 -1.02 091
AWOD_1_1519 putative lipoprotein -1.02 091 113 0.61
putative uncharacterized protein -2.63 0.00 1.76 0.02
putative lipoprotein -3.66 0.00 -1.30 0.19
)1 putative lipoprotein 1.00 0.99 -1.01 0.98
AWOD 1 1567 membrane protein 128 0.15 -1.01 0.95
AWOD 1 1613 putative lipoprotein 170 0.01 1.97 0.00
AWOD_I_1647 phospholipase Al precursor -1.34 0.12 1.39 0.14
AWOD 1 1762 putative uncharacterized protein -344 0.00 -1.58 0.01
AWOD_I_ 2007 putative porin 276 001 <131 003
AWOD 1 2009 putative exported protein 276 000 123 022
AWOD_I 2022 periplasmic nitrate reductase NapB -1.24 .26 4758 0.00
AWOD 1 2023 periplasmic nitrate reductase precursor NapA -L17 047 -5.07 0.00
AWOD 1 2030 putative uncharacterized protein, PAAR motif 2.04 0.00 2.4 0.00
AWOD _1 2061 putative hydrolase -1.54 0.00 -1.14 051
AWOD 1 2148 lipoproten, LysM domain 2.63 0.00 224 0.00
AWOD 1 2248 endonuclease I precursor 2.00 0.02 128 0.49
AWOD 1 2370 Ifite reductase [NADPH] flavoprotein alpha-compone 2,94 0.00 22.38 0.00
AWOD | 2451 putative lipoprotein -1.31 0.02 1.07 0.67
AWOD_1 2491 putative lipoprotein 183 000 -102 094
AWOD _I1_ 0128 type VI secretion-related protein 217 0.00 252 0.00
AWOD_I1_0133 RHS protein -1.07 0.64 Ln 0.37
AWOD_I1_0252 secreted endonuclease 119 047 -2.08 0.17
AWOD _II_0254 secreted endonuclease 1 3.96 0.00 -2.17 0.10
AWOD 11 0263 putative lipoprotein -7.81 0.00 -5.96 0.00
AWOD_I1_0339 putative lipoprotein 1.23 026 1.52 0.14
AWOD _II_0346 putative lipoprotein -1.80 0.00 -1.68 0.01
AWOD_11 0356 aldose 1-epimerase SL19 018 -2 025
AWOD 11 0366 putative beta-lactamase 1.97 0.00 2.01 0.00
AWOD 11 0424 putative DNA-binding protein 1.93 0.00 -1.93 0.01
AWOD 11 0440 putative lipoprotein 1.03 087 -1.60 0.00
AWOD_I1_0501 putative exported protein -2.36 0.00 =114 0.68
AWOD_I1_0639 putative uncharacterized protein 117 021 -1.28 0.08
AWOD_I1_0656 putative exported protein J08 069 -124 019
AWOD _II_0676 putative chloramphenicol acetyltransferase -1.62 0.01 -1.158 0.46
AWOD I 0680 putative chloramphenicol acetyltransferase -1.49 0.02 <115 041
AWOD I1_0686 putative uncharacterized protein 1.62 0.00 -118 0.18
AWOD _IT_0804 putative lipoprotein =112 0.63 126 021
AWOD_II_0806 putative lipoprotein 1.7 0.08 1.80 0.08
AWOD I1_0830 putative lipoprotein -241 0.00 -1.01 0.93
AWOD I1_0852 amine oxidase 1.66 0.02 1.91 0.00
AWOD 11 0964 N-succinylarginine dihydrolase 118 043 148 0.00
AWOD_I1_1001 putative lipoprotein -1.40 021 =116 051
AWOD_I1_1005 putative uncharacterized protein -113 035 -1.63 0.01
AWOD_I1_1031 putative uncharacterized protein A69 000 A1 000
AWOD I 1032 type VI secretion system secreted protein Hep -1.48 0.00 -2.82 0.00
AWOD II_1038 putative exported protein -L73 0.00 -7 0.00
AWOD II_1045 putative uncharacterized protein 3.05 0.02 197 0.20
AWOD 11_1158 putative exported hemolysin 5.02 0.00 1.53 0.00
AWOD_I1_1182 putative lipoprotein 141 0.17 -1.45 007
AWOD _II_1206 putative lipoprotein -5.83 0.00 -3.30 0.00
AWOD_II_1212 putative uncharacterized phospholipase 273 000 191 001
AWOD_II_1235 choline dehydrogenase 17329 000 899  0.00
AWOD _p920_006 putative bacteriocin 273 0.00 -1.46 010
AWOD_p920_007¢ phospholipase A1 precursor 2160 0.00 158 001
AWOD 1 1183 Iron-regulated protein A -0.43 0.04 -0.39 0.42
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12°C/6°C

T6SE predicted by Bastion 6 HCD LCD
locus tag Gene product FC padj FC padj
AWOD_1 0029 6-phospho-beta-glucosidase 139 0.07 119 0.27
AWOD_I 0055 TatD related DNase L7 03 1.38 0.02
AWOD | 0090 putative lipoprotein L9 035 18 000
AWOD_1_009 membrane protein 07 078 200 000
AWOD_1 0154 putative lipoprotein L4 045 119 013
AWOD _1 0175 putative exported protein 140 0.11 133 0.06
AWOD | 0346 outer membrane protein 1.05 0.85 1.03 0.90
AWOD | 0414 N-acetylmuramoyl-L-alanine amidase -L14 0.54 -1.42 0.01
AWOD | 0448 chitobiose phosphorylase (glycosyl 143 001 807 000
AWOD_1 0451 putative endochitinase 1438 0.05 8.04 0.00
AWOD_| 0522 putative lipoprotein S22 023 <133 001
AWOD | 0717 rare lipoprotein A 104 088 122 021
AWOD _| 0809 putative lipoprotein 1.02 093 1.83 0.00
AWOD_I_1000 porin-like protein H 6.01 0.00 127 018
AWOD_I_1095 putative HNH endonuclease 130 021 =115 035
AWOD_I_1120 outer membrane protein 1.55 0.05 2.09 0.00
AWOD | 1183 Iron-regulated protein A 2353 000 383 0.00
AWOD [ 1184 putative exported protein 277 000 678 0.00
AWOD 1 1186 putative lipoprotein 238 000 450 0.00
AWOD_I_1189 putative exported protein -138 004 1.08 0.67
AWOD 1 1230 lipoprotein NIpC 200 000 146 000
AWOD I 1294 putative nuclease 1.87 0.00 129 0.16
AWOD | 1338 putative polysaccharide deacetylase 132 o2 1.58 0.01
AWOD_|_1428 succinylglutamate desuccinylase 422039 101 095
AWOD_I_1438 membrane protein 4 0.18 1.74 0.00
AWOD_1_1509 putative histidine decarboxylase 114 055 254 0.00
AWOD_I_1519 putative lipoprotein 119 047 106 075
AWOD | 1529 putative uncharacterized protein 345 000 -128 034
AWOD 1 1536 putative lipoprotein AT 000 480 000
AWOD 1 1540 putative lipoprotein 36 037 -3 029
AWOD_I_1567 membrane protein 121 035 161 0.00
AWOD_I_1613 putative lipoprotein 226 000 207 0.00
AWOD 1 1647 phospholipase Al precursor 125 036 -l46 0.04
AWOD | 1762 putative uncharacterized protein 160 002 -130 001
AWOD | 2007 putative porin 103 094 4130 003
AWOD_I_2009 putative exported protein 251 0.00 123 0.09
AWOD 1 2022 periplasmic nitrate reductase NapB 246 000 159 000
AWOD | 2023 periplasmic nitrate reductase precursor NopA 2.7 000 1.60 001
AWOD | 2030 putative uncharacterized protein, PAAR motif 1.40 0.25 120 0.38
AWOD 1 2061 putative hydrolase LIS 047 ALSL 000
AWOD | 2148 lipoprotein, LysM domain <107 084 L3 0.28
AWOD 1 2248 endonuclease T precursor 1.02 0.96 1.63 011
AWOD_| 2370 ulfite reductase [NADPH] flavoprotein alpha-componer  1.50 004 506 000
AWOD_I 2451 putative lipoprotein 140 003 1.02 092
AWOD_1 2491 putative lipoprotein A8 001 LIS 038
AWOD _I1 0128 type V1 secretion-refated protein 1.08 083 -1.09 0.67
AWOD_I1_0133 RHS protein 208 059 -126 04
AWOD_IT_0252 seereted endonuclease 170 033 8.19 0.00
AWOD 11 0254 secreted endonuclease | 1.05 093 1197 000
AWOD 11 0263 putative lipoprotein 180 004 258 0.00
AWOD 11 0339 putative lipoprotein 1.05 09  -L16 049
AWOD _I1 0346 putative lipoprotein <1200 040 -126 023
AWOD 11 0356 aldose I-epimerase -1.46 0.02 -1.40 0.00
AWOD 11 0366 putative beta-lactamase 403 000 4n 0.00
AWOD 11 0424 putative DNA-binding protein -1.02 0.95 3.8 0.00
AWOD_I1_0440 putative lipoprotein 04 08 163 000
AWOD_I1_0501 putative exported protein 107 087 193 000
AWOD_11_0639 putative uncharacterized protein 134 0.02 207 0.00
AWOD_I1_0656 putative exported protein 1.54 0.01 1.84 0.00
AWOD 11 0676 putative chloramphenicol acetyltransferase L7 0.00 125 0.18
AWOD 11 0680 putative chloramphenicol acetyltransferase 165 0.00 131 0.08
AWOD 11 0686 putative uncharacterized protein -1.00 0.99 197 0.00
AWOD_I1_0804 putative lipoprotein 17 0.01 127 021
AWOD _I1_0806 putative lipoprotein 1.2 0.14 175 0.07
AWOD 11 0830 putative lipoprotein 36 000 139 000
AWOD 11 0852 amine oxidase 231 0.00 214 000
AWOD _IT_0964 Nesuccinylarginine dihydrolase 112 0.62 -1.08 0.61
AWOD_I1_1001 putative lipoprotein 214 000 185 000
AWOD _1I_1005 putative uncharacterized protein <139 0.03 1.07 072
AWOD 11 1031 putative uncharacterized protein <290 000 146 0.00
AWOD 11 1032 type VI secretion system secreted protein Hep <169 000 1.16 0.17
AWOD 111038 putative exported protein 2209 000 209 0.00
AWOD _I1_1045 putative uncharacterized protein 1.07 091 1.52 048
AWOD IT_1158 putative exported hemolysin <74 000 195 0.00
AWOD 11_1182 putative lipoprotein L6 062 245 0.00
AWOD 11 1206 putative lipoprotein 2289 000 508 0.00
AWOD_I1_1212 putative uncharacterized phospholipase 106 085 1.52 0.07
AWOD_I1_1235 choline dehydrogenase =369 0.00 -1.66 013
AWOD_p920 006 putative bacteriocin 08 085 391 000
AWOD p920 0078 phospholipase Al precursor 134 012 -184 000
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Supplementary Table S7. Type VI secretion system effectors predicted by Bastion 6 and their fold change values in /ifR and ainS mutants compared to wild type

Fold change values of T6S effectors in AlRIWT Fold change values of T6S effectors in AainS/WT
TGSE predicted by Bastion & TCD_6°C TCD_12°C LCD_6°C LCD_12°C TCD_6°C HCD_12°C LCD_6°C LCD_12°C
Tocus Gene product FC r ad, FC FC ] FC FC E% FC %3# FC

AWOD 1 0029 G-phos -ghucosn T0.66 707 X X X 833 o FAT] 743 X T3T X 769 X
AWOD 1 0085 TatD related DNase 1.06 2107 092 129 015 109 070 103 100 103 093 122 098 100 099
AWOD_I_0090 putative lipoprotein 109 <104 098 067  -101 098 AL 100 LI 078 104 100 -10I 098
AWOD 1 0096 ‘membrane protein 123 106 096 000 114 048 105 100 107 08  -135 094 116 045
AWOD_1_0154 putative lipoprotein 128 -127 047 060  -134 002 102 100 -106 084 LIl 100  -10S 087
AWOD 1 0175 putative exported protein 494 2296 0.00 000 230 0.00 104 100 -125  NA  -120 098  -117 054
AWOD I 0346 outer membrane protein 111 -L19 080 017 -148 006 203 100 -136 024 -124 098  -LI9 049
AWOD 1 0414 N-acetylmuramoyl-L-alanine amidase 102 103 099 040  -106 086 -L19 089 100 100 101 100 113 06l
AWOD_I 0448 chitobiose phosphorylase (glycosyl transferase) 121 <164 001 085 238 0.00 107 100 -105 088  -1L04 100  -137 039
AWOD I 0451 putative endochitinase 129 2103 099 007 207 0.00 100 100 109 08 112 100 -176 001
AWOD 1 0522 putative lipoprotein -1L16 -102 098 000 L6 039 2108 100 <109 077  -123 098  Ll4 055
AWOD 1 0717 rare lipoprotein A 1.2 126 040 018  -125 028 122 080  -102 09 101 100  -120 045
AWOD | 0809 putative lipoprotein -1.09 L 079 060  -168 000 AL10 100 -117 068 107 100  -L1S 038
AWOD_I_1000 porin-like protein H -164 2399 0.00 000  -146 003 4105 100 220 000 <120 099  -104 091
AWOD 11095 putative HNH endonuclease 110 -L10 090 009 107 084 119 078 141 019 108 100  -126 028
AWOD_I_1120 outer membrane protein 109 207 0.00 095 -106 075 103 100  -147 007 112 100 -106 080
AWOD 1 1183 Iron-regulated protein A 459 -122 086 003 -157 001 -136 021 108 090 .12 098  -137 007
AWOD 1 1184 putative exported protein 330 A58 036 022 -LI6 073 4127 071 -11S 080 4125 098  -138  NA
AWOD_I_1186 putative lipoprotein 27 143 032 088 LI2 073 A6 093 103 094 117 100 104  NA
AWOD I 1189 putative exported protein 121 120 074 000 103 091 108 100 100 099 150 068  -106 085
AWOD_1_1230 lipoprotein NIpC 132 -125 054 020  -114 049 LI0 100 140 014 109 100 -L17 045
AWOD_I_1294 putative nuclease 114 -9 092 004 102 095 400 100 102 097  -l44 063  -104 094
AWOD 1 1338 putative polysaccharide deacetylase 210 2155 015 001 -106 085 250 002 117 072 -106 100 105 089
AWOD_1_1428 succinylglutamate desuccinylase -1.08 2158 NA 001 -108 067 A1 100  -116 070 108 100 109 076
AWOD_I_1438 membrane protein -1.26 -5z 031 002 -106 089 LIS 094 113 082 -L17 100 122 NA
AWOD 1 1509 putative histidine decarboxylase -L14 168 003 001 -L78 001 52 001 244 000 <124 099 234 0.00
AWOD I 1519 putative lipoprotein 118 101 099 049 101 097 101 100 124 063 103 100 107 085
AWOD 1_1529 putative uncharacterized protein 154 274 0.00 001 -145 028 LIl NA <197  NA  -106 NA  -l43  NA
AWOD 1 1536 putative lipoprotein -1.85 -Ls 077 030 120 029 4107 100 121 063  -L1I0 100 L19 050
AWOD _1_1540 putative lipoprotein -1.26 L5 091 048 103 095 [108  NA 130 NA 109  NA 103 NA
AWOD_I_1567 ‘membrane protcin 253 229 0.0 038 206  0.00 4196 000  -172 004  -LI8 100 -143 007
AWOD I 1613 putative lipoprotein 101 -L67 004 001 -139 000 108 100 000 -126 098  .122 025
AWOD_1_1647 phospholipase Al precursor -1.36 -169 006 051 129 027 101 1.00 072 123 098 152 002
AWOD_I_1762 putative uncharacterized protein -L14 2126 066 NA  -102 093 -104 100 072 <143 08  LI0 073
AWOD_1 2007 putative porin 149 -2 005 000  -100 098 135 082 092 <149 066  -105 091
AWOD_I_2009 putative exported protein 1.06 204 0.00 000 <197 0.00 1.00 000 <156 050  -130 010
AWOD_I 2022 periplasmic nitrate reductase NapB 320 -L08 092 NA  -Ll4 051 1.00 053 L0l 100 .09 079
AWOD 1 2023 periplasmic nitrate reductase precursor NapA — -3.73 2136 029 007  -127 0I5 1.00 001 LIS 100 -122 048
AWOD 12030 putative uncharacterized protein, PAAR motif 131 -1 093 064 133 053 NA NA NA 109 NA
AWOD I 2061 putative hydrolase 178 164 001 064 205 0.00 033 057 100 150 003
AWOD 1 2148 lipoprotein, LysM domain -1.61 <195 0.00 000  -167  0.00 1.00 032 NA 119 035
AWOD_I 2248 endonuclease | precursor am 279 000 000 317 0.00 NA NA NA 147 NA
AWOD 12370 fite reductase [NADPH] flavoprotein alpha-compon  -1.81 194 0.02 0.00 183 0,00 077 098 100 -104 0.94
AWOD 1 2451 putative lipoprotein -1 2120 063 034 113 051 1.00 075 100 110 069
AWOD_1_2491 putative lipoprotein 103 138 045 040 LI2 062 0.96 033 100 106 084
AWOD_11_0128 type VI secretion-related protein L7 148 042 000 107 088 1.00 0589 058 116  NA
AWOD_11.0133 RHS protein -1.28 109 086 000 LIS 024 075 084 100 LI 0s7
AWOD_II_0252 secreted endonuclease L18 -3 075 NA  -150 o1 1.00 061 100 231 000
AWOD _II_0254 secreted endonuclease 1 124 A9 097 000  -107 091 001 072 100 -138 036
AWOD_1I_0263 putative lipoprotein 373 160 035 0.00 285 0.00 0.00 089 ol6 132 02
AWOD 11 0339 putative lipoprotein ALO1 098 -100  1.00 057 105 092 1.00 NA 094 121 NA
AWOD 11 0346 putative lipoprotein 256 000 199 000 032 348 0.00 0.00 0.00 072 171 o0l
AWOD_I1_0356 aldose 1-cpimerase 23 000 142 012 000  -131 014 087 0.68 NA -l o7
AWOD_11_0366 putative beta-lactamase 102 093 236 0.00 000 <161 000 1,00 000 094 104 088
AWOD 11 0424 putative DNA-binding protcin 109 069 104 0098 000 137 o001 050 056 100 149 000
AWOD_II_0440 putative lipoprotein 359 000 244 0.00 000  -3.07  0.00 001 006 094 <150 000
AWOD_1I_0501 putative exported protein AL88 001 -130  0.69 000 -167 004 NA NA 099 116  NA
AWOD_I1_0639 putative uncharacterized protein A52 000 -179  0.00 000 326 0.00 094 004 098 203 0.00
AWOD_11_0656 putative exported protein 225 000 205 0.00 0.00 0.00 0.84 008 018 -159 000
AWOD 11 0676 puta i A48 004 -162 010 0.00 0.00 099 0.64 031 -L13 069
AWOD 11 0680 putative chloramphenicol acetyltransferase A159 001 160 042 0.00 0.00 094 060 026 -L18 053
AWOD 11 0686 putative uncharacterized protein 245 000 224 0.00 0.00 0.00 1.00 055 077 -19 000
AWOD 11 0804 putative lipoprotein 103 092 122 063 001 037 1.00 073 094 129 NA
AWOD_II_0806 putative lipoprotein 151 012 115 089 1.00 088 NA NA NA  -108  NA
AWOD_11_0830 putative lipoprotein A2 065 <190 007 094 001 1.00 005 100 106 087
AWOD_11_0852 amine oxidase -L08 077 222 0.00 0.07 0.00 1.00 007 099  .142 003
AWOD_II_0964 N-succinylarginine dihydrolase SL08 074 -149 003 0.00 071 1.00 084 100 104 091
AWOD_11_1001 putative lipoprotein LI NA -109 093 026 0.06 NA NA NA  -124  NA
AWOD 111005 putative uncharacterized protein 132 001 L2 082 NA 0.02 020 050 100 <151 004
AWOD 111031 putative uncharacterized protein 191 000 579 000 28 000 0.00 0.00 0.00 02 126 032
AWOD 11 1032 type VI scerction system secreted protein Hep 175 000 315 000 247 000 0.00 0.00 0.00 036 142 NA
AWOD 11 1038 putative exported protein SLIS 043 LI7 NA 02 092 015 100 115 072 100 100 099
AWOD_II_1045 putative uncharacterized protcin 114 NA  -110 096  -108  NA NA NA 104 NA NA  -120 NA
AWOD_11_1158 putative exported hemolysin 272 000 336 0.00 0.00 0.00 035 139 014 100 -L77 000
AWOD_1I_1182 putative lipoprotein LI8 059 113 087 010 088 NA 117 NA NA 101 NA
AWOD_1I_1206 putative lipoprotein 281 000  -168 002 101 096 0.00 SL19 093 109 084 100 <101 099
AWOD_11_1212 putative uncharacterized phospholipase 131 012 107 096 127 04l 030 107 100 127 056 NA  -102  NA
AWOD_II_1235 choline dehydrogenase 203 000 -119 080 169 01 NA A4 100 106 076 NA 101 NA
AWOD_p920_0063 putative bacteriocin SIS 072 -LIS 089 <212 0.00 092 16 100 <117 074 008 -123 06l
AWOD_p920 0078 ipase Al precursor 216 050 -125 054 LI0__ 066 NA 117 089 102 095 099 204 000
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Iwuﬂ Table S8, Prophages identificd in chromosome | by PHASTER
# CDS Position BLAST Hit

Tcment(1677624..1679030)

T

2 NC _010393: bacteri in; PP 01513; 1169257301)

pohctcal proten [Vibio 5p 571

lement(1681378.. 168 1848)

23 wmlﬂmﬂ 1679104..1679307) thetical; PP_01514
wﬂlmﬂl(ﬂ')!m..lfﬁlle PHAGE_Salmon_Fels_1_NC_010391: bacteri terminasc, I subunit, PP_01515; 1169257 185)

Blas(P hit ientity %hery cover %
lm Vibrio_X29_NC 024369: inkcgrasc; PP_01493; phagc(gi6s831 1188)
HAGE_Halomo_phiHAP_I_NC_010342: tail m~ PP_0 1494 phage(@i167832370)
PHAGE_Vibrio VP82 NC_00%)16: EEE tail X; PP_01495; 11260 10875
PHAGE Halomo ElHAP 1 NC 010342: wlﬁlm in; PP_01496; Mﬁlb’lml’l(ﬂ)
e : 'HAGE Halomo phiHAP | NC 010342 tail measure; PP 01497; i167832368)
AWOD 1 1463 mg‘mﬂllﬂsnm..lmsﬂ) thetical; PP_01498 M min Vibrio wrﬂliiﬁ'n’cus 69.19 77.00
mﬂlmﬂlmlsulﬁéﬂml PHAGE_Halomo_phiHAP 1| NC 010342: ive tail tube in; PP_01499; i167832366)
lement(1667093.. 1668277 PHAGE Halomo EHAP 1 NC 010342: EE' r tail :he‘bzmlein. PP_01500; EEE' 167832365)
: wﬂlcmcﬂlﬁbllsm..lﬁbﬂn PHAGE SI:wln 1/40_NC 025470: mﬁmcal mmlr PP 01501; wllnl)
AWOD | 1468 complement(1669129..1670196) M ﬂm Vibrio rotifcrianus| 32.28 99.00
AWOD 1 1469 wﬂzmlsmm..mmﬁn tail protein | Vibrio sp. 10N.261,55.A7) 59.12 69.00
wﬂlmﬂlﬁﬂoﬂl.lsﬂﬂl‘l Pl
wmlmﬂl(ﬂl'ﬂl..lfﬂﬂsl
complement(1672748.. 1673080
wﬂlmﬂl{ 1673077..1673367) 97.00
complement(1673762..1674268] 99.00
(18| complement(1674234..1674761) PHAGE Halomo PHiHAP_I_NC_010342: hypothetical protcin; PP_01509; phage(i 167832352)
19 wﬂlmﬂ 1674739..1675071) thetical; PP 01510 Msp. 03-59-1] 100.00
20 ooglﬂmll 1675073..1675405) PHAGE _Pscudo MD8 NC 031091: i in; PP 01511; 1 100006) 4.81E-05 |
21 lement(1675469..1677631) PHAGE Entero ¢ | NC UIWM;MMM;PP 01512; EBE E‘nmm‘lw) 14.17E-61 |
i 1

PHAGE_Entero_mEp#60_NC_019716: terminase small subunit; PP_01516; phage(zid28782317)
| Eypothctical; PP 01517

-—
o

26 | complement(1682065_1682274) ; PP_0IS17 ypothetical protcin [Aliivibrio loget 9839 |59.00
37| complement(168226+..1682632) thetical; PP_01518 Typothctical protcin [Aliivibrio fischer] 96.72__| 100.00
28| complemeni(1682634.. 1683161) PHAGE_Sodali_phiSGI_NC_007%02: ical protein, PP_01519; TR9RRSIRT) TIIE3S

29| complomeni(1683142..1683363) PHAGE_Bactor APSE_2_NC_011551: phago 21-like group I holin; PP_01520; phage(gi212499716) T19E-06

30 complement(1683379._1684902) PROPHAGE_Pscudo_K12440: ISPpul3, transposasc OrfZ; PP_01521; 126989833 TI9E-115

31| comploment(1684988. 1685332) PROPHAGE _Pscudo_K12440; ISPpuls, transposase Orf1; PP_01522; 126990788) 7.59E-20

32| 1698945.1698966 | [0

2, total 13 CDS

[#__|CpS Position BLAST Hit Value

T 2401662401479 |

2| complement(2415338.2415922) PHAGE_Escher_S00465_I_NC_049342: tail asscmbly protein; PP_02168; phago(gi100053) E-25

3 [241097.2416981 HAGE_Escher_500463_1_NC_019342 hypothetical protcin; PP_02169; Memonsn |7.215|||

[ 2418775 HAGE_Escher_500465_1_NC_049342; putatr 00050) 0

5 |2418989.2419345 HAGE_Escher_500465_|_NC_049342: recombination protein; PP_02171; EE!E'"‘”"I B8E-22

G| complemeni2419412.2419729) HAGE_Escher_S00465_1_NC_049342: cxonuclcasc; PP_02172; phage(zi 100048) I8E-27

7| complement2419716.2420153) HAGE_Escher_500465_1_NC_019343: primase; PP_02 173 phags(i 100047) 9SE-G8.
[E_|zn0552820780 HAGE_Escher_300465_I_NC_049342: HNH cndonuclcase; PP_02174; phage(gi100046) T4E-T4

9 |200812.2021178 WNA

12421431..2422600

leoglommmmso 2425508)
425529.2425921

176; phage(gi
PHAGE_Arthro_Mufasa8_NC_019478- MEMPP ozm Emmoooz)

|_
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Table S8. Tdentified In Chromesome 11
i
|
| CDS Position BLAST Fiit T-Value Blast? hit Sty s Seqeees
PHAGE_Bacill SP_15_NC_031343: probead protease. PP_00421; phage(ui100150) GIIE-15
PP 00422 0l compotonce mers ComPB amily protein [ Alirvibrio fimstcrreasts] 5103 7500
PHAGE Lactoc Q54 _NC_00K6+ Fm;w 00423, phage(113304286) 36E-30
PHAGE_Acinct_vB_AbaM_MEI_NC_041884: deo: inase. PP_00424; 100082 TE-
PHAGE_Bacill_SPbeta_NC_001884: hypothetical protein; PP_00425; phage(gi9630137) TED)
| 508000._5089: PROPHAGE Neisse MCS8: 1830 : PP_00426; 115677611) S9E-
a(30R946_ST0430) PHAGE_Klcbsi ST16_OXAARpINS 4 NC_049450- methy ltmnsferase type 11 PP_OO127 To000T) 63
I- TDS Position BLAST Hi T-Valee
(— T L
F) STTA9_ ST Ty pothctical; PP_00484 Ty n [Vibrio vulnifics 530 58,00
i) E Vibrio 3106 1200
SSE-18
SSE09 |
|y pothetical prokein [Vibrio tasmanicnsis| 4592 100.00
yong|_NC_O49477 by pothetical protein; PP_00489; phage (5 100005) I9E-54
PHAGE_Vibrio 8 NC 022747 Cox; PP_004%; SST07479) 2E-10
S81403_581924 PHAGE_Vibrio_§_NC_022747: CIl proteir PP_0049 I phage (557307480 WEAT
Isams 582355 PHAGE_Vibrio_8_NC_ 022747 by pothctical proein PP,_00492; phage(is3707481) AE24
SK2117_SK2804 PHAGE Vibrio Valm yongl NC 049477 hypothetical prokein; PP 00493 phage(gi 10001 1) GIEDS
I otein [Aliivibrio fischer| 9048 100.00
5]
|MULTISPECIES: bypothetical protein [unclassified Aliivibrio] 97.80 100.00
othetical, PP 00498 Iy in |Alitvibrio fischeri| 100.00 100.00
PRAGE Visio s NC 050 i PP_00499. SST307491) TRED6
SH6705_SRGDS6) PHAGE_Vibrio_§ NC 022747 m:% i, PP_00S00; SST07492) WEs |
Jipoicical o [Vibeo slesdides] Cx) |20
3 i [Vibrio splendidus SR |
in [Vibrio V12 PIAGT4| 'E?I 100.00
Telixturn-helix domain-contuny o [Alivibrio finisterrerss 5596 Imm
SE0
T-Valee
[T [®2eemm | PROPHAGE Neisse MCSE 1530 = PP 00770, 13677611) 39~
£ (811986 $34379) PHAGE_Acromo_Acs012_ NC_030879: ptative XRE family plasmmid mainicnance $ysicm sntidote proteis, PP_00771; EXITS
:::1%.“:” ®I4557) PHAGE_Manchc vB_MBS_SYSAP2_NC_02885): plasmid muirdcnance systcm killcr Hig PP_00773; phage (597174%37) [S0vE-
: L® s PHAGE Escher, 3004632 NC 049343 putative tnnacriptional reguiator; PF, 00773; phuge(z/100043) 21E
3 mplemeni(8 15909 KI6IAS) PHAGE._Scrmat_Moabite_NC_04%792. by pothetical protein; PP_00774; phage(gi100166) EDT
6 ment(336457_K37473) PHAGE suz 3 suh F451_NC 049924: tail assembly protein: PP_00775; phage(gi 100053) 69E-S8
7 Pt 1566 family TATivibro fisicrrensis] 100,00
[ complemeraaoes mowio ] TT00051) uﬁ__‘L
1
| Supplementary Table S8. Prophages identified in plasmid AWOD150
| Reglon 1,
] CDS Position BastP Hit E-Value BlastP hit Identity % | Query cover %
1 2172.2184 Jant 0
2 2809_4662 PHAGE Entero_Tyrion NC 031077: hypothetical protein: PP_00004; 1100023) 7.10E-106
3 49706010 PHAGE Entero_Tyrion NC 031077: hypothetical protein; PP_0000S; phage(gi100023) 4.70E-94
4 6004_6837 PHAGE Salmon BTPI_NC 042346: hypothctical protein; PP_00006; phage(gi100015) 6.59E-10
S 72937565 | impothetical: PP_00007 0 rotein | ium 4545 36.00
6 7623_8279 PHAGE Sodali phiSGL NC_007902: ParA-lke protein; PP_0000S; phagc(gi#9886027) 121E-91
7 8283_8579 PHAGE_Sodali_phiSGI_NC_007902: ; PP_00009; 28) 934E-20
8 8967.9725 PHAGE Bacill phiCM3 NC 023599 intcgrasc, PP_00010; phage(gis89892763) 1.18E-05
9 9829.9972 ypothetical; PP_00011 0 protcin [Vibrio pa: icus] 57.89 (5000
10 996910256 ical; PP_00012 0 [ ypothetical protein [Vibrio pai cus] 7097 97.00
11 1059710962 PHAGE Burkho Boepl76_NC_007497: gp18: PP_00013; phage(gi77864643) 1.00E-10
12 11068..11625 ; PP_00014 0 Ty protein [Vibrio alginolyticus] 67.04 96.00
13 T1841_12161 PHAGE _Escher_520873 NC_049344: hypothetical protein; PP_00015; phage(gi100017) SOIE-11
14 12177..12383 bypothetical PP_00016 0 bypothetical protein AY Y26 06110 [Photobacterium phosphoreum] 61.76 100.00
15 1236712379 attk 0
16 12435.12591) | bypothetical: PP_00017 0 Teplication initiation protein [Aliivibrio 8511 97.00
17 12740..12997 hypothetical PP_00018 0 hypothetical protcin [Shewanclla sp. KX20019] 35.82 76.00
18 13063..13653 ical, PP_00019 0 ical protein AGEL3_15755 [ Aliivibrio fischeni] 6429 100.00
19 complement(13706..14266) PHAGE Bacill phi4B1_NC 028836: GNAT family acctyltransfcrasc; PP_00020; 9.65E-06
Table 8. idenified in AWOD920
Reglon 1,
total 27
] CDS Position BLAST Hit E-Value BlastP hit Identity % | Query cover %
T TATTI_ 34784 L
) 966201482 E-12
3 plement(14138_45453) EFTEAT)
3 4547245483 L
3 35926_#235)_| bypothetical; PP_0005Y 5293 T00.00
© complement(46301_46537) ; PP_00054 E/.n 100.00
7 (46364 46950) | PHAGE_Vibrio_SHOU24_NC_023369: i PP_00055 589890636)
0 (36971_47246)_| bypothctical; PP_00056 LX) 10000
g complement(47846_#9126) | PHAGE Caulob_karma_NC 019410: ArdC-like antirestriction PP_00057, 1414089431
Complement(S0232._50486) | Iypothetical, PP_000S8 [y T [AIIVIbRo salmomcida) T00.00 T00.00
5062351306 tical, PP_00059 n |Aliivibrio fischen] 97 10000
SI477.51605 tical, PP_00060 5K 700
51662 52189) | Iypothctical: PP_00061 5. 97.
Complement(S213552694) ; PP_00062 EX [93.00
Complement(S2875. S3825) tical, PP_00063 T00.00 T00.00
53983.54447) | PHAGE Lactoc bIL311_NC_002670; Orf17; PP_0006%; 113095675) :
complement(S4613_54915) | PHAGE_Gordon Blucberry NC_030943: DNA adenine methy kransfcrase; PP_000GS; phage( 100041) GIEDT
51920_55264) tical, PP_00066 MULTISPECIES: type 1l toxin-antitoxin system RelE/Part: family toxin | Vibrionaceas) T00.00 10000
Complement(55471._56244) | PHAGE Salmon_SSUS_NC_018843: hypothctical protein; PP_00067; phage(gi4 10491447) IEDT
0 56430.36577) | ypothctical, PP_00068 [Py potbetical protein [Alivibrio fischer] 3700 T00.00
fl] $6930.57223 PROPHAGE_Escher_ MG1655: prodicied trmnsposase; PP_00069; phago(gi 1613 1287) GSE-26
5] 5721057566 PROPHAGE_Brucel_1330: - PP_00070; 123502708) T67E-30
5} 5783157949 Typothctical; PP_00071 T56-1ik clement 1S Vsad family transposase [AIIVIbrio salmonicida) | X 10000
2] 57987 58106) ical, PP_00072 DUF 262 Gomain-containing protcin [Psychrosphacrs saromensis] 660 | XKD
5 Complemeni(58110_60212) | PHAGE_Bacill_SPbeta_NC_001884: ABC 19630145) RIE-33
% 66843 GORSE R
7 7042570436 iR
{ -
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Abstract

Aliivibrio wodanis is repeatedly isolated from the infected fish during winter-ulcer outbreaks.
Even though A. wodanis is not the causative agent of winter-ulcer; the role of this bacterium in
the course of the disease is unclear. Information about the genetic diversity of A. wodanis is
essential to understand its virulence, environmental adaptation and survival strategies. In this
study, 22 A. wodanis isolates were analyzed from the perspective of their pan, core and cloud
genomes. The pan-genome analysis identified 3149 core, 2583 shell, and 6271 cloud genes

revealing an open A. wodanis pan-genome.

Furthermore, functional annotation showed that the most enriched protein families in the pan-
genome were metabolism, signaling and cellular processes, and genetic information
processing. The presence of type VI secretion systems (T6SS), Clustered Regularly Interspaced
Palindromic Repeats-CRISPR associated protein (CRISPR-Cas) systems, phages, biosynthetic
gene clusters (BGCs) and several virulence factors (VFs) may enable A. wodanis during
environmental adaptation and survival. All strains had CRISPR arrays, although only half of
the strains encoded a complete cas operon of type IF and two isolates do not encode any cas
genes suggesting a diverse CRISPR system. The T6SS1 and T6SS3 were conserved in all the
isolates, whereas only fifteen out of twenty-two encoded T6SS2. Eleven of these fifteen isolates
showed similarity to the T6SS of environmental Aliivibrio strains, while the other four showed
similarity to pathogenic vibrios. Furthermore, the spacers and phages revealed great diversity
suggesting acquisition at different time points. This study may provide better knowledge about

the role of A. wodanis in developing the winter-ulcer disease.
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Introduction

Aliivibrio wodanis (formerly Vibrio wodanis) is a Gram-negative, motile, rod-shaped, non-
luminescent bacterium that belongs to the family Vibrionaceae (Urbanczyk et al. 2007). This
bacterium was initially isolated from farmed Atlantic salmon (Salmo salar) in Norway and
Iceland (Benediktsdottir et al. 2000). During the cold season, A. wodanis has been linked to the
winter-ulcer disease that affects farmed Atlantic salmon (Lunder et al. 1995b; Lunder et al.
2000). Although A. wodanis is not recognized as the primary causative agent, it is often co-
isolated together with Moritella viscosa from infected Atlantic salmon (Lunder et al. 1995a).
A. wodanis 06/09/139 was the first A. wodanis strain completely sequenced. Several
experimental studies have been performed with this strain together with M. viscosa to unravel
the role of A. wodanis in developing the winter-ulcer disease (Karlsen et al. 2014a; Hjerde et
al. 2015; Maharajan et al. 2021; Maharajan et al. 2022). In addition to Atlantic salmon, A.
wodanis isolates have also been isolated from Gadus morhua (Atlantic cod), Oncorhynchus

mykiss (Rainbow trout) and Sepiola robusta (Bobtail squid) (Purohit et al. 2013).

Two complete genomes of A. wodanis are currently available at the European Nucleotide
Archive for the strains 06/09/139 and 03/09/160 (Hjerde et al. 2015; Soderberg et al. 2019).
The genome sequence analysis of A. wodanis 06/09/139 reveals the presence of three Type VI
secretion systems (T6SS), four auxiliary (Aux) T6SS clusters and a type IF Clustered Regularly
Interspaced Palindromic Repeats-CRISPR associated protein (CRISPR-Cas) system
(Maharajan et al. 2022). In addition, the A. wodanis genome encodes other virulence factors
(VFs) such as siderophores, bacteriocins, proteases and hemolysins (Hjerde et al. 2015;
Maharajan et al. 2021). Seventeen A. wodanis isolates have been screened for AHLS using
HPLC-MS/MS and were found to produce one AHL 30HC10-HSL (Purohit et al. 2013). Out
of seventeen, three isolates SR6, SA12 and Vw11 were also found to produce other AHLSs
(Purohit et al. 2013). However, a phylogenetic study has suggested that SR6 and SA12 belong
to a separate clade named Aliivibrio sp. “friggae” while Vw11 belongs to A. wodanis
(Klemetsen et al. 2021). Vw11 produces an additional AHL C8-HSL (Purohit et al. 2013).
Moreover, the AHL 30HC10-HSL production in A. wodanis 06/09/139 is temperature and
density-dependent (Maharajan et al. 2021). The A. wodanis 06/09/139 strain encodes two
Quorum sensing (QS) systems (LuxS/PQ and AinS/AinR) and a master QS regulator LitR
(LuxR homolog), which is a well-studied regulator of various phenotypes such as motility,

colonization, biofilm, rugose colony and luminescence in A. salmonicida, A. fischeri and A.
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logei (Fidopiastis et al. 2002; Bjelland et al. 2012a; Hansen et al. 2014; Bazhenov et al. 2021).
In our previous study, LitR in A. wodanis 06/09/139 regulates T6SSs, CRISPR-Cas, motility,
growth, AHL production, siderophore, hemolysin, protease production and cytotoxicity in
CHSE cell line (Maharajan et al. 2021; Maharajan et al. 2022). Compared to the wild-type A.
wodanis 06/09/139, the deletion of litR resulted in decreased expression of the whole T6SS2
system and CRISPR-cas operon in the litR mutant, indicating the importance of the QS system
(Maharajan et al. 2022).

Genetic diversity, as a consequence of evolutionary and ecological processes, is important in
environmental adaptation and survival. Due to the horizontal gene transfer (HGT) in the
bacterial ecosystems, an important driving force in the evolution of bacteria, it is crucial to
study the pan-genome of closely related strains to better understand the genomic diversity
(Tettelin et al. 2005). In a recent study, the phylogenetic relationship between several aliivibrios

species was demonstrated (Klemetsen et al. 2021).

The study aimed to gain more insights into the A. wodanis species- and strain-specific genes.
For this purpose, twenty-two A. wodanis isolates, including the reference A. wodanis 06/09/139,
isolated from either infected fish during outbreaks of winter-ulcer or experimental challenge in
Norway were used (Soderberg et al. 2019; Klemetsen et al. 2021). This pan-genome study may
provide new information about the genomic similarity, variation and phylogeny between A.
wodanis strains. In addition, we used the data to investigate further the diversity of CRISPR-
Cas systems, phages, T6SSs, Biosynthetic gene clusters (BGCs) and other virulence-associated

factors.

Materials and Methods

Genome information

The genomes of the reference strains A. wodanis 06/09/139 and A. wodanis 03/09/160 used in
this study were retrieved from NCBI (Hjerde et al. 2015; Soderberg et al. 2019). The other 20
A. wodanis isolates used in this study were sequenced, assembled and applied in a recent
phylogenetic study on the genus Aliivibrio (Klemetsen et al. 2021). Before further analysis,

assembled genomes were annotated using the RAST annotation server (Aziz et al. 2008). A
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121

circular map of whole genome DNA sequences of twenty-two isolates against the reference A.
wodanis 06/09/139 was generated using BLAST Ring Image Generator (BRIG) with default

parameters (Supplementary Figure S1). The source and place of isolation of the isolates used

in this study are listed in Table 1. The DNA sequences have been deposited in the European

Nucleotide Archive (ENA) with accession number PRJEB55367 and the following genome
accession numbers ERS12744122 to ERS12744141.

Table 1. General features of the A. wodanis isolates analyzed in this study.

Location in Norway
(County, Municipality

Reference

Isolate names Size (Mb) Source [Fjord, place) Date
A. wodanis 06/09/139 Mare and Romsdal, (Hjerde et al. 2015)
(reference) 4.63 Salmo salar, Head kidney Volda, Kvangardsnes Mar. 2006
Mgre and Romsdal, Frei, (Klemetsen et al.
Vwl 4.57 Salmo salar, outbreak, Salkfjellvik Dec. 1989 2021)
Troms and Finnmark, (Klemetsen et al.
Vw5 4.48 Salmo salar, outbreak Gratangsbotn, Straumen  Jan. 1990 2021)
Salmo salar, Experiment with Viken, Frogn, (Klemetsen et al.
VwWK7F1 4.35 outbreak Solbergstrand Apr. 2013 2021)
Finnmark, Hammerfest, (Klemetsen et al.
A-H1309-5-2_S7(S7) 4.46 Salmo salar, skin ulcer Husfjorden Sep. 2013 2021)
Finnmark, Hammerfest, (Klemetsen et al.
A-H1309-1-3_S8(S8) 4.44 Salmo salar, ulcer Husfjorden Sep. 2013 2021)
Trgndelag, Heim, (Klemetsen et al.
Vw7 4.49 Salmo salar, outbreak Halsanaustan Jan. 2002 2021)
Mgre and Romsdal, (Klemetsen et al.
Vw8 451 Salmo salar, outbreak Frei, Bogen Apr. 2002 2021)
(Klemetsen et al.
Vw35 4.68 Atlantic cod, Gadus morhua VESO Vikan* Sep. 2006 2021)
(Soderberg et al.
03/09/160(Vw37) 4.97 Salmo Salar ? ? 2019)
Finnmark, Hammerfest, (Klemetsen et al.
A-Hdes-19_S12(S12) 473 Salmo salar, skin ulcer Husfjorden Sep. 2013 2021)
Agder, Flekkefjord, (Klemetsen et al.
Vw27 4.59 Salmo salar, Outbreak Buksevika Apr. 2006 2021)
Rainbow trout, Oncorhynchus Mgre and Romsdal, 28 Jun. (Klemetsen et al.
Vw29 4.52 mykiss Gjemnes, Knivskjeneset 1905 2021)
Finnmark, Hammerfest, (Klemetsen et al.
Vw130426 457 Salmo salar, outbreak Husfjorden Apr. 2013 2021)
A-H1309-4- Finnmark, Hammerfest, (Klemetsen et al.
3_S10(S10) 4.58 Salmo salar, ulcer Husfjorden Sep. 2013 2021)
Finnmark, Hammerfest, (Klemetsen et al.
A-H1309-4-4_S6(S6) 4.59 Salmo salar, skin ulcer Husfjorden Sep. 2013 2021)
Salmo salar, Vaccination Sogn and Fjordane, Kinn, (Klemetsen et al.
Vwl2 4.56 experiments Svangybukt Apr. 1988 2021)
A-H1309- Finnmark, Hammerfest, (Klemetsen et al.
511_S9(511_S9) 4.56 Salmo salar, ulcer Husfjorden Sep. 2013 2021)
Finnmark, Hammerfest, (Klemetsen et al.
A-Hdes-10_S9(S9) 4.61 Salmo salar, skin ulcer Husfjorden Sep. 2013 2021)
A-Hdes-20- Finnmark, Hammerfest, (Klemetsen et al.
1 S13(S13) 4.65 Salmo salar, skin ulcer Husfjorden Sep. 2013 2021)
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Finnmark, Hammerfest, (Klemetsen et al.

A-Hdes-12_S11(S11) 4.63 Salmo salar, skin ulcer Husfjorden Sep. 2013 2021)
Sogn and Fjordane, Kinn, (Klemetsen et al.
Vwll 4.48 Salmo salar, outbreak Svangybukt Apr. 2001 2021)
122 *Fish health company
123 2 source not known

124
125  Whole genome, single nucleotide variant phylogenetic analysis

126  The SNVPhyl (Single Nucleotide variant PHYLogenomics) Galaxy workflow was used to
127  identify (single nucleotide variants) SNVs and construct a phylogenetic tree (Petkau et al.
128  2017). The genome assembly of strain 06/09/139 was the designated reference. No sequence
129  masking was included. Raw reads (FASTQ format) for each isolate were uploaded to the
130  Galaxy workflow. The pipeline was run on default settings except for two parameters; Data
131  type=Nucleic acid and Size of search window=100. This allows for the detection of additional

132  variant sites.

133

134  Pan/core genome analysis

135 GET_HOMOLOGUES and GET_PHYLOMARKERS (v. 16092021) was applied to identify
136  the orthologous gene clusters which were further used to infer a core genome phylogeny
137 (Contreras-Moreira & Vinuesa 2013; Vinuesa et al. 2018). The RAST annotated GenBank files
138  were used in the homologous gene clustering. After generating a blast-all dataset, the MCL
139  algorithm was engaged with the parameters “-M -t 0 -A -¢ . This ensured the algorithm reported
140  all gene clusters, generated an average amino acid identity matrix, and performed resampling
141 (10 permutations). Similarly, an average nucleotide identity matrix was generated by a second
142 run with the command “-M -A -t 0 -a ‘CDS’”. The former dataset became the basis for further
143  pan/core genome analysis. A third run was initiated to infer the phylogeny. Here all three
144  algorithms were applied; Bidirectional best hit (BDBH), cCusters of Orthologous Groups
145 (COG) and Markov clustering of orthologs (OrthoMCL). Following the
146 GET_PHYLOMARKERS pipeline, core clusters from the algorithms were compared in
147  regards to amino acid and nucleotide sequences. The core phylogeny was computed with the “-
148 R 1 -t DNA” command parameters. The protein sequences of the isolates were functionally

149  annotated using BlastKOALA (KEGG Orthology and links Annotation) (Kanehisa et al. 2016).

145



150

151

152
153
154
155
156

157

158

159
160
161
162

163

164

165
166
167
168
169
170

171

172

173
174

CRISPR-Cas and spacers identification

The genomes of twenty-two A. wodanis isolates were analyzed for the presence of CRISPR-
Cas system, arrays and spacers using CRISPRCasFinder and BlastKOALA (Kanehisa et al.
2016; Couvin et al. 2018). The spacer sequences were aligned using MAFFT, and the
phylogenetic PhyML Newick tree was generated by the maximum likelihood method using
PhyML with default parameters at NGPhylogny.fr (Lemoine et al. 2019).

Phage identification

The prophages present in the A. wodanis isolates were identified using PHAST (Zhou et al.
2011). The prophage’'s DNA sequences were retrieved and aligned using MAFFT. Phylogenetic
PhyML Newick tree was constructed by the maximum likelihood method using PhyML with
default parameters at NGPhylogny.fr (https://ngphylogeny.fr) (Lemoine et al. 2019).

Identification of T6SS and Aux clusters

A local protein database was made using the makeblastdb wrapper for Galaxy on a national
server with twenty-two protein faa files including the reference faa file. The protein sequences
of A. wodanis 06/09/139 T6SS and Aux clusters were used as a reference. BlastP was performed
for the reference T6SS and Aux clusters against the local database with protein data sets with
default parameters. The BlastP hit with > 50% identity and the presence of at least 13 T6SS
core components were counted as a T6SS positive isolate.

Virulence factors identification

Virulence factor database (VFDB) with protein sequences of the full data set was retrieved from

http://www.mgc.ac.cn/VFs/ (Liu et al. 2022). A local database with twenty-two A. wodanis
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protein sequences was used to predict the virulence factors against the VFDB using the NCBI
BLAST+ blastp wrapper with default parameters and a percentage identity filter of > 60%.

Biosynthetic gene cluster analysis

The biosynthetic gene clusters (BGCs) responsible for secondary metabolites production in A.
wodanis genomes were identified using the web tool antiSMASH bacterial version 6.1.1
https://antismash.secondarymetabolites.org/ (Blin et al. 2021). The analysis was performed

using the Genbank files of twenty-two isolates with “relaxed detection” and “all on” options.

Results
Genome analysis

A total of twenty-two A. wodanis isolates from various locations and isolation periods in
Norway (Table 1) were chosen to explore the A. wodanis pan-genome. The genome sizes
ranged from 4.35 to 4.97 Mb with a mean of 4.59 Mb (Table 1), and the number of proteins
ranged from 3808 to 4455 with a mean of 4096. The reference genome has two chromosomes
and four plasmids of sequence lengths 4.52 and 0.12 Mb, respectively (Hjerde et al. 2015). The
comparative BRIG genome circular map showed differences between these strains mainly in
seven regions, as shown in Supplementary Figure S1. Among other isolates, S7 (ring 6) and
Vw35 (ring 10) showed larger gaps. The isolates VWK7F1 (ring 5), Vw7 (ring 8), Vw130426
(ring 15), S10 (ring 16) and S6 (ring 17) showed less sequence similarity, whereas the isolates
Vw1l and Vw5 revealed more similarities with reference than others. Furthermore, when
mapped against the reference, regions with gaps were annotated with BlastKOALA and found
to be linked with functional protein families secretion systems, prokaryotic defence
mechanisms, bacterial motility proteins, transporters, enzymes and lipopolysaccharide

biosynthesis proteins (Supplementary Figure S1).

Phylogenetic relationship between the A. wodanis strains
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The genome-wide SNVPhyl analysis identified 4096 SNVs, which were used to construct a
phylogenetic tree as shown in Figure 1A and Supplementary Figure S3. The phylogenetic
tree revealed a distribution of strains into roughly five groups, where group 2, 4 and 5
encompassed conserved isolates within each group. All twenty-two strains shared more than
95% ANI and AAI between the A. wodanis strains (Figure 1B and C), which is within the
commonly accepted species cut-off (> 95% ANI) (Konstantinidis & Tiedje 2005).
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Figure 1. A) Phylogenetic tree of twenty-two A. wodanis strains based on 4096 SNVs. B) AAI
matrix and C) ANI heatmap of the twenty-two included A. wodanis genomes, respectively.

A. wodanis pan and core genome

Pan-genome

A pan-genome analysis was performed on the twenty-two A. wodanis genome sequences using
GET_HOMOLOGUES and the OMCL algorithm (Contreras-Moreira & Vinuesa 2013)

(Figure 2). Theoretical estimation of the pan-genome size and growth curve from the supplied
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genomes did not flatten out based on the permutation analysis, as shown in Figure 2A. This
graph also approximates 123 additional genes added in the pan-genome pool per genome, thus
clearly indicating that saturation is not reached and A. wodanis has an open pan-genome. A
total of 12003 gene clusters were determined by the OMCL algorithm, which categorized 3149
(26.23%) as extended core, 2583 as shell (21.51%) and 6271 as cloud and unique genes
(52.24%) (Figure 2B). Or, more strictly, 2862 (23.84%) gene clusters constitute the explicit
core, 3653 the shared accessory (not core or unique) (30.43%), and 5488 unique genes
(45.72%). Furthermore, functional characterization of all sequences showed that the most
enriched functional families in all the isolates were metabolism, signaling and cellular
processes, and genetic information processing. Specifically, more than 900 genes related to
enzymes were assigned to metabolic functions in the pan-genome. The protein family signaling
and cellular processes include families such as transporters, secretion systems, bacterial
toxins, prokaryotic defence mechanism, bacterial motility proteins, two-component system,
exosome and antimicrobial resistance genes. The genetic information processing includes
families such as transcription factors, ribosome, DNA repair and recombination proteins,
transfer RNA biogenesis, ribosome biogenesis, membrane trafficking and chromosome and
associated proteins (Supplementary Figure S2).
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Figure 2. A. wodanis pan-genome. (A) A. wodanis pan-genome as a function of the included
genomes. (B) Cluster distribution in A. wodanis genome.
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Core genome

Core gene clusters, representing the homologous genes in all analyzed genomes (Tettelin et al.
2005), were derived using the OMCL algorithm in GET_HOMOLOGUES. Based on the
twenty-two input genomes, the Willenbrock and Tettelin permutation analysis culminated on
2831 and 2943 theoretical core genes. These are declining, particularly the Tettelin algorithm,
indicating a smaller core if additional genomes are added (Figure 3A). The 2707 intersecting
core-gene clusters from all three algorithms in GET_HOMOLOGUES were filtered down to
240 marker genes, concatenated and used to infer the core genome phylogeny. Similar to the
SNV phylogeny, the core tree was resolved into five phylogenetic groups (Figure 3B), where
group 2, 4 and 5 were highly conserved (Supplementary Figure S3). However, similar to the
SNV-based tree, strain 511_S9 did not relate to any other strain group.
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Figure 3. A. wodanis core genome A) as a permutation analysis of the 22 included genomes.
(B) Phylogenetic tree of 240 selected marker genes of the A. wodanis core clusters. The tree is
drawn to scale with branch lengths[/scale bar] reflecting nucleotide substitutions per site. Vw1l
and Vwb were grouped together with the reference A. wodanis 06/09/139 (Group 4). Group 3
included Vwk7f1, S8, and S7. Group 2 consisted of four isolates S6, S10, Vw130426 and
Vw29, while Group 1 included six isolates Vw37, Vw35, Vw7, Vw27, S12 and Vw8. Four
isolates S9, S13, S11, and Vw11 fell into Group 5.

A. wodanis cloud and unique genes

The accessory genome may include genes that provide fitness to the bacteria and may have
been acquired through HGT (McNally et al. 2016). Hence, the identification and
characterization of the accessory genome are important. The reference strain A. wodanis
06/09/139 showed 66 unique genes. The lowest number of unique genes (n < 50) were found
in three isolates Vw1 (n = 34), S6 (n = 43) and S10 (n = 47) as shown in Figure 4A. One isolate,
S7 from Finnmark, Hammerfest, Husfjorden, showed the highest number of unique genes (n =
1007) out of all isolates. Most of the isolates (16/22) consisted of a number of unique genes
ranging from 100 to 500. Similar to the whole genome annotation, metabolism, signaling and
cellular processes, and genetic information processing were the most enriched protein families
in the cloud genes. The functional annotation showed that isolate S7 encoded about 200
enzymes while the cloud genes in other isolates encoded only a range of 4-30 (Figure 4B). The
enzymes included oxidoreductases, nitrate reductases, hydrolases, transferases, excinucleases,
DNA polymerases and lysases. The isolates S9, S8, S12, S11, Vw37, Vw35 and Vw8 encoded
the genes related to CRISPR-Cas in the cloud genes where the isolate S12 encoded a type |11
CRISPR system, and S8 encoded a subtype ID factor (Figure 4B). The isolate Vwk7F1
encoded four, and other isolates S7, S9, S12, Vw5, Vw12, Vw27, and Vw29 encoded two to
three T6SS proteins in the cloud genes. The other protein families encoded by the cloud genes
include exosomal proteins, bacterial motility proteins, transporters, two-component system,
transcription factors (Figure 4B). However, only 16% of the cloud genome, gene clusters
present in < 2 genomes, have been functionally annotated. Therefore, the unique gene clusters
lacking annotation were manually analyzed using BlastP to understand where they were
acquired from. The results showed that the unique genes in isolate S7 were mostly acquired
from Class: Gammaproteobacteria, Bacilli and Flavobacteriia; Family: Vibrionaceae,

Pseudoalteromonadaceae, Alteromonadaceae, Deinococcaceae, Chromatiaceae,
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Lactabacillaceae, flavobacteriaceae and Oceanospirillaceae; and Genus: Vibrio, Aliivibrio,
Photobacterium and Enterovibrio. Among other family members, unique genes were mostly
acquired from Vibrionaceae which included several Photobacterium species, Vibrio genome
sp. F6, Vibrio sp. 03-59-1 and A. fischeri as listed in Supplementary Table S1. In addition to
many proteins, the unique genes in S7 were found to encode several hypothetical proteins,

phage-related proteins and transposases as listed in Supplementary Table S1.
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Figure 4. A) Unique genes present in twenty-two A. wodanis isolates. B) Functional annotation
of cloud genomes of isolates Vw8, Vw7, Vw27, Vw35, 511_S9, S12, Vw11, Vw12 and S7 are
presented here.

CRISPR-Cas system differs between A. wodanis isolates
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Many bacteria have an adaptive immune system called CRISPR-Cas (Makarova et al. 2020).
Our previous work identified a type IF CRISPR-Cas system and two CRISPR arrays in the
reference strain (Maharajan et al. 2022). In this study, we analyzed the CRISPR-Cas systems
in A. wodanis isolates using CRISPRCasFinder and BlastKOALA (Kanehisa et al. 2016;
Couvin et al. 2018). The results showed that out of twenty-two isolates tested, two isolates
VWKT7F1 and Vw7, did not encode any cas genes (Figure 5). However, all isolates were found
to contain the CRISPR arrays. Like the reference strain, eight out of twenty-one isolates (Vwl1,
Vw5, Vw27, 511_S9, S12, S13, Vw1l and Vw12) revealed a type IF CRISPR-Cas system with
the same gene order and gene length (Figure 5). The isolate S12 is the only isolate that encoded
an additional type 111 CRISPR system. The other eight isolates (Vw35, Vw130426, S6, S10,
Vw29, Vw37, S7 and S8) did not contain a complete IF cas operon; however, the isolates

encoded cas6f gene, a marker for the type IF CRISPR.

The isolates Vw35 contained csy1234 genes and the isolates Vw37, and S7 encoded csy234;
however, the isolates did not encode the casl and cas3-cas2 genes. The isolates Vw130426,
S6, Vw29 and S10 contained the cas6, cas3 and cas7fv genes. This suggests that these isolates
encode a type IF variant CRISPR system. The isolates S9 and S11 encoded all the genes of type
the IF CRISPR system; however, the gene order and orientation differed from the reference
strain (Figure 5). Vw8 is the only isolate that encodes the cas5fv and cas7fv genes next to the

casl, cas3 and cas6 genes, suggesting that Vw8 contains a type IF variant CRISPR system.

The isolates Vw1, Vw5, S8, Vw12, Vw27 and 511_S9 showed high amino acid (AA) similarity
(80-100%) to the cas operon of the reference strain, whereas the isolates Vw8, S12, S9, S13,
S11 and Vw11 only a partial number of genes (30-40%) showed high similarity to the reference
cas operon. The AA sequences of isolates that showed low similarity to the reference cas genes
were retrieved, and BlastP was performed against the NCBI non-redundant protein DB. The
similarity search revealed that the isolates S9, S13, S11 and Vw11 showed high AA similarity
to Aliivibrio finisterrensis and Colwellia sp. RSHO4. The protein Csyl of S12 showed high AA
similarity to Poseidonibacter antarcticus, whereas the other Cas proteins showed similarity to
A. finisterrensis and Colwellia sp. RSHO4. The isolate Vw35 showed approximately 50% query
coverage and identity to Vibrio spartinae (Csy2), A. fischeri (Csy3) and Nitrosococcus oceani
(Cas6) (99% query coverage, <50% identity). The S7 isolate showed AA similarity to Vibrio
splendidus, while the Vw8 isolate showed AA similarity to A. fischeri.
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When comparing the Cas proteins of Group 2 isolates S10, Vw130426, Vw29 and S6, the
BlastP results showed that the Cas3, Cas6 and Cas7fv proteins were 100% identical between
each other. The Cas3, Cas6 and Cas7fv proteins showed high AA similarity (>90%) to
Photobacterium species when searched against the non-redundant protein DB. The Cas7fv of
isolates Vw8 also showed hits to Photobacterium sp., whereas the Cas5fv showed 48% AA
similarity to Methylotuvimicrobium buryatense. The Cas3 protein sizes of Vw8 and S8 were
not similar; therefore they were searched against the non-redundant protein DB, and the results
showed similarity to Cas3 of Type | and DEAD/DEAH box helicase or DinG of Type 1V,
respectively. The Cas3 and DEAD/DEAH box helicase belong to the helicase superfamily
where both play an important role in the innate immunity mechanism (Makarova et al. 2020).
DEAD/DEAH box helicases are generally involved in DNA recombination and repair
mechanisms (Fairman-Williams et al. 2010). M. viscosa encodes a ferrous siderophore system
upstream of the CRISPR-Cas system (Karlsen et al. 2017). Similar to M. viscosa the upstream
of reference, the isolates Vw1, Vw27 and Vw12 CRISPR-Cas contain a ferrous siderophore

system.

Mapping the CRISPR-Cas systems to the core tree revealed that Group 2 and 4 showed similar
CRISPR-Cas systems. The other groups showed differences in CRISPR-Cas systems between
the isolates (Figure 5). Together the results showed that 9 out of 22 (40%) isolates showed a
similar IF CRISPR system. The other isolates (60%) show a diverse CRISPR system in terms

of the number of cas genes, gene length, gene order and orientation between the isolates.
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Figure 5. CRISPR-Cas systems in A. wodanis isolates mapped to the core A. wodanis tree. The
cross mark indicates the absence of CRISPR-cas operon.

Spacers in A. wodanis isolates

Spacers are pieces of foreign sequences integrated into the CRISPR arrays (Mojica et al. 2005).
Every time a phage or plasmid is encountered, a new spacer is added to the CRISPR array
through adaptation (Mojica et al. 2005). Therefore, spacers are considered immune memories
in bacteria. The spacers in the A. wodanis isolates were identified using the CRISPRCasFinder
(Table 2). The results showed that the spacer length varied from 20-70nt and the direct repeats
ranged from 23-31nt (Table 2). The spacer sequences were aligned using MAFFT, and a
PhyML Newick tree was constructed using PhyML. A comparison of the spacer sequences
revealed that similar to the core tree, the spacers of Group 4 (Vw1, Vw5 and reference) were

grouped into their corresponding groups (Supplementary Figure S4).

Table 2. Spacers and direct repeats in the isolates

No. of CRISPR arrays
(No. of spacers in each
array)

Direct Repeats
length range

Spacers length
range

Isolate names
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A. wodanis 06/09/139 2 (25, 40) 28 32-33

vwil 2 (39, 24) 28 32-33
Vw5 2(32,23,1) 28 3233
Vw7 2(2,1) 23-28 32-70
Vw8 5(1,5.21,1,1) 28-29 31-32
Vw35 3(6,7.2) 28-29 31-32
Vw37/0309160 2(5,3) 28-38 35-41
s12 4 (12,29,10,4) 28 20-33
Vw27 2 (6,33) 26-28 31-32
Vw29 4(2,2,10,1) 28-31 29-32
V130426 3(2,2,6) 2831 32-33
S10 3(28,1) 24-28 32-36
S6 4(281,1) 28 32-33
VWk7f1 1(13) 28 32-33
S8 4(3,17,7,21) 23 46-52
s7 1(2) 24-28 32-33
Vw12 2 (25,15) 27-30 30-33
511_S9 3 (23, 35) 28 3233
s9 3(6,35,1) 28 20-33
s13 2(356,1,1) 28 20-33
s11 2 (6,30,1) 28 20-33
vwill 2 (6,35,1) 28 20-33

Phages in A. wodanis isolates

Except for the Vw8 isolate, at least 1-3 complete prophages were identified in all the isolates
using the PHAST tool. The analysis showed that about six isolates Vwk7f1, S7, 511_S9, S13,
Vw1l and Vw7 encoded only complete prophages. To reveal the evolution of phages, we
inferred the genetic diversity of phages using PhyML. The DNA sequences of the complete and
incomplete prophages were aligned using MAFFT, and a PhyML Newick tree was constructed
using the maximum likelihood method. The prophages tree showed variations in the grouping
of isolates, which is different from the grouping based on the core- and SNVs-based
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phylogenetic trees (Figure 6). For example, Group 4 isolates Vw1 and Vw5 grouped closer to
the reference in the SNVs-based tree, grouped away from the reference in the phage-based tree.
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Figure 6. Phylogenetic relationship of complete and incomplete prophages identified in A.
wodanis isolates.

Identification of T6SS and Aux clusters in A. wodanis isolates

Our previous work identified three T6SSs and four Aux clusters in the reference strain genome
(Maharajan et al. 2022). Similar to the reference strain, the other 21 A. wodanis isolates
comprised both main and Aux T6SS clusters. Group 4 (Vw1, Vw5 and reference) and Group 3
(VWKT7F1) in the core tree showed similar T6SS2. However, 11 isolates showed low similarity
(<50%) to the reference T6SS2, while seven isolates Vw7, Vw8, Vw37, Vw29, Vw130426,
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S10 and S6, did not encode the reference T6SS2 cluster (Table 3). The T6SS2 proteins with
low similarity to the T6SS2 reference were searched against the NCBI non-redundant protein
database using BlastP. The results showed that the T6SS2 in the isolates were highly similar to
aliivibrios A. sifae, A. fischeri and A. logei. The reference T6SS1-T6SS3 cluster proteins were
BlastP searched against the protein sequences of 21 isolates. The results showed that three
isolates Vw1, Vw5 and Vwk7fl comprised three main clusters highly similar (>90%) to the
T6SS1-T6SS3 clusters of the reference strain. In the other 17 isolates, the T6SS1 cluster was
found to be 59-98% similar to the reference T6SS1. Except for S7, which showed low similarity
(<50%), 16 of the isolates contained T6SS3 highly similar (>99%) to the T6SS3 of the reference
strain (Table 3). The isolates 19 out of 21 except S7 and S8 showed high AA similarity to the
reference Aux- 1, 3 and 4. The isolates S7 and S8 encoded only Aux-1 and 4 (Table 3).
Furthermore, the Aux-2 in six of twenty-two isolates showed high AA similarity to the
reference Aux-2. However, other 15/21 isolates showed either low similarity or the absence of
Aux-2 genes. To identify the total number of VgrGs in the genomes, the four reference VgrGs,
identified from the reference Aux1-4, were searched against the protein sequences of the 22
isolates using BlastP. The results showed that the number of VgrGs differed between isolates
(Table 3).
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Table 3. Similarity search of 21 isolates against reference T6SSs and Aux clusters

Isolate names T6SS1 T6SS2 T6SS3 Aux-1 Aux-2 Aux-3 Aux-4 \Elgréfs BlastP hit*
e
06/09/139 * * * * * * * o ’

vibrios
No similarity to
Vwl + + . + . + + 7 aliivibrios; similar to
vibrios
No similarity to
Vw5 + + . + . + + 7 aliivibrios; similar to
vibrios
No similarity to
Vwk7fl + + . . . " " 6 aliivibrios; similar to
vibrios
S7 . <50% <50% . - - . 2 A. sifae
A. sifae, A. fischeri
0, _ _ )
S8 * <50% * * * 5 and A. logei
Vw7 + - + + - + + 5 -
Vw8 + - . . - . . 6 -
A. sifae, A. fischeri
0, . )
Vw35 * <50% * * * * 6 and A. logei
Vw37/0309160 . - . + - + + 6 -
S12 + <50% . + - + . 5 A. sifae and A. fischeri
A. sifae, A. fischeri
0, _ )
Vw27 * <50% * * * * S and A. logei
VW29 + - + + - + + 6 -
Vw130426 + - . + - + + 5 -
Slo + - + + - + + 5 -
56 + - + + - + + 5 -
Vwl2 . <50% . . - . . 6 A. sifae and A. fischeri
511_S9 + <50% . + - + + 5 A. sifae and A. fischeri
A.sifae, A. logei and
S9 * <50% * * * * * ! A. fischeri
A.sifae, A. logei and
0 )
S13 * <50% * * * * * 6 A. fischeri
A. sifae, A. logei and
0, ’
si1 * <50% * * * * * 6 A. fischeri
Vwll N <50% . N - N N 3 A. sifae, A. fischeri

*T6SS2 genes that showed <50% AA similarity to reference were searched against protein database using BlastP

Biosynthetic gene cluster analysis (BGC)

BGCs encode the genes involved in the biosynthesis, regulation and transport of secondary

metabolites (Osbourn 2010). The anti-smash analysis identified five potential BGCs in the

genomes that produce secondary metabolites such as thioamititdes, ectoine, siderophores,

arylployene and resorcinol. The siderophore cluster in the reference strain showed 60% gene
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similarity to Vibrio crassostreae strain 8T5 while the clusters producing ectoine, arylployene
and resorcinol showed 50-95% gene similarity to the clusters of A. sifae. The siderophore and
ectoine genes clusters in the other A. wodanis isolates showed 62-100% gene similarity to the
reference genes. Only one isolate, S7, encoded the thioamitides producing cluster, which
showed 40% gene similarity to the strain V. crassostreae strain 25 P9 (Supplementary Table
S2). This may indicate an HGT of the thioamitides cluster in the genome of S7. Except for
Vw5, Vwk7fl, Vw27 and Vw29, the arylpolyene and resorcinol clusters showed high similarity
to the reference clusters. The BGC analysis results showed that the siderophore and ectoine

clusters are the most conserved BGC.

Virulence factors identified in A. wodanis isolates

A. wodanis has been associated with the winter-ulcer disease outbreak (Lunder et al. 1995a;
Lunder et al. 2000). Moreover, in our previous study, A. wodanis supernatants caused
cytotoxicity in salmon cell lines (Karlsen et al. 2014a; Maharajan et al. 2021). Therefore, we
wanted to predict the VFs in A. wodanis. Moreover, in our previous study, A. wodanis
supernatants caused cytotoxicity in salmon cell lines (Karlsen et al. 2014a; Maharajan et al.
2021). Therefore, we wanted to predict the VFs in A. wodanis. The VFs in the A. wodanis were
identified by performing BlastP against the virulence database (VFDB) set B, which contains
the entire dataset of both experimentally verified and predicted VFs (Liu et al. 2022). The
results showed, on average, that A. wodanis isolates encode about 200 VFs, as presented in
Supplementary Table S3. The VFs identified are present in all the isolates. They include
flagellum gene cluster, type Il secretion system, ferric-anguibactin transport system,
chemotaxis gene cluster, thermolabile hemolysin, RNA polymerase sigma factor RpoD and
twitching mobility protein. This suggests that the VFs are well-conserved in all the isolates.
Similar to V. anguillarum where the VFs were similar to strains isolated from the same
geographical location (Hansen et al. 2020). In addition to the pathogenic role of VVFs, they are
also present in commensals and symbiotic bacteria (Niu et al. 2013). This suggests that the VFs

may perform multiple host-associated roles.
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Discussion

In this study, we investigated the pan-genome of 22 A. wodanis to reveal the phylogeny, strain-
specific genes and properties of genes related to CRISPR-Cas, phages, T6SSs, VFs and BGCs.
In a recent study, A. wodanis genomes showed a wider diversity among a few strains
(Klemetsen et al. 2021).

Phylogenetic analysis

The phylogeny in this study showed considerable variations, suggesting the diversity could be
due to the genome sizes. The phylogenetic analysis based on SNVs and core genes resulted in
five clades where the isolates of Group 2, 4 and 5 showed high similarity to their corresponding
groups. This suggests that these isolates evolved similarly from a common ancestor. The
similarity could also indicate that these isolates may colonize the same niche in the fish farms.
Even though all the isolates were from Norway and outbreaks of the winter-ulcer disease, this

study does not find a correlation between the inferred phylogenies and the spatiotemporal data.

Pan, core and unique genes

Pan-genome analysis of A. wodanis showed an open pan-genome, suggesting the genomes have
experienced HGT in the past. An open pan-genome in bacteria has been linked with
susceptibility to HGT related to metabolism, virulence and antibiotic resistance (Hurtado et al.
2018). It has been reported that species colonizing different environments can exchange genetic
material in multiple ways and have an open pan-genome (Costa et al. 2020). This has been
observed in other species like E. coli, Corallococci, M. bovis, and Helicobacter (Livingstone et
al. 2018; Costa et al. 2020; Reis & Cunha 2021). A. wodanis is known to exist as free-living
bacteria and co-exist with M. viscosa, and the ability to cause clinical symptoms in Atlantic
salmon has been documented (Benediktsdottir et al. 2000; Lunder et al. 2000; Karlsen et al.
2014a). In addition, the growth temperature of A. wodanis ranges from 4-20°C (Soderberg et
al. 2019; Maharajan et al. 2021). This suggests that the accessory genomes play an important
role in the adaptation process of A. wodanis. The pan-genome cluster numbers for A. wodanis
are analogous to those pan-genome proportions reported for species of Vibrio harveyi, Vibrio
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owensii, Vibrio campbellii, Vibrio rotiferianus, Vibrio alginolyticus and Vibrio
parahaemolyticus (Nathamuni et al. 2019; Maistrenko et al. 2020). In other vibrios, the variable
genome content accounted for about 80% of the total pan-genome (Nathamuni et al. 2019;
Maistrenko et al. 2020). Similar to other vibrios (Nathamuni et al. 2019), a huge variation of
about 73% was observed in the shell and cloud genomes of A. wodanis, which is likely due to
the high capacity to acquire new genes. Moreover, a larger part of the pan-genome contains
genes related to the functional families metabolism, signaling and cellular processes and
genetic information processing. As described in prior studies (Wang et al. 2020a), it is likely
that the genes present in A. wodanis pan-genome are mainly associated with environment
interaction and energy metabolism which were possibly obtained through environmental

changes.

Furthermore, the core genomes decreased with the addition of genomes suggesting a small core
genome. Put in context with current knowledge of core genes in the bacteria kingdom (from
low ~500 to high ~6000), the size of A. wodanis is above the average (3100) and alongside
other species related to aquatic, marine, soil and plant-associated environments (Makarova et
al. 2020). The core genes are higher than that reported for V. anguillarum, V. mimicus and lower
than V. parahaemolyticus and P. aeruginosa (Hasan et al. 2010; Li et al. 2014; Ozer et al. 2014;
Castillo et al. 2017). Core genes represent the highly conserved genes between isolates, which
majorly perform housekeeping functions or are involved in virulence in some bacteria
(Wolfgang et al. 2003; Castillo et al. 2017). In our analysis, although isolates within three clades

were conserved, the core genes in A. wodanis were found to be quite diverse.

This study identified 4961 unique genes between the 22 included A. wodanis genomes. Such
plasticity indicates a capacity for ecological adaptation (Rubin et al. 2000) and is related to
HGT events between other bacteria species (Gogarten & Townsend 2005; Lawrence 2005). As
described for V. anguillarum (Castillo et al. 2017), selective pressure on A. wodanis may have
caused the acquisition of unique genes to increase virulence potential and fitness. The
functional analysis frequently coupled strain-specific genes to enzymes, transporters and the
CRISPR-Cas system, showing potential for a wider strain-specific range of capabilities. Isolate
S7, for instance, has six times the amount of enzyme-encoding unique genes relative to the
other isolates in this study. These enzymes mostly corresponded to metabolic pathways such as
metabolism of cofactors and vitamins, carbohydrate metabolism, aminoacid metabolism and

energy metabolism. A key to bacterial survival and adaptation in diverse environments depends
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on its wide metabolic functions (McNally et al. 2016; Goyal 2018). For example, P. aeruginosa
has a larger genome encoding functionally diverse and metabolic versatile products to survive
in multiple environments (Ozer et al. 2014). We speculate that the unique genes in isolate S7
may have additional metabolic advantages in nutrient uptake compared to other isolates to

survive in diverse environments.

Major accessory genome components in many bacteria are conjugative elements, phages and
transposons (Kung et al. 2010). However, these components are not present noticeably in the
unique gene clusters of S7. The prevalence of unique genes could not be correlated with genome

size, nor time and location of sampling in Norway.

CRISPR-Cas system

In this study, we identified a type IF CRISPR system in nine isolates and an incomplete Cas
operon in ten other isolates. However, all isolates were found to contain the CRISPR arrays,
suggesting that the CRISPR systems in VWK7F1 and Vw?7 isolates probably have been lost
later. In addition to the role of CRISPR-Cas in defence, some of them are involved in the
regulation of envelope stress response and virulence (Louwen et al. 2014; Faure et al. 2019).
Similarly, the diverse CRISPR-Cas systems may have different functions in A. wodanis. The
variation in the CRISPR-Cas systems in A. wodanis may influence their ability to uptake or
defend foreign genetic material in the natural environment. The CRISPR systems showed high
amino acid similarity to Colwellia spp., suggesting A. wodanis acquired it from these bacteria.
Members of the genus Colwellia have been isolated from marine organisms and other marine
environments (Choi et al. 2010; Lin et al. 2019). It has been reported that bacteria belonging to
the same species can reveal diverse spacer sequences (Lopatina et al. 2019). Similarly, in this
study, the spacer sequences of 15 out of 22 isolates showed differences in grouping from core
tree grouping; there were still few isolates grouped similar to the core tree. Moreover, the
number of spacers in each CRISPR array varied between isolates. The isolates that showed
incomplete CRISPR-Cas operon comprised fewer spacers than the isolates with a complete
CRISPR-Cas operon. This result indicates that the incomplete CRISPR-Cas operon is not
functional anymore in these isolates. However, they may play a role in other functions like
DNA repair (Zhang & Ye 2017). The spacer phylogram showed differences in grouping from
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the core and SNVs-based tree except for group 4. This suggests that the spacer sequences of A.
wodanis isolates that did not match the core tree are diverse and were acquired independently.
The phage analysis demonstrated that the grouping of A. wodanis showed no similarity to the
core tree, which suggests that the phages have been acquired independently and may not be

transmitted vertically.

T6SSs

All twenty-two isolates encoded the T6SS1 and T6SS3; however, a larger variation was seen
in the T6SS2. The T6SS2 showed similarities to other aliivibrios such as A. sifae, A. fischeri
and A. logei. These aliivibrios are mainly environmental strains associated with symbiosis and
not pathogens (Engebrecht et al. 1983; Fidopiastis et al. 1998; Sawabe et al. 2014). This may
indicate that the T6SS2 in the 16 isolates might behave more like environmental strains rather
than a potential pathogen interacting with the host. The T6SS analysis suggests that the T6SS1
and T6SS3, unlike T6SS2, are highly conserved between the A. wodanis isolates. Further
research is required to investigate the functional differences between the T6SS2 of reference
and other isolates. Like the CRISPR-Cas systems, where all four isolates belonging to Group 2
in the core tree encoded an incomplete cas operon, these isolates lacked the T6SS2. Moreover,
the isolate Vw37, which encoded an incomplete cas operon, also lacked T6SS2. The isolates
that lack T6SS2 also encoded an incomplete cas operon or lack cas genes except isolate Vwa8.
The reference T6SS2 is highly similar to vibrios and particularly V. cholerae (Maharajan et al.
2022). The VgrG and HcP are the hallmark proteins of T6SSs (Mougous et al. 2006). VgrG is
a bacteriophage-like cell-puncturing device, and Hcp acts as a tube component that delivers the
effectors (Pukatzki et al. 2007b). Besides the structural role of VgrG and HcP in the functioning
of T6SSs, they act as effectors or as chaperones to effectors (Santos et al. 2019). This suggests

that the multiple VgrG may function as effectors.

Despite the genetic diversity in CRISPR-Cas and T6SS2, the BGCs and VFs were highly
conserved in all strains. This suggests that the BGCs and VFs are essential for the isolates. A.
wodanis encodes gene clusters that produce secondary metabolites thioamititdes, ectoine,
siderophores, arylployene and resorcinol. Ectoine provides protection against salt and

temperature stress (Czech et al. 2018). Arylpolyene is often found in host-associated bacteria
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like commensals and pathogens (Cimermancic et al. 2014) and protects the bacterium from
reactive oxygen species (Schoner et al. 2016). Similarly, these secondary metabolites may
protect A. wodanis from stress and reactive oxygen species. In addition to the pathogenic role
of VFs, they are also present in commensals and symbiotic bacteria (Niu et al. 2013). This
suggests that the VFs may perform multiple host-associated roles. In V. anguillarum similar
VFs were identified from strains isolated from the same geographical location (Hansen et al.
2020). Similarly, the reason for the similarity in the VFs could be that the isolates used were

only from Norway and not from different countries.

Conclusion

The A. wodanis isolates analyzed in the present study represent the collection of whole genome
sequenced strains isolated in Norway. The analysis reveals an open pan-genome and the
evolutionary relationship between the isolates. The genome analysis found variations in the
CRISPR system, phages and T6SS2 systems, while quite conserved regarding other T6SSs,
biosynthetic gene clusters and virulence factors. The study adds knowledge to the virulence,

survival and defence potential of A. wodanis.

Competing interests

The author declare that they have no competing interests.

Ethics statement

The research presented in this paper do not involve any human or animal subjects and we see

no ethical issues.

Authors’ contributions

165



594
595
596

597

598

599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640

AM, TK and NP conceived the study and drafted the manuscript. AM and TK performed the
bioinformatic analyses. AM wrote the manuscript. AM, TK and NP authors reviewed and

provided critical feedback to the final manuscript.

References

Adams MD, Kelley JM, Gocayne JD, Dubnick M, Polymeropoulos MH, Xiao H, Merril CR, Wu A,
Olde B, Moreno RF, and et al. 1991. Complementary DNA sequencing: expressed sequence
tags and human genome project. Science 252:1651-1656. 10.1126/science.2047873

Ahmed E, and Holmstrom SJ. 2014. Siderophores in environmental research: roles and applications.
Microb Biotechnol 7:196-208. 10.1111/1751-7915.12117

Alvarez, Austin, Alvarez, and Reyes. 1998. Vibrio harveyi: a pathogen of penaeid shrimps and fish in
Venezuela. J Fish Dis 21:313-316. 10.1046/j.1365-2761.1998.00101.x

Andrews SC, Robinson AK, and Rodriguez-Quinones F. 2003. Bacterial iron homeostasis. FEMS
Microbiol Rev 27:215-237. 10.1016/S0168-6445(03)00055-X

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis AP, Dolinski K, Dwight
SS, Eppig JT, Harris MA, Hill DP, Issel-Tarver L, Kasarskis A, Lewis S, Matese JC,
Richardson JE, Ringwald M, Rubin GM, and Sherlock G. 2000. Gene ontology: tool for the
unification of biology. The Gene Ontology Consortium. Nat Genet 25:25-29. 10.1038/75556

Ast JC, Urbanczyk H, and Dunlap PV. 2009. Multi-gene analysis reveals previously unrecognized
phylogenetic diversity in Aliivibrio. Syst Appl Microbiol 32:379-386.
10.1016/j.syapm.2009.04.005

Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, Formsma K, Gerdes S, Glass EM,
Kubal M, Meyer F, Olsen GJ, Olson R, Osterman AL, Overbeek RA, McNeil LK, Paarmann
D, Paczian T, Parrello B, Pusch GD, Reich C, Stevens R, Vassieva O, Vonstein V, Wilke A,
and Zagnitko O. 2008. The RAST Server: rapid annotations using subsystems technology.
BMC Genomics 9:75. 10.1186/1471-2164-9-75

Baker GC, Smith JJ, and Cowan DA. 2003. Review and re-analysis of domain-specific 16S primers. J
Microbiol Methods 55:541-555. 10.1016/j.mimet.2003.08.009

Balado M, Lages MA, Fuentes-Monteverde JC, Martinez-Matamoros D, Rodriguez J, Jimenez C, and
Lemos ML. 2018. The Siderophore Piscibactin Is a Relevant Virulence Factor for Vibrio
anguillarum Favored at Low Temperatures. Front Microbiol 9:1766.
10.3389/fmicb.2018.01766

Balcazar JL, Pintado J, and Planas M. 2010. Vibrio hippocampi sp. nov., a new species isolated from
wild seahorses (Hippocampus guttulatus). FEMS Microbiol Lett 307:30-34. 10.1111/j.1574-
6968.2010.01955.x

Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, Moineau S, Romero DA, and Horvath
P. 2007. CRISPR provides acquired resistance against viruses in prokaryotes. Science
315:1709-1712. 10.1126/science.1138140

Barrangou R, and Marraffini LA. 2014. CRISPR-Cas systems: Prokaryotes upgrade to adaptive
immunity. Mol Cell 54:234-244. 10.1016/j.molcel.2014.03.011

Barret M, Egan F, Fargier E, Morrissey JP, and O'Gara F. 2011. Genomic analysis of the type VI
secretion systems in Pseudomonas spp.: novel clusters and putative effectors uncovered.
Microbiology (Reading) 157:1726-1739. 10.1099/mic.0.048645-0

Bartonickova L, Sterzenbach T, Nell S, Kops F, Schulze J, Venzke A, Brenneke B, Bader S, Gruber
AD, Suerbaum S, and Josenhans C. 2013. Hcp and VgrG1 are secreted components of the
Helicobacter hepaticus type VI secretion system and VgrG1 increases the bacterial
colitogenic potential. Cell Microbiol 15:992-1011. 10.1111/cmi.12094

166



641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692

Bassler BL. 1999. How bacteria talk to each other: regulation of gene expression by quorum sensing.
Curr Opin Microbiol 2:582-587. 10.1016/s1369-5274(99)00025-9

Bassler BL. 2002. Small talk. Cell-to-cell communication in bacteria. Cell 109:421-424.
10.1016/s0092-8674(02)00749-3

Bassler BL, Wright M, Showalter RE, and Silverman MR. 1993. Intercellular signalling in Vibrio
harveyi: sequence and function of genes regulating expression of luminescence. Mol
Microbiol 9:773-786. 10.1111/j.1365-2958.1993.th01737.x

Bazhenov S, Melkina O, Fomin V, Scheglova E, Krasnik P, Khrulnova S, Zavilgelsky G, and
Manukhov I. 2021. LitR directly upregulates autoinducer synthesis and luminescence in
Aliivibrio logei. PeerJ 9:12030. 10.7717/peerj.12030

Beaz-Hidalgo R, Doce A, Balboa S, Barja JL, and Romalde JL. 2010. Aliivibrio finisterrensis sp. nov.,
isolated from Manila clam, Ruditapes philippinarum and emended description of the genus
Aliivibrio. Int J Syst Evol Microbiol 60:223-228. 10.1099/ijs.0.010710-0

Benediktsdottir, Helgason, and Sigurjonsdottir. 1998. Vibrio spp. isolated from salmonids with
shallow skin lesions and reared at low temperature. J Fish Dis 21:19-28. 10.1046/j.1365-
2761.1998.00065.x

Benediktsdottir E, Verdonck L, Sproer C, Helgason S, and Swings J. 2000. Characterization of Vibrio
viscosus and Vibrio wodanis isolated at different geographical locations: a proposal for
reclassification of Vibrio viscosus as Moritella viscosa comb. nov. Int J Syst Evol Microbiol
50 Pt 2:479-488. 10.1099/00207713-50-2-479

Bjelland AM, Fauske AK, Nguyen A, Orlien IE, Ostgaard IM, and Sorum H. 2013. Expression of
Vibrio salmonicida virulence genes and immune response parameters in experimentally
challenged Atlantic salmon (Salmo salar L.). Front Microbiol 4:401.
10.3389/fmicbh.2013.00401

Bjelland AM, Sorum H, Tegegne DA, Winther-Larsen HC, Willassen NP, and Hansen H. 2012a. LitR
of Vibrio salmonicida Is a Salinity-Sensitive Quorum-Sensing Regulator of Phenotypes
Involved in Host Interactions and Virulence. Infection and Immunity 80:1681-1689.

Bjelland AM, Sgrum H, Tegegne DA, Winther-Larsen HC, Willassen NP, and Hansen H. 2012b. LitR
of Vibrio salmonicida is a salinity-sensitive quorum-sensing regulator of phenotypes involved
in host interactions and virulence. Infect Immun 80:1681-1689. 10.1128/iai.06038-11

Bjornsdottir B, Hjerde E, Bragason BT, Gudmundsdottir T, Willassen NP, and Gudmundsdottir BK.
2012. Identification of type VI secretion systems in Moritella viscosa. Veterinary
Microbiology 158:436-442. doi: 10.1016/j.vetmic.2012.02.030

Blackshaw S, St Croix B, Polyak K, Kim JB, and Cai L. 2007. Serial analysis of gene expression
(SAGE): experimental method and data analysis. Curr Protoc Hum Genet Chapter 11:Unit 11
17.10.1002/0471142905.hg1107s53

Blin K, Shaw S, Kloosterman AM, Charlop-Powers Z, van Wezel GP, Medema MH, and Weber T.
2021. antiSMASH 6.0: improving cluster detection and comparison capabilities. Nucleic Acids
Research 49:W29-W35. 10.1093/nar/gkab335

Blondel CJ, Jimenez JC, Leiva LE, Alvarez SA, Pinto BI, Contreras F, Pezoa D, Santiviago CA, and
Contreras I. 2013. The type VI secretion system encoded in Salmonella pathogenicity island
19 is required for Salmonella enterica serotype Gallinarum survival within infected
macrophages. Infect Immun 81:1207-1220. 10.1128/1A1.01165-12

Bobay LM, Touchon M, and Rocha EPC. 2014. Pervasive domestication of defective prophages by
bacteria. Proceedings of the National Academy of Sciences of the United States of America
111:12127-12132. doi: 10.1073/pnas.1405336111

Bourniquel AA, and Bickle TA. 2002. Complex restriction enzymes: NTP-driven molecular motors.
Biochimie 84:1047-1059. 10.1016/s0300-9084(02)00020-2

Bowden TJ. 2008. Modulation of the immune system of fish by their environment. Fish & Shellfish
Immunology 25:373-383. https://doi.org/10.1016/j.1si.2008.03.017

Boyd EF, Davis BM, and Hochhut B. 2001. Bacteriophage-bacteriophage interactions in the evolution
of pathogenic bacteria. Trends Microbiol 9:137-144. 10.1016/s0966-842x(01)01960-6

167


https://doi.org/10.1016/j.fsi.2008.03.017

693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744

Brennan CA, Mandel MJ, Gyllborg MC, Thomasgard KA, and Ruby EG. 2013. Genetic determinants
of swimming motility in the squid light-organ symbiont Vibrio fischeri. Microbiologyopen
2:576-594. 10.1002/mbo3.96

Broniewski JM, Chisnall MAW, Hoyland-Kroghsbo NM, Buckling A, and Westra ER. 2021. The
effect of Quorum sensing inhibitors on the evolution of CRISPR-based phage immunity in
Pseudomonas aeruginosa. ISME J. 10.1038/s41396-021-00946-6

Brooks TM, Unterweger D, Bachmann V, Kostiuk B, and Pukatzki S. 2013. Lytic activity of the
Vibrio cholerae type VI secretion toxin VgrG-3 is inhibited by the antitoxin TsaB. J Biol
Chem 288:7618-7625. 10.1074/jbc.M112.436725

Brouns SJ, Jore MM, Lundgren M, Westra ER, Slijkhuis RJ, Snijders AP, Dickman MJ, Makarova
KS, Koonin EV, and van der Oost J. 2008. Small CRISPR RNAs guide antiviral defense in
prokaryotes. Science 321:960-964. 10.1126/science.1159689

Bruhn JB, Dalsgaard I, Nielsen KF, Buchholtz C, Larsen JL, and Gram L. 2005. Quorum sensing
signal molecules (acylated homoserine lactones) in Gram-negative fish pathogenic bacteria.
Dis Aquat Organ 65:43-52. 10.3354/da0065043

Bruno DW, Griffiths J, Petrie J, and Hastings TS. 1998. Vibrio viscosus in farmed Atlantic salmon
Salmo salar in Scotland: field and experimental observations. Dis Aquat Organ 34:161-166.
10.3354/da0034161

Bukau B. 1993. Regulation of the Escherichia coli heat-shock response. Mol Microbiol 9:671-680.
10.1111/5.1365-2958.1993.th01727.x

Butterton JR, Stoebner JA, Payne SM, and Calderwood SB. 1992. Cloning, sequencing, and
transcriptional regulation of viuA, the gene encoding the ferric vibriobactin receptor of Vibrio
cholerae. J Bacteriol 174:3729-3738. 10.1128/jb.174.11.3729-3738.1992

Cai Z, Liu Y, Chen Y, Yam JK, Chew SC, Chua SL, Wang K, Givskov M, and Yang L. 2015. RpoN
Regulates Virulence Factors of Pseudomonas aeruginosa via Modulating the PgsR Quorum
Sensing Regulator. Int J Mol Sci 16:28311-28319. 10.3390/ijms161226103

Callahan SM, and Dunlap PV. 2000. LuxR- and acyl-homoserine-lactone-controlled non-lux genes
define a quorum-sensing regulon in Vibrio fischeri. J Bacteriol 182:2811-2822.
10.1128/)B.182.10.2811-2822.2000

Cao X, Studer SV, Wassarman K, Zhang Y, Ruby EG, and Miyashiro T. 2012. The novel sigma
factor-like regulator RpoQ controls luminescence, chitinase activity, and motility in Vibrio
fischeri. Mbio 3. 10.1128/mBi0.00285-11

Cascales E, and Cambillau C. 2012. Structural biology of type VI secretion systems. Philos Trans R
Soc Lond B Biol Sci 367:1102-1111. 10.1098/rstb.2011.0209

Cass SD, Haas KA, Stoll B, Alkhnbashi OS, Sharma K, Urlaub H, Backofen R, Marchfelder A, and
Bolt EL. 2015. The role of Cas8 in type | CRISPR interference. Biosci Rep 35.
10.1042/BSR20150043

Castillo D, Alvise PD, Xu R, Zhang F, Middelboe M, and Gram L. 2017. Comparative Genome
Analyses of Vibrio anguillarum Strains Reveal a Link with Pathogenicity Traits. mSystems 2.
10.1128/mSystems.00001-17

Chang SC, and Lee CY. 2018. OpaR and RpoS are positive regulators of a virulence factor PrtA in
Vibrio parahaemolyticus. Microbiology (Reading) 164:221-231. 10.1099/mic.0.000591

Chao L, and Levin BR. 1981. Structured habitats and the evolution of anticompetitor toxins in
bacteria. Proc Natl Acad Sci U S A 78:6324-6328. 10.1073/pnas.78.10.6324

Chavez-Dozal A, Hogan D, Gorman C, Quintanal-Villalonga A, and Nishiguchi MK. 2012. Multiple
Vibrio fischeri genes are involved in biofilm formation and host colonization. FEMS
Microbiol Ecol 81:562-573. 10.1111/j.1574-6941.2012.01386.x

Chen X, Yang JR, and Zhang J. 2016. Nascent RNA folding mitigates transcription-associated
mutagenesis. Genome Res 26:50-59. 10.1101/gr.195164.115

Cheng G, Lu Q, Ma L, Zhang G, Xu L, and Zhou Z. 2017. BGDMdocker: a Docker workflow for data
mining and visualization of bacterial pan-genomes and biosynthetic gene clusters. PeerJ
5:e3948. 10.7717/peerj.3948

168



745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796

Choi EJ, Kwon HC, Koh HY, Kim YS, and Yang HO. 2010. Colwellia asteriadis sp. nov., a marine
bacterium isolated from the starfish Asterias amurensis. Int J Syst Evol Microbiol 60:1952-
1957. 10.1099/ijs.0.016055-0

Church SR, Lux T, Baker-Austin C, Buddington SP, and Michell SL. 2016. Vibrio vulnificus Type 6
Secretion System 1 Contains Anti-Bacterial Properties. PLoS One 11:e0165500.
10.1371/journal.pone.0165500

Cimermancic P, Medema MH, Claesen J, Kurita K, Wieland Brown LC, Mavrommatis K, Pati A,
Godfrey PA, Koehrsen M, Clardy J, Birren BW, Takano E, Sali A, Linington RG, and
Fischbach MA. 2014. Insights into secondary metabolism from a global analysis of
prokaryotic biosynthetic gene clusters. Cell 158:412-421. 10.1016/j.cell.2014.06.034

Cloak OM, Solow BT, Briggs CE, Chen CY, and Fratamico PM. 2002. Quorum sensing and
production of autoinducer-2 in Campylobacter spp., Escherichia coli 0157:H7, and
Salmonella enterica serovar Typhimurium in foods. Appl Environ Microbiol 68:4666-4671.
10.1128/AEM.68.9.4666-4671.2002

Clokie MR, Millard AD, Letarov AV, and Heaphy S. 2011. Phages in nature. Bacteriophage 1:31-45.
10.4161/bact.1.1.14942

Colguhoun DJ, and Sorum H. 2001. Temperature dependent siderophore production in Vibrio
salmonicida. Microb Pathog 31:213-219. 10.1006/mpat.2001.0464

Contreras-Moreira B, Cantalapiedra CP, Garcia-Pereira MJ, Gordon SP, Vogel JP, Igartua E, Casas
AM, and Vinuesa P. 2017. Analysis of Plant Pan-Genomes and Transcriptomes with
GET_HOMOLOGUES-EST, a Clustering Solution for Sequences of the Same Species. Front
Plant Sci 8:184. 10.3389/fpls.2017.00184

Contreras-Moreira B, and Vinuesa P. 2013. GET_HOMOLOGUES, a versatile software package for
scalable and robust microbial pangenome analysis. Appl Environ Microbiol 79:7696-7701.
10.1128/AEM.02411-13

Costa SS, Guimaraes LC, Silva A, Soares SC, and Barauna RA. 2020. First Steps in the Analysis of
Prokaryotic Pan-Genomes. Bioinform Biol Insights 14:1177932220938064.
10.1177/1177932220938064

Cotter PD, Hill C, and Ross RP. 2005. Bacteriocins: developing innate immunity for food. Nat Rev
Microbiol 3:777-788. 10.1038/nrmicro1273

Couvin D, Bernheim A, Toffano-Nioche C, Touchon M, Michalik J, Neron B, Rocha EPC, Vergnaud
G, Gautheret D, and Pourcel C. 2018. CRISPRCasFinder, an update of CRISRFinder, includes
a portable version, enhanced performance and integrates search for Cas proteins. Nucleic
Acids Research 46:W246-W251.

Craster CV. 1914. The Recognition of the Cholera Vibrio. J Exp Med 19:581-592.
10.1084/jem.19.6.581

Crick FH. 1958. On protein synthesis. Symp Soc Exp Biol 12:138-163.

Crisafi F, Denaro R, Genovese M, Yakimov M, and Genovese L. 2014. Application of relative real-
time PCR to detect differential expression of virulence genes in Vibrio anguillarum under
standard and stressed growth conditions. J Fish Dis 37:629-640. 10.1111/jfd.12158

Czech L, Hermann L, Stoveken N, Richter AA, Hoppner A, Smits SHJ, Heider J, and Bremer E. 2018.
Role of the Extremolytes Ectoine and Hydroxyectoine as Stress Protectants and Nutrients:
Genetics, Phylogenomics, Biochemistry, and Structural Analysis. Genes (Basel) 9.
10.3390/genes9040177

Damir K, Irena VS, Damir V, and Emin T. 2013. Occurrence, characterization and antimicrobial
susceptibility of Vibrio alginolyticus in the Eastern Adriatic Sea. Mar Pollut Bull 75:46-52.
10.1016/j.marpolbul.2013.08.008

Defoirdt T, Darshanee Ruwandeepika HA, Karunasagar I, Boon N, and Bossier P. 2010. Quorum
sensing negatively regulates chitinase in Vibrio harveyi. Environ Microbiol Rep 2:44-49.
10.1111/.1758-2229.2009.00043.x

Delsuc F, Brinkmann H, and Philippe H. 2005. Phylogenomics and the reconstruction of the tree of
life. Nat Rev Genet 6:361-375. 10.1038/nrg1603

169



797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849

Denning GM, Wollenweber LA, Railshack MA, Cox CD, Stoll LL, and Britigan BE. 1998.
Pseudomonas pyocyanin increases interleukin-8 expression by human airway epithelial cells.
Infect Immun 66:5777-5784. 10.1128/1A1.66.12.5777-5784.1998

Diard M, and Hardt WD. 2017. Evolution of bacterial virulence. FEMS Microbiol Rev 41:679-697.
10.1093/femsre/fux023

Ding W, Baumdicker F, and Neher RA. 2018. panX: pan-genome analysis and exploration. Nucleic
Acids Res 46:e5. 10.1093/nar/gkx977

Doll L, and Frankel G. 1993. fliU and fliV: two flagellar genes essential for biosynthesis of Salmonella
and Escherichia coli flagella. J Gen Microbiol 139:2415-2422. 10.1099/00221287-139-10-
2415

Dong TG, Ho BT, Yoder-Himes DR, and Mekalanos JJ. 2013. Identification of T6SS-dependent
effector and immunity proteins by Tn-seq in Vibrio cholerae. Proc Natl Acad Sci U S A
110:2623-2628. 10.1073/pnas.1222783110

Dryselius R, Kurokawa K, and lida T. 2007. Vibrionaceae, a versatile bacterial family with
evolutionarily conserved variability. Res Microbiol 158:479-486.
10.1016/j.resmic.2007.04.007

Duanis-Assaf D, Steinberg D, Chai Y, and Shemesh M. 2015. The LuxS Based Quorum Sensing
Governs Lactose Induced Biofilm Formation by Bacillus subtilis. Front Microbiol 6:1517.
10.3389/fmicb.2015.01517

Duerkop BA, Varga J, Chandler JR, Peterson SB, Herman JP, Churchill ME, Parsek MR, Nierman
WC, and Greenberg EP. 2009. Quorum-sensing control of antibiotic synthesis in Burkholderia
thailandensis. J Bacteriol 191:3909-3918. 10.1128/JB.00200-09

Durand E, Derrez E, Audoly G, Spinelli S, Ortiz-Lombardia M, Raoult D, Cascales E, and Cambillau
C. 2012. Crystal structure of the VgrG1 actin cross-linking domain of the Vibrio cholerae type
VI secretion system. J Biol Chem 287:38190-38199. 10.1074/jbc.M112.390153

Eggset G, Mikkelsen H, and Killie J-EA. 1997. Immunocompetence and duration of immunity against
Vibrio salmonicida and Aeromonas salmonicida after vaccination of Atlantic salmon (Salmo
salarL.) at low and high temperatures. Fish & Shellfish Immunology 7:247-260.
https://doi.org/10.1006/fsim.1997.0080

Egidius E. 1987. Vibriosis: Pathogenicity and pathology. A review. Aquaculture 67:15-28.
https://doi.org/10.1016/0044-8486(87)90004-4

Egland KA, and Greenberg EP. 1999. Quorum sensing in Vibrio fischeri: elements of the luxl
promoter. Mol Microbiol 31:1197-1204. 10.1046/j.1365-2958.1999.01261.x

Eisenbach M. 1990. Functions of the flagellar modes of rotation in bacterial motility and chemotaxis.
Mol Microbiol 4:161-167. 10.1111/j.1365-2958.1990.tb00584.x

Eisenbach M, Wolf A, Welch M, Caplan SR, Lapidus IR, Macnab RM, Aloni H, and Asher O. 1990.
Pausing, switching and speed fluctuation of the bacterial flagellar motor and their relation to
motility and chemotaxis. J Mol Biol 211:551-563. 10.1016/0022-2836(90)90265-n

Elgaml A, and Miyoshi SI. 2017. Regulation systems of protease and hemolysin production in Vibrio
vulnificus. Microbiol Immunol 61:1-11. 10.1111/1348-0421.12465

Elias S, and Banin E. 2012. Multi-species biofilms: living with friendly neighbors. FEMS Microbiol
Rev 36:990-1004. 10.1111/j.1574-6976.2012.00325.x

Engebrecht J, Nealson K, and Silverman M. 1983. Bacterial bioluminescence: isolation and genetic
analysis of functions from Vibrio fischeri. Cell 32:773-781. 10.1016/0092-8674(83)90063-6

Enger O, Husevag B, and Goksoyr J. 1989. Presence of the fish pathogen Vibrio salmonicida in fish
farm sediments. Appl Environ Microbiol 55:2815-2818. 10.1128/aem.55.11.2815-2818.1989

Erhardt M, Singer HM, Wee DH, Keener JP, and Hughes KT. 2011. An infrequent molecular ruler
controls flagellar hook length in Salmonella enterica. EMBO J 30:2948-2961.
10.1038/emb0j.2011.185

Ermolenko AV, Besprozvannykh VV, and Stepanova TG. 1997. [The manifestation of immunity in
ichthyophthiriasis in carp in Maritime Territory]. Parazitologiia 31:463-465.

Fairman-Williams ME, Guenther UP, and Jankowsky E. 2010. SF1 and SF2 helicases: family matters.
Curr Opin Struct Biol 20:313-324. 10.1016/j.sbi.2010.03.011

170


https://doi.org/10.1006/fsim.1997.0080
https://doi.org/10.1016/0044-8486(87)90004-4

850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900

Faruque SM, Albert MJ, and Mekalanos JJ. 1998. Epidemiology, genetics, and ecology of toxigenic
Vibrio cholerae. Microbiol Mol Biol Rev 62:1301-1314. 10.1128/ MMBR.62.4.1301-
1314.1998

Faure G, Makarova KS, and Koonin EV. 2019. CRISPR-Cas: Complex Functional Networks and
Multiple Roles beyond Adaptive Immunity. J Mol Biol 431:3-20. 10.1016/j.jmb.2018.08.030

Federle MJ, and Bassler BL. 2003. Interspecies communication in bacteria. J Clin Invest 112:1291-
1299. 10.1172/JC120195

Feng L, Rutherford ST, Papenfort K, Bagert JD, van Kessel JC, Tirrell DA, Wingreen NS, and Bassler
BL. 2015. A grr noncoding RNA deploys four different regulatory mechanisms to optimize
guorum-sensing dynamics. Cell 160:228-240. 10.1016/j.cell.2014.11.051

Fidopiastis PM, Miyamoto CM, Jobling MG, Meighen EA, and Ruby EG. 2002. LitR, a new
transcriptional activator in Vibrio fischeri, regulates luminescence and symbiotic light organ
colonization. Mol Microbiol 45:131-143. 10.1046/j.1365-2958.2002.02996.x

Fidopiastis PM, von Boletzky S, and Ruby EG. 1998. A new niche for Vibrio logei, the predominant
light organ symbiont of squids in the genus Sepiola. J Bacteriol 180:59-64.
10.1128/JB.180.1.59-64.1998

Flavier AB, Clough SJ, Schell MA, and Denny TP. 1997. Identification of 3-hydroxypalmitic acid
methy| ester as a novel autoregulator controlling virulence in Ralstonia solanacearum. Mol
Microbiol 26:251-259. 10.1046/].1365-2958.1997.5661945.x

Fleischmann RD, Adams MD, White O, Clayton RA, Kirkness EF, Kerlavage AR, Bult CJ, Tomb JF,
Dougherty BA, Merrick JM, and et al. 1995. Whole-genome random sequencing and
assembly of Haemophilus influenzae Rd. Science 269:496-512. 10.1126/science.7542800

Fouts DE, Brinkac L, Beck E, Inman J, and Sutton G. 2012. PanOCT: automated clustering of
orthologs using conserved gene neighborhood for pan-genomic analysis of bacterial strains
and closely related species. Nucleic Acids Res 40:e172. 10.1093/nar/gks757

Fox GE, Wisotzkey JD, and Jurtshuk P, Jr. 1992. How close is close: 16S rRNA sequence identity
may not be sufficient to guarantee species identity. Int J Syst Bacteriol 42:166-170.
10.1099/00207713-42-1-166

Frans I, Michiels CW, Bossier P, Willems KA, Lievens B, and Rediers H. 2011. Vibrio anguillarum as
a fish pathogen: virulence factors, diagnosis and prevention. J Fish Dis 34:643-661.
10.1111/j.1365-2761.2011.01279.x

Freeman JA, and Bassler BL. 1999. Sequence and function of LuxU: a two-component phosphorelay
protein that regulates quorum sensing in Vibrio harveyi. J Bacteriol 181:899-906.
10.1128/JB.181.3.899-906.1999

Freeman JA, Lilley BN, and Bassler BL. 2000. A genetic analysis of the functions of LuxN: a two-
component hybrid sensor kinase that regulates quorum sensing in Vibrio harveyi. Mol
Microbiol 35:139-149. 10.1046/j.1365-2958.2000.01684.x

Fuhrman JA, and Noble RT. 1995. Viruses and protists cause similar bacterial mortality in coastal
seawater. Limnology and Oceanography 40:1236-1242.
https://doi.org/10.4319/10.1995.40.7.1236

Fuqua C, Parsek MR, and Greenberg EP. 2001. Regulation of gene expression by cell-to-cell
communication: acyl-homoserine lactone quorum sensing. Annu Rev Genet 35:439-468.
10.1146/annurev.genet.35.102401.090913

Fuqua WC, Winans SC, and Greenberg EP. 1994. Quorum sensing in bacteria: the LuxR-LuxI family
of cell density-responsive transcriptional regulators. J Bacteriol 176:269-275. doi:
10.1128/jb.176.2.269-275.1994

Galperin MY, Kristensen DM, Makarova KS, Wolf Y1, and Koonin EV. 2019. Microbial genome
analysis: the COG approach. Brief Bioinform 20:1063-1070. 10.1093/bib/bbx117

Gao H, Xu J, Lu X, Li J, Lou J, Zhao H, Diao B, Shi Q, Zhang Y, and Kan B. 2018. Expression of
Hemolysin Is Regulated Under the Collective Actions of HapR, Fur, and HlyU in Vibrio
cholerae El Tor Serogroup O1. Front Microbiol 9:1310. 10.3389/fmicb.2018.01310

171


https://doi.org/10.4319/lo.1995.40.7.1236

901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952

Garay E, Arnau A, and Amaro C. 1985. Incidence of Vibrio cholerae and related vibrios in a coastal
lagoon and seawater influenced by lake discharges along an annual cycle. Appl Environ
Microbiol 50:426-430. 10.1128/aem.50.2.426-430.1985

Gardel CL, and Mekalanos JJ. 1996. Alterations in Vibrio cholerae motility phenotypes correlate with
changes in virulence factor expression. Infect Immun 64:2246-2255. 10.1128/iai.64.6.2246-
2255.1996

Gerstein MB, Bruce C, Rozowsky JS, Zheng D, Du J, Korbel JO, Emanuelsson O, Zhang ZD,
Weissman S, and Snyder M. 2007. What is a gene, post-ENCODE? History and updated
definition. Genome Res 17:669-681. 10.1101/gr.6339607

Ghoul M, and Mitri S. 2016. The Ecology and Evolution of Microbial Competition. Trends Microbiol
24:833-845. 10.1016/j.tim.2016.06.011

Gogarten JP, and Townsend JP. 2005. Horizontal gene transfer, genome innovation and evolution. Nat
Rev Microbiol 3:679-687. 10.1038/nrmicro1204

Gomez-Gil B, Roque A, Chimetto L, Moreira APB, Lang E, and Thompson FL. 2012. Vibrio
alfacsensis sp. nov., isolated from marine organisms. Int J Syst Evol Microbiol 62:2955-2961.
10.1099/ijs.0.033191-0

Gomez-Gil B, Thompson FL, Thompson CC, and Swings J. 2003. Vibrio pacinii sp. nov., from
cultured aquatic organisms. Int J Syst Evol Microbiol 53:1569-1573. 10.1099/ijs.0.02670-0

Gorelik O, Levy N, Shaulov L, Yegodayev K, Meijler MM, and Sal-Man N. 2019. Vibrio cholerae
autoinducer-1 enhances the virulence of enteropathogenic Escherichia coli. Sci Rep 9:4122.
10.1038/s41598-019-40859-1

Goyal A. 2018. Metabolic adaptations underlying genome flexibility in prokaryotes. PLoS Genet
14:¢1007763. 10.1371/journal.pgen.1007763

Greger E, and Goodrich T. 1999. Vaccine development for winter ulcer disease, Vibrio viscosus, in
Atlantic salmon, Salmo salar L. Journal of Fish Diseases 22:193-199.
https://doi.org/10.1046/j.1365-2761.1999.00163.x

Griffin AS, West SA, and Buckling A. 2004. Cooperation and competition in pathogenic bacteria.
Nature 430:1024-1027. 10.1038/nature02744

Grottoli AG, Warner ME, Levas SJ, Aschaffenburg MD, Schoepf V, McGinley M, Baumann J, and
Matsui Y. 2014. The cumulative impact of annual coral bleaching can turn some coral species
winners into losers. Glob Chang Biol 20:3823-3833. 10.1111/gch.12658

Guisbert E, Herman C, Lu CZ, and Gross CA. 2004. A chaperone network controls the heat shock
response in E. coli. Genes Dev 18:2812-2821. 10.1101/gad.1219204

Hamid R, Khan MA, Ahmad M, Ahmad MM, Abdin MZ, Musarrat J, and Javed S. 2013. Chitinases:
An update. J Pharm Bioallied Sci 5:21-29. 10.4103/0975-7406.106559

Hansen H, Bjelland AM, Ronessen M, Robertsen E, and Willassen NP. 2014. LitR is a repressor of
syp genes and has a temperature-sensitive regulatory effect on biofilm formation and colony
morphology in Vibrio (Aliivibrio) salmonicida. Appl Environ Microbiol 80:5530-5541.
10.1128/AEM.01239-14

Hansen H, Purohit AA, Leiros HK, Johansen JA, Kellermann SJ, Bjelland AM, and Willassen NP.
2015. The autoinducer synthases LuxI and AinS are responsible for temperature-dependent
AHL production in the fish pathogen Aliivibrio salmonicida. BMC Microbiol 15:69.
10.1186/512866-015-0402-z

Hansen MJ, Kudirkiene E, and Dalsgaard I. 2020. Analysis of 44 Vibrio anguillarum genomes reveals
high genetic diversity. PeerJ 8:e10451. 10.7717/peerj.10451

Hasan NA, Grim CJ, Haley BJ, Chun J, Alam M, Taviani E, Hog M, Munk AC, Saunders E, Brettin
TS, Bruce DC, Challacombe JF, Detter JC, Han CS, Xie G, Nair GB, Hug A, and Colwell RR.
2010. Comparative genomics of clinical and environmental Vibrio mimicus. Proc Natl Acad
Sci U S A 107:21134-21139. 10.1073/pnas.1013825107

Hastings JW, and Greenberg EP. 1999. Quorum sensing: the explanation of a curious phenomenon
reveals a common characteristic of bacteria. J Bacteriol 181:2667-2668.
10.1128/JB.181.9.2667-2668.1999

172


https://doi.org/10.1046/j.1365-2761.1999.00163.x

953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004

Heilmann S, Krishna S, and Kerr B. 2015. Why do bacteria regulate public goods by quorum
sensing?-How the shapes of cost and benefit functions determine the form of optimal
regulation. Front Microbiol 6:767. 10.3389/fmicb.2015.00767

Henke JM, and Bassler BL. 2004. Quorum sensing regulates type 111 secretion in Vibrio harveyi and
Vibrio parahaemolyticus. J Bacteriol 186:3794-3805. 10.1128/JB.186.12.3794-3805.2004

Herrgard MJ, and Palsson BO. 2004. Flagellar biosynthesis in silico: building quantitative models of
regulatory networks. Cell 117:689-690. 10.1016/j.cell.2004.05.020

Heurlier K, Denervaud V, Haenni M, Guy L, Krishnapillai V, and Haas D. 2005. Quorum-sensing-
negative (lasR) mutants of Pseudomonas aeruginosa avoid cell lysis and death. J Bacteriol
187:4875-4883. 10.1128/)B.187.14.4875-4883.2005

Hidalgo-Cantabrana C, Goh YJ, and Barrangou R. 2019. Characterization and Repurposing of Type |
and Type Il CRISPR-Cas Systems in Bacteria. J Mol Biol 431:21-33.
10.1016/j.jmb.2018.09.013

Higgins DA, Pomianek ME, Kraml CM, Taylor RK, Semmelhack MF, and Bassler BL. 2007. The
major Vibrio cholerae autoinducer and its role in virulence factor production. Nature 450:883-
886. 10.1038/nature06284

Higgs PG. 2000. RNA secondary structure: physical and computational aspects. Q Rev Biophys
33:199-253. 10.1017/50033583500003620

Hjelmeland K, StensvAG K, J@Rgensen T, and Espelid S. 1988. Isolation and characterization of a
surface layer antigen from Vibrio salmonicida. Journal of Fish Diseases 11:197-205.
https://doi.org/10.1111/].1365-2761.1988.tb00540.x

Hjerde E, Karlsen C, Sorum H, Parkhill J, Willassen NP, and Thomson NR. 2015. Co-cultivation and
transcriptome sequencing of two co-existing fish pathogens Moritella viscosa and Aliivibrio
wodanis. BMC Genomics 16:447. 10.1186/s12864-015-1669-z

Hjerde E, Lorentzen MS, Holden MT, Seeger K, Paulsen S, Bason N, Churcher C, Harris D,
Norbertczak H, Quail MA, Sanders S, Thurston S, Parkhill J, Willassen NP, and Thomson
NR. 2008. The genome sequence of the fish pathogen Aliivibrio salmonicida strain LF11238
shows extensive evidence of gene decay. BMC Genomics 9:616. 10.1186/1471-2164-9-616

Ho BT, Dong TG, and Mekalanos JJ. 2014. A view to a kill: the bacterial type VI secretion system.
Cell Host Microbe 15:9-21. 10.1016/j.chom.2013.11.008

Hoque MM, Naser 1B, Bari SM, Zhu J, Mekalanos JJ, and Farugue SM. 2016. Quorum Regulated
Resistance of Vibrio cholerae against Environmental Bacteriophages. Sci Rep 6:37956.
10.1038/srep37956

Horre R, Marklein G, and Schaal KP. 1996. Vibrio vulnificus, an emerging human pathogen. Zentralbl
Bakteriol 284:273-284. 10.1016/s0934-8840(96)80103-4

Hoyland-Kroghsbo NM, Munoz KA, and Bassler BL. 2018. Temperature, by Controlling Growth
Rate, Regulates CRISPR-Cas Activity in Pseudomonas aeruginosa. Mbio 9. doi:
10.1128/mBi0.02184-18

Hoyland-Kroghsbo NM, Paczkowski J, Mukherjee S, Broniewski J, Westra E, Bondy-Denomy J, and
Bassler BL. 2017. Quorum sensing controls the Pseudomonas aeruginosa CRISPR-Cas
adaptive immune system. Proc Natl Acad Sci U S A 114:131-135. 10.1073/pnas.1617415113

Hu X, Wang Y, Gao L, Jiang W, Lin W, Niu C, Yuan K, Ma R, and Huang Z. 2018. The Impairment
of Methyl Metabolism From luxS Mutation of Streptococcus mutans. Front Microbiol 9:404.
10.3389/fmich.2018.00404

Huang J, Zeng B, Liu D, Wu R, Zhang J, Liao B, He H, and Bian F. 2018. Classification and structural
insight into vibriolysin-like proteases of Vibrio pathogenicity. Microb Pathog 117:335-340.
10.1016/j.micpath.2018.03.002

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

Huerta-Cepas J, Szklarczyk D, Forslund K, Cook H, Heller D, Walter MC, Rattei T, Mende DR,
Sunagawa S, Kuhn M, Jensen LJ, von Mering C, and Bork P. 2016. eggNOG 4.5: a

173


https://doi.org/10.1111/j.1365-2761.1988.tb00540.x

1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055

hierarchical orthology framework with improved functional annotations for eukaryotic,
prokaryotic and viral sequences. Nucleic Acids Res 44:D0286-293. 10.1093/nar/gkv1248

Hung KH, and Stumph WE. 2011. Regulation of snRNA gene expression by the Drosophila
melanogaster small nuclear RNA activating protein complex (DmSNAPCc). Crit Rev Biochem
Mol Biol 46:11-26. 10.3109/10409238.2010.518136

Hung T, and Chang HY. 2010. Long noncoding RNA in genome regulation: prospects and
mechanisms. RNA Biol 7:582-585. 10.4161/rna.7.5.13216

Hurtado R, Carhuaricra D, Soares S, Viana MVC, Azevedo V, Maturrano L, and Aburjaile F. 2018.
Pan-genomic approach shows insight of genetic divergence and pathogenic-adaptation of
Pasteurella multocida. Gene 670:193-206. 10.1016/j.gene.2018.05.084

Inat G, Siriken B, Baskan C, Erol I, Yildirim T, and Ciftci A. 2021. Quorum sensing systems and
related virulence factors in Pseudomonas aeruginosa isolated from chicken meat and ground
beef. Sci Rep 11:15639. 10.1038/541598-021-94906-x

Iranzo J, Lobkovsky AE, Wolf Y1, and Koonin EV. 2013. Evolutionary dynamics of the prokaryotic
adaptive immunity system CRISPR-Cas in an explicit ecological context. J Bacteriol
195:3834-3844. 10.1128/JB.00412-13

Ishihara M, Kawanishi A, Watanabe H, Tomochika K, Miyoshi S, and Shinoda S. 2002. Purification
of a serine protease of Vibrio parahaemolyticus and its characterization. Microbiol Immunol
46:298-303. 10.1111/j.1348-0421.2002.th02699.x

Ishino Y, Shinagawa H, Makino K, Amemura M, and Nakata A. 1987. Nucleotide sequence of the iap
gene, responsible for alkaline phosphatase isozyme conversion in Escherichia coli, and
identification of the gene product. J Bacteriol 169:5429-5433. 10.1128/jb.169.12.5429-
5433.1987

Jackson RN, Lavin M, Carter J, and Wiedenheft B. 2014. Fitting CRISPR-associated Cas3 into the
helicase family tree. Curr Opin Struct Biol 24:106-114. 10.1016/j.sbi.2014.01.001

Jana B, and Salomon D. 2019. Type VI secretion system: a modular toolkit for bacterial dominance.
Future Microbiol 14:1451-1463. 10.2217/fmb-2019-0194

Jang IT, Yang M, Kim HJ, and Park JK. 2020. Novel Cytoplasmic Bacteriocin Compounds Derived
from Staphylococcus epidermidis Selectively Kill Staphylococcus aureus, Including
Methicillin-Resistant Staphylococcus aureus (MRSA). Pathogens 9.
10.3390/pathogens9020087

Jayaraman R. 2008. Bacterial persistence: some new insights into an old phenomenon. J Biosci
33:795-805. 10.1007/s12038-008-0099-3

Jemielita M, Wingreen NS, and Bassler BL. 2018. Quorum sensing controls Vibrio cholerae
multicellular aggregate formation. Elife 7. 10.7554/eLife.42057

Jobling MG, and Holmes RK. 1997. Characterization of hapR, a positive regulator of the Vibrio
cholerae HA/protease gene hap, and its identification as a functional homologue of the Vibrio
harveyi luxR gene. Mol Microbiol 26:1023-1034. 10.1046/j.1365-2958.1997.6402011.x

Joshi A, Kostiuk B, Rogers A, Teschler J, Pukatzki S, and Yildiz FH. 2017. Rules of Engagement:
The Type VI Secretion System in Vibrio cholerae. Trends Microbiol 25:267-279.
10.1016/j.tim.2016.12.003

Jung SA, Chapman CA, and Ng WL. 2015. Quadruple quorum-sensing inputs control Vibrio cholerae
virulence and maintain system robustness. PLoS Pathog 11:e1004837.
10.1371/journal.ppat.1004837

Kanehisa M, and Sato Y. 2020. KEGG Mapper for inferring cellular functions from protein sequences.
Protein Sci 29:28-35. 10.1002/pro0.3711

Kanehisa M, Sato Y, and Morishima K. 2016. BlastKOALA and GhostKOALA: KEGG Tools for
Functional Characterization of Genome and Metagenome Sequences. J Mol Biol 428:726-731.
10.1016/j.jmb.2015.11.006

Kang SM, Kim DH, Jin C, and Lee BJ. 2018. A Systematic Overview of Type Il and 11l Toxin-
Antitoxin Systems with a Focus on Druggability. Toxins (Basel) 10. 10.3390/toxins10120515

174



1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108

Karlsen C, Hjerde E, Klemetsen T, and Willassen NP. 2017. Pan genome and CRISPR analyses of the
bacterial fish pathogen Moritella viscosa. BMC Genomics 18:313. 10.1186/512864-017-3693-
7

Karlsen C, Vanberg C, Mikkelsen H, and Sorum H. 2014a. Co-infection of Atlantic salmon (Salmo
salar), by Moritella viscosa and Aliivibrio wodanis, development of disease and host
colonization. Veterinary Microbiology 171:112-121.

Karlsen C, Vanberg C, Mikkelsen H, and Sorum H. 2014b. Co-infection of Atlantic salmon (Salmo
salar), by Moritella viscosa and Aliivibrio wodanis, development of disease and host
colonization. Vet Microbiol 171:112-121. 10.1016/j.vetmic.2014.03.011

Kashulin A, Seredkina N, and Sorum H. 2017. Cold-water vibriosis. The current status of knowledge.
J Fish Dis 40:119-126. 10.1111/jfd.12465

Kedzierska B, and Hayes F. 2016. Emerging Roles of Toxin-Antitoxin Modules in Bacterial
Pathogenesis. Molecules 21. 10.3390/molecules21060790

Kempnich MW, and Sison-Mangus MP. 2020. Presence and abundance of bacteria with the Type VI
secretion system in a coastal environment and in the global oceans. PLoS One 15:0244217.
10.1371/journal.pone.0244217

Khider M, Hjerde E, Hansen H, and Willassen NP. 2019. Differential expression profiling of DeltalitR
and DeltarpoQ mutants reveals insight into QS regulation of motility, adhesion and biofilm
formation in Aliivibrio salmonicida. BMC Genomics 20:220. 10.1186/s12864-019-5594-4

Khider M, Willassen NP, and Hansen H. 2018. The alternative sigma factor RpoQ regulates colony
morphology, biofilm formation and motility in the fish pathogen Aliivibrio salmonicida. BMC
Microbiol 18:116. 10.1186/s12866-018-1258-9

Khrulnova SA, Baranova A, Bazhenov SV, Goryanin, 1, Konopleva MN, Maryshev 1V, Salykhova
Al, Vasilyeva AV, Manukhov 1V, and Zavilgelsky GB. 2016. Lux-operon of the marine
psychrophilic bacterium Aliivibrio logei: a comparative analysis of the LuxR1/LuxR2
regulatory activity in Escherichia coli cells. Microbiology (Reading) 162:717-724.
10.1099/mic.0.000253

Kim D, Baik KS, Hwang YS, Choi JS, Kwon J, and Seong CN. 2013. Vibrio hemicentroti sp. nov., an
alginate lyase-producing bacterium, isolated from the gut microflora of sea urchin
(Hemicentrotus pulcherrimus). Int J Syst Evol Microbiol 63:3697-3703. 10.1099/ijs.0.047951-
0

Kim HR, Rho HW, Jeong MH, Park JW, Kim JS, Park BH, Kim UH, and Park SD. 1993. Hemolytic
mechanism of cytolysin produced from V. vulnificus. Life Sci 53:571-577. 10.1016/0024-
3205(93)90714-¢

Kim Y, Wang X, Ma Q, Zhang XS, and Wood TK. 2009. Toxin-antitoxin systems in Escherichia coli
influence biofilm formation through YjgK (TabA) and fimbriae. J Bacteriol 191:1258-1267.
10.1128/jb.01465-08

Klausen M, Aaes-Jorgensen A, Molin S, and Tolker-Nielsen T. 2003. Involvement of bacterial
migration in the development of complex multicellular structures in Pseudomonas aeruginosa
biofilms. Mol Microbiol 50:61-68. 10.1046/j.1365-2958.2003.03677.x

Klemetsen T, Karlsen CR, and Willassen NP. 2021. Phylogenetic Revision of the Genus Aliivibrio:
Intra- and Inter-Species Variance Among Clusters Suggest a Wider Diversity of Species.
Front Microbiol 12:626759. 10.3389/fmich.2021.626759

Kokou F, Sasson G, Nitzan T, Doron-Faigenboim A, Harpaz S, Cnaani A, and Mizrahi I. 2018. Host
genetic selection for cold tolerance shapes microbiome composition and modulates its
response to temperature. Elife 7. 10.7554/eLife.36398

Kong KF, Jayawardena SR, Indulkar SD, Del Puerto A, Koh CL, Hoiby N, and Mathee K. 2005.
Pseudomonas aeruginosa AmpR is a global transcriptional factor that regulates expression of
AmpC and PoxB beta-lactamases, proteases, quorum sensing, and other virulence factors.
Antimicrob Agents Chemother 49:4567-4575. 10.1128/AAC.49.11.4567-4575.2005

Konopleva MN, Khrulnova SA, Baranova A, Ekimov LV, Bazhenov SV, Goryanin, Il, and Manukhov
IV. 2016. A combination of luxR1 and luxR2 genes activates Pr-promoters of psychrophilic
Aliivibrio logei lux-operon independently of chaperonin GroEL/ES and protease Lon at high

175



1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161

concentrations of autoinducer. Biochem Biophys Res Commun 473:1158-1162.
10.1016/j.bbrc.2016.04.032

Konstantinidis KT, and Tiedje JM. 2005. Genomic insights that advance the species definition for
prokaryotes. Proc Natl Acad Sci U S A 102:2567-2572. 10.1073/pnas.0409727102

Koo Y, Ka D, Kim EJ, Suh N, and Bae E. 2013. Conservation and variability in the structure and
function of the Cas5d endoribonuclease in the CRISPR-mediated microbial immune system. J
Mol Biol 425:3799-3810. 10.1016/j.jmb.2013.02.032

Koonin EV, Makarova KS, and Zhang F. 2017. Diversity, classification and evolution of CRISPR-Cas
systems. Curr Opin Microbiol 37:67-78. 10.1016/j.mib.2017.05.008

Kozlova EV, Popov VL, Sha J, Foltz SM, Erova TE, Agar SL, Horneman AJ, and Chopra AK. 2008.
Mutation in the S-ribosylhomocysteinase (luxS) gene involved in quorum sensing affects
biofilm formation and virulence in a clinical isolate of Aeromonas hydrophila. Microb Pathog
45:343-354. 10.1016/j.micpath.2008.08.007

Kung VL, Ozer EA, and Hauser AR. 2010. The accessory genome of Pseudomonas aeruginosa.
Microbiol Mol Biol Rev 74:621-641. 10.1128/MMBR.00027-10

Lages MA, Balado M, and Lemos ML. 2019. The Expression of Virulence Factors in Vibrio
anguillarum Is Dually Regulated by Iron Levels and Temperature. Front Microbiol 10:2335.
10.3389/fmicbh.2019.02335

Larsen T, Petersen BO, Storgaard BG, Duus JO, Palcic MM, and Leisner JJ. 2011. Characterization of
a novel Salmonella Typhimurium chitinase which hydrolyzes chitin, chitooligosaccharides and
an N-acetyllactosamine conjugate. Glycobiology 21:426-436. 10.1093/glycob/cwql74

Lawrence JG. 2005. Horizontal and vertical gene transfer: the life history of pathogens. Contrib
Microbiol 12:255-271. 10.1159/000081699

Lee BC, Choi SH, and Kim TS. 2008. Vibrio vulnificus RTX toxin plays an important role in the
apoptotic death of human intestinal epithelial cells exposed to Vibrio vulnificus. Microbes
Infect 10:1504-1513. 10.1016/j.micinf.2008.09.006

Lee JC, and Gutell RR. 2004. Diversity of base-pair conformations and their occurrence in rRNA
structure and RNA structural motifs. J Mol Biol 344:1225-1249. 10.1016/j.jmb.2004.09.072

Lee JH, Rho JB, Park KJ, Kim CB, Han YS, Choi SH, Lee KH, and Park SJ. 2004. Role of flagellum
and motility in pathogenesis of Vibrio vulnificus. Infect Immun 72:4905-4910.
10.1128/1A1.72.8.4905-4910.2004

Lemoine F, Correia D, Lefort V, Doppelt-Azeroual O, Mareuil F, Cohen-Boulakia S, and Gascuel O.
2019. NGPhylogeny.fr: new generation phylogenetic services for non-specialists. Nucleic
Acids Research 47:W260-W265. 10.1093/nar/gkz303

Lenz DH, Mok KC, Lilley BN, Kulkarni RV, Wingreen NS, and Bassler BL. 2004. The small RNA
chaperone Hfg and multiple small RNAs control quorum sensing in Vibrio harveyi and Vibrio
cholerae. Cell 118:69-82. 10.1016/j.cell.2004.06.009

Lertpiriyapong K, Gamazon ER, Feng Y, Park DS, Pang J, Botka G, Graffam ME, Ge Z, and Fox JG.
2012. Campylobacter jejuni type VI secretion system: roles in adaptation to deoxycholic acid,
host cell adherence, invasion, and in vivo colonization. PLoS One 7:e42842.
10.1371/journal.pone.0042842

Leung KY, Siame BA, Snowball H, and Mok YK. 2011. Type VI secretion regulation: crosstalk and
intracellular communication. Curr Opin Microbiol 14:9-15. 10.1016/j.mib.2010.09.017

Levanova GF, and Blokhina IN. 1976. Taxonomy of the family Vibrionaceae considered with respect
to data on the primary structure of deoxyribonucleic acid. J Hyg Epidemiol Microbiol
Immunol 21:371-373.

Lewenza S, and Sokol PA. 2001. Regulation of ornibactin biosynthesis and N-acyl-L-homoserine
lactone production by CepR in Burkholderia cepacia. J Bacteriol 183:2212-2218.
10.1128/JB.183.7.2212-2218.2001

Li L, Wong HC, Nong W, Cheung MK, Law PT, Kam KM, and Kwan HS. 2014. Comparative
genomic analysis of clinical and environmental strains provides insight into the pathogenicity
and evolution of Vibrio parahaemolyticus. BMC Genomics 15:1135. 10.1186/1471-2164-15-
1135

176



1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212

Li Y, and Bondy-Denomy J. 2021. Anti-CRISPRs go viral: The infection biology of CRISPR-Cas
inhibitors. Cell Host Microbe 29:704-714. 10.1016/j.chom.2020.12.007

Liang X, Moore R, Wilton M, Wong MJ, Lam L, and Dong TG. 2015. Identification of divergent type
VI secretion effectors using a conserved chaperone domain. Proc Natl Acad Sci U S A
112:9106-9111. 10.1073/pnas.1505317112

Lin J, Meng Y, Shi Y, and Lin X. 2019. Complete Genome Sequences of Colwellia sp. Arc7-635, a
Denitrifying Bacterium Isolated from Arctic Seawater. Curr Microbiol 76:1061-1065.
10.1007/s00284-019-01714-8

Lin J, Zhang W, Cheng J, Yang X, Zhu K, Wang Y, Wei G, Qian PY, Luo ZQ, and Shen X. 2017. A
Pseudomonas T6SS effector recruits PQS-containing outer membrane vesicles for iron
acquisition. Nat Commun 8:14888. 10.1038/ncomms14888

Liu B, Zheng D, Zhou S, Chen L, and Yang J. 2022. VFDB 2022: a general classification scheme for
bacterial virulence factors. Nucleic Acids Res 50:0912-D917. 10.1093/nar/gkab1107

Liu X, Pan J, Gao H, Han Y, Zhang A, Huang Y, Liu P, Kan B, and Liang W. 2021. CqsA/LuxS-
HapR Quorum sensing circuit modulates type V1 secretion system V fl T6SS2 in Vibrio
fluvialis. Emerg Microbes Infect 10:589-601. 10.1080/22221751.2021.1902244

Livingstone PG, Morphew RM, and Whitworth DE. 2018. Genome Sequencing and Pan-Genome
Analysis of 23 Corallococcus spp. Strains Reveal Unexpected Diversity, With Particular
Plasticity of Predatory Gene Sets. Frontiers in Microbiology 9:3187.
10.3389/fmicb.2018.03187

Loenen WA, and Raleigh EA. 2014. The other face of restriction: modification-dependent enzymes.
Nucleic Acids Res 42:56-69. 10.1093/nar/gkt747

Lopatina A, Medvedeva S, Artamonova D, Kolesnik M, Sitnik V, Ispolatov Y, and Severinov K.
2019. Natural diversity of CRISPR spacers of Thermus: evidence of local spacer acquisition
and global spacer exchange. Philos Trans R Soc Lond B Biol Sci 374:20180092.
10.1098/rsth.2018.0092

Louwen R, Staals RH, Endtz HP, van Baarlen P, and van der Oost J. 2014. The role of CRISPR-Cas
systems in virulence of pathogenic bacteria. Microbiol Mol Biol Rev 78:74-88.
10.1128/MMBR.00039-13

Lugli GA, Milani C, Turroni F, Duranti S, Ferrario C, Viappiani A, Mancabelli L, Mangifesta M,
Taminiau B, Delcenserie V, van Sinderen D, and Ventura M. 2014. Investigation of the
evolutionary development of the genus Bifidobacterium by comparative genomics. Appl
Environ Microbiol 80:6383-6394. 10.1128/AEM.02004-14

Lunder T, Evensen @, Holstad G, and Hastein T. 1995a. Winter Ulcer in the Atlantic Salmon Salmo
Salar - Pathological and Bacteriological Investigations and Transmission Experiments.
Diseases of Agquatic Organisms 23:39-49.

Lunder T, Eversen @, Holstad G, and Hastein T. 1995b. 'Winter ulcer' in the Atlantic salmon Salmo
salar. Pathological and bacteriological investigations and transmission experiments. Diseases
of Aquatic Organisms 23:39-49. 10.3354/da0023039

Lunder T, Sorum H, Holstad G, Steigerwalt AG, Mowinckel P, and Brenner DJ. 2000. Phenotypic and
genotypic characterization of Vibrio viscosus sp. nov. and Vibrio wodanis sp. nov. isolated
from Atlantic salmon (Salmo salar) with 'winter ulcer'. Int J Syst Evol Microbiol 50 Pt 2:427-
450. 10.1099/00207713-50-2-427

Lupp C, and Ruby EG. 2004. Vibrio fischeri LuxS and AinS: comparative study of two signal
synthases. J Bacteriol 186:3873-3881. 10.1128/JB.186.12.3873-3881.2004

Lupp C, and Ruby EG. 2005. Vibrio fischeri uses two quorum-sensing systems for the regulation of
early and late colonization factors. J Bacteriol 187:3620-3629. 10.1128/JB.187.11.3620-
3629.2005

Lupp C, Urbanowski M, Greenberg EP, and Ruby EG. 2003. The Vibrio fischeri quorum-sensing
systems ain and lux sequentially induce luminescence gene expression and are important for
persistence in the squid host. Molecular Microbiology 50:319-331.

177



1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264

Lyell NL, Colton DM, Bose JL, Tumen-Velasquez MP, Kimbrough JH, and Stabb EV. 2013. Cyclic
AMP Receptor Protein Regulates Pheromone-Mediated Bioluminescence at Multiple Levels
in Vibrio fischeri ES114. Journal of Bacteriology 195:5051-5063.

Maharajan A, Hansen H, Khider M, and Willassen N. 2021. Quorum sensing in Aliivibrio wodanis
06/09/139 and its role in controlling various phenotypic traits. PeerJ 9. 10.7717/peerj.11980

Maharajan AD, Hjerde E, Hansen H, and Willassen NP. 2022. Quorum Sensing Controls the CRISPR
and Type VI Secretion Systems in Aliivibrio wodanis 06/09/139. Frontiers in veterinary
science 9:799414-799414. 10.3389/fvets.2022.799414

Maistrenko OM, Mende DR, Luetge M, Hildebrand F, Schmidt TSB, Li SS, Rodrigues JFM, von
Mering C, Pedro Coelho L, Huerta-Cepas J, Sunagawa S, and Bork P. 2020. Disentangling the
impact of environmental and phylogenetic constraints on prokaryotic within-species diversity.
ISME J 14:1247-1259. 10.1038/541396-020-0600-z

Majerczyk C, Schneider E, and Greenberg EP. 2016. Quorum sensing control of Type VI secretion
factors restricts the proliferation of quorum-sensing mutants. Elife 5. 10.7554/eLife.14712

Makarova KS, Haft DH, Barrangou R, Brouns SJ, Charpentier E, Horvath P, Moineau S, Mojica FJ,
Wolf Y|, Yakunin AF, van der Oost J, and Koonin EV. 2011. Evolution and classification of
the CRISPR-Cas systems. Nat Rev Microbiol 9:467-477. 10.1038/nrmicro2577

Makarova KS, Wolf Y1, Iranzo J, Shmakov SA, Alkhnbashi OS, Brouns SJJ, Charpentier E, Cheng D,
Haft DH, Horvath P, Moineau S, Mojica FIM, Scott D, Shah SA, Siksnys V, Terns MP,
Venclovas C, White MF, Yakunin AF, Yan W, Zhang F, Garrett RA, Backofen R, van der
Oost J, Barrangou R, and Koonin EV. 2020. Evolutionary classification of CRISPR-Cas
systems: a burst of class 2 and derived variants. Nat Rev Microbiol 18:67-83. 10.1038/s41579-
019-0299-x

Manukhov 1V, Khrul'nova SA, Baranova A, and Zavilgelsky GB. 2011. Comparative analysis of the
lux operons in Aliivibrio logei KCh1 (a Kamchatka Isolate) and Aliivibrio salmonicida. J
Bacteriol 193:3998-4001. 10.1128/JB.05320-11

Marden JN, McClure EA, Beka L, and Graf J. 2016. Host Matters: Medicinal Leech Digestive-Tract
Symbionts and Their Pathogenic Potential. Front Microbiol 7:1569.
10.3389/fmicb.2016.01569

Mardis ER. 2008. The impact of next-generation sequencing technology on genetics. Trends Genet
24:133-141. 10.1016/j.tig.2007.12.007

McCarter LL. 1998. OpaR, a homolog of Vibrio harveyi LuxR, controls opacity of Vibrio
parahaemolyticus. J Bacteriol 180:3166-3173. 10.1128/JB.180.12.3166-3173.1998

McDonald ND, Regmi A, Morreale DP, Borowski JD, and Boyd EF. 2019. CRISPR-Cas systems are
present predominantly on mobile genetic elements in Vibrio species. BMC Genomics 20:105.
10.1186/512864-019-5439-1

McGinn J, and Marraffini LA. 2019. Molecular mechanisms of CRISPR-Cas spacer acquisition. Nat
Rev Microbiol 17:7-12. 10.1038/s41579-018-0071-7

McNally A, Oren 'Y, Kelly D, Pascoe B, Dunn S, Sreecharan T, Vehkala M, Valimaki N, Prentice
MB, Ashour A, Avram O, Pupko T, Dobrindt U, Literak I, Guenther S, Schaufler K, Wieler
LH, Zhiyong Z, Sheppard SK, Mclnerney JO, and Corander J. 2016. Combined Analysis of
Variation in Core, Accessory and Regulatory Genome Regions Provides a Super-Resolution
View into the Evolution of Bacterial Populations. PLoS Genet 12:¢1006280.
10.1371/journal.pgen.1006280

McRose DL, Baars O, Seyedsayamdost MR, and Morel FMM. 2018. Quorum sensing and iron
regulate a two-for-one siderophore gene cluster in Vibrio harveyi. Proc Natl Acad Sci U S A
115:7581-7586. 10.1073/pnas.1805791115

Medini D, Donati C, Tettelin H, Masignani V, and Rappuoli R. 2005. The microbial pan-genome.
Curr Opin Genet Dev 15:589-594. 10.1016/j.gde.2005.09.006

Melkina OE, Goryanin, Il, Bazhenov SV, Manukhov IV, and Zavilgelsky GB. 2019. Comparative
analysis of Aliivibrio logei luxR1 and luxR2 genes regulation in Escherichia coli cells. Arch
Microbiol 201:1415-1425. 10.1007/s00203-019-01691-3

178



1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316

Mey AR, Wyckoff EE, Oglesby AG, Rab E, Taylor RK, and Payne SM. 2002. Identification of the
Vibrio cholerae enterobactin receptors VctA and IrgA: IrgA is not required for virulence.
Infect Immun 70:3419-3426. 10.1128/1A1.70.7.3419-3426.2002

Miethke M, and Marahiel MA. 2007. Siderophore-based iron acquisition and pathogen control.
Microbiol Mol Biol Rev 71:413-451. 10.1128/mmbr.00012-07

Miller MB, Skorupski K, Lenz DH, Taylor RK, and Bassler BL. 2002. Parallel quorum sensing
systems converge to regulate virulence in Vibrio cholerae. Cell 110:303-314. 10.1016/s0092-
8674(02)00829-2

Milton DL. 2006. Quorum sensing in vibrios: complexity for diversification. Int J Med Microbiol
296:61-71. 10.1016/j.ijmm.2006.01.044

Miyashiro T, Wollenberg MS, Cao X, Oehlert D, and Ruby EG. 2010. A single qrr gene is necessary
and sufficient for LuxO-mediated regulation in Vibrio fischeri. Mol Microbiol 77:1556-1567.
10.1111/j.1365-2958.2010.07309.x

Mojica FJ, Diez-Villasenor C, Garcia-Martinez J, and Soria E. 2005. Intervening sequences of
regularly spaced prokaryotic repeats derive from foreign genetic elements. J Mol Evol 60:174-
182. 10.1007/s00239-004-0046-3

Mougous JD, Cuff ME, Raunser S, Shen A, Zhou M, Gifford CA, Goodman AL, Joachimiak G,
Ordonez CL, Lory S, Walz T, Joachimiak A, and Mekalanos JJ. 2006. A virulence locus of
Pseudomonas aeruginosa encodes a protein secretion apparatus. Science 312:1526-1530.
10.1126/science.1128393

Myhr E, Larsen JL, Lillehaug A, Gudding R, Heum M, and Hastein T. 1991. Characterization of
Vibrio anguillarum and closely related species isolated from farmed fish in Norway. Appl
Environ Microbiol 57:2750-2757. 10.1128/aem.57.9.2750-2757.1991

Nahar S, Sultana M, Naser MN, Nair GB, Watanabe H, Ohnishi M, Yamamoto S, Endtz H, Cravioto
A, Sack RB, Hasan NA, Sadique A, Hug A, Colwell RR, and Alam M. 2011. Role of Shrimp
Chitin in the Ecology of Toxigenic Vibrio cholerae and Cholera Transmission. Front
Microbiol 2:260. 10.3389/fmicb.2011.00260

Naka H, and Crosa JH. 2011. Genetic Determinants of Virulence in the Marine Fish Pathogen Vibrio
anguillarum. Fish Pathol 46:1-10. 10.3147/jsfp.46.1

Naka H, and Crosa JH. 2012. Identification and characterization of a novel outer membrane protein
receptor FetA for ferric enterobactin transport in Vibrio anguillarum 775 (pJM1). Biometals
25:125-133. 10.1007/s10534-011-9488-4

Nathamuni S, Jangam AK, Katneni VK, Selvaraj A, Krishnan K, Kumar S, Avunje S,
Balasubramaniam S, Grover M, Alavandi SV, and Koyadan VK. 2019. Insights on genomic
diversity of Vibrio spp. through Pan-genome analysis. Annals of Microbiology 69:1547-1555.
10.1007/s13213-019-01539-7

Natrah FM, Ruwandeepika HA, Pawar S, Karunasagar I, Sorgeloos P, Bossier P, and Defoirdt T.
2011. Regulation of virulence factors by quorum sensing in Vibrio harveyi. Vet Microbiol
154:124-129. 10.1016/j.vetmic.2011.06.024

Needleman SB, and Wunsch CD. 1970. A general method applicable to the search for similarities in
the amino acid sequence of two proteins. J Mol Biol 48:443-453. 10.1016/0022-
2836(70)90057-4

Nelson EJ, Tunsjo HS, Fidopiastis PM, Sorum H, and Ruby EG. 2007. A novel lux operon in the
cryptically bioluminescent fish pathogen Vibrio salmonicida is associated with virulence. Appl
Environ Microbiol 73:1825-1833. 10.1128/AEM.02255-06

Ng WL, Perez LJ, Wei Y, Kraml C, Semmelhack MF, and Bassler BL. 2011. Signal production and
detection specificity in Vibrio CqsA/CgsS quorum-sensing systems. Mol Microbiol 79:1407-
1417.10.1111/j.1365-2958.2011.07548.x

Nicolson JT, and Dodge P. 1995. Cold water vibriosis in Shetland salmon. Vet Rec 137:444.
10.1136/vr.137.17.444-c

Nielsen AT, Dolganov NA, Otto G, Miller MC, Wu CY, and Schoolnik GK. 2006. RpoS controls the
Vibrio cholerae mucosal escape response. PLoS Pathog 2:e109. 10.1371/journal.ppat.0020109

179



1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369

Nijvipakul S, Wongratana J, Suadee C, Entsch B, Ballou DP, and Chaiyen P. 2008. LuxG is a
functioning flavin reductase for bacterial luminescence. J Bacteriol 190:1531-1538.
10.1128/JB.01660-07

Nishikino T, Hijikata A, Miyanoiri Y, Onoue Y, Kojima S, Shirai T, and Homma M. 2018. Rotational
direction of flagellar motor from the conformation of FIiG middle domain in marine Vibrio.
Sci Rep 8:17793. 10.1038/s41598-018-35902-6

Niu C, Yu D, Wang Y, Ren H, Jin Y, Zhou W, Li B, Cheng Y, Yue J, Gao Z, and Liang L. 2013.
Common and pathogen-specific virulence factors are different in function and structure.
Virulence 4:473-482. 10.4161/viru.25730

Norstebo SF, Paulshus E, Bjelland AM, and Sorum H. 2017. A unique role of flagellar function in
Aliivibrio salmonicida pathogenicity not related to bacterial motility in aquatic environments.
Microb Pathog 109:263-273. 10.1016/j.micpath.2017.06.008

Ogura T, and Hiraga S. 1983. Mini-F plasmid genes that couple host cell division to plasmid
proliferation. Proc Natl Acad Sci U S A 80:4784-4788. 10.1073/pnas.80.15.4784

Okada K, lida T, Kita-Tsukamoto K, and Honda T. 2005. Vibrios commonly possess two
chromosomes. J Bacteriol 187:752-757. 10.1128/JB.187.2.752-757.2005

Okazaki Y, Furuno M, Kasukawa T, Adachi J, Bono H, Kondo S, Nikaido I, Osato N, Saito R, Suzuki
H, Yamanaka I, Kiyosawa H, Yagi K, Tomaru Y, Hasegawa Y, Nogami A, Schonbach C,
Gojobori T, Baldarelli R, Hill DP, Bult C, Hume DA, Quackenbush J, Schriml LM, Kanapin
A, Matsuda H, Batalov S, Beisel KW, Blake JA, Bradt D, Brusic V, Chothia C, Corbani LE,
Cousins S, Dalla E, Dragani TA, Fletcher CF, Forrest A, Frazer KS, Gaasterland T, Gariboldi
M, Gissi C, Godzik A, Gough J, Grimmond S, Gustincich S, Hirokawa N, Jackson 1J, Jarvis
ED, Kanai A, Kawaji H, Kawasawa Y, Kedzierski RM, King BL, Konagaya A, Kurochkin IV,
Lee Y, Lenhard B, Lyons PA, Maglott DR, Maltais L, Marchionni L, McKenzie L, Miki H,
Nagashima T, Numata K, Okido T, Pavan WJ, Pertea G, Pesole G, Petrovsky N, Pillai R,
Pontius JU, Qi D, Ramachandran S, Ravasi T, Reed JC, Reed DJ, Reid J, Ring BZ, Ringwald
M, Sandelin A, Schneider C, Semple CA, Setou M, Shimada K, Sultana R, Takenaka Y,
Taylor MS, Teasdale RD, Tomita M, Verardo R, Wagner L, Wahlestedt C, Wang Y,
Watanabe Y, Wells C, Wilming LG, Wynshaw-Boris A, Yanagisawa M, Yang |, Yang L,
Yuan Z, Zavolan M, Zhu Y, Zimmer A, Carninci P, Hayatsu N, Hirozane-Kishikawa T,
Konno H, Nakamura M, Sakazume N, Sato K, Shiraki T, Waki K, Kawai J, Aizawa K,
Arakawa T, Fukuda S, Hara A, Hashizume W, Imotani K, Ishii Y, Itoh M, Kagawa I,
Miyazaki A, Sakai K, Sasaki D, Shibata K, Shinagawa A, Yasunishi A, Yoshino M,
Waterston R, Lander ES, Rogers J, Birney E, Hayashizaki Y, Consortium F, | RGERGP, and
Team Il. 2002. Analysis of the mouse transcriptome based on functional annotation of 60,770
full-length cDNAs. Nature 420:563-573. 10.1038/nature01266

Olsen AB, Nilsen H, Sandlund N, Mikkelsen H, Sorum H, and Colquhoun DJ. 2011. Tenacibaculum
sp. associated with winter ulcers in sea-reared Atlantic salmon Salmo salar. Dis Aquat Organ
94:189-199. 10.3354/da002324

Onohuean H, Agwu E, and Nwodo UU. 2022. Systematic review and meta-analysis of environmental
Vibrio species - antibiotic resistance. Heliyon 8:e08845. 10.1016/j.heliyon.2022.e08845

Osbourn A. 2010. Gene clusters for secondary metabolic pathways: an emerging theme in plant
biology. Plant Physiol 154:531-535. 10.1104/pp.110.161315

Osei-Adjei G, Huang X, and Zhang Y. 2018. The extracellular proteases produced by Vibrio
parahaemolyticus. World J Microbiol Biotechnol 34:68. 10.1007/s11274-018-2453-4

Ozer EA. 2018. ClustAGE: a tool for clustering and distribution analysis of bacterial accessory
genomic elements. BMC Bioinformatics 19:150. 10.1186/s12859-018-2154-x

Ozer EA, Allen JP, and Hauser AR. 2014. Characterization of the core and accessory genomes of
Pseudomonas aeruginosa using bioinformatic tools Spine and AGEnt. BMC Genomics
15:737.10.1186/1471-2164-15-737

Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, Holden MT, Fookes M, Falush D, Keane JA,
and Parkhill J. 2015. Roary: rapid large-scale prokaryote pan genome analysis. Bioinformatics
31:3691-3693. 10.1093/bioinformatics/btv421

180



1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422

Pan J, Zhao M, Huang Y, Li J, Liu X, Ren Z, Kan B, and Liang W. 2018. Integration Host Factor
Modulates the Expression and Function of T6SS2 in Vibrio fluvialis. Front Microbiol 9:962.
10.3389/fmich.2018.00962

Paparini A, Santoni D, and Romano Spica V. 2006. Bioinformatics and microbial biodiversity:
analysis of vibrios by the GenEnv system. J Prev Med Hyg 47:100-104.

Parsek MR, Val DL, Hanzelka BL, Cronan JE, Jr., and Greenberg EP. 1999. Acyl homoserine-lactone
guorum-sensing signal generation. Proc Natl Acad Sci U S A 96:4360-4365.
10.1073/pnas.96.8.4360

Patterson AG, Jackson SA, Taylor C, Evans GB, Salmond GPC, Przybilski R, Staals RHJ, and Fineran
PC. 2016. Quorum Sensing Controls Adaptive Immunity through the Regulation of Multiple
CRISPR-Cas Systems. Mol Cell 64:1102-1108. 10.1016/j.molcel.2016.11.012

Payne SM, Mey AR, and Wyckoff EE. 2016. Vibrio Iron Transport: Evolutionary Adaptation to Life
in Multiple Environments. Microbiol Mol Biol Rev 80:69-90. 10.1128/MMBR.00046-15

Pedersen K, Gram L, Austin DA, and Austin B. 1997. Pathogenicity of Vibrio anguillarum serogroup
01 strains compared to plasmids, outer membrane protein profiles and siderophore
production. J Appl Microbiol 82:365-371. 10.1046/j.1365-2672.1997.00373.X

Pena RT, Blasco L, Ambroa A, Gonzéalez-Pedrajo B, Fernandez-Garcia L, Lopez M, Bleriot |, Bou G,
Garcia-Contreras R, Wood TK, and Toméas M. 2019. Relationship Between Quorum Sensing
and Secretion Systems. Front Microbiol 10:1100. 10.3389/fmicb.2019.01100

Peng Y, Wang X, Shou J, Zong B, Zhang Y, Tan J, Chen J, Hu L, Zhu Y, Chen H, and Tan C. 2016.
Roles of Hcp family proteins in the pathogenesis of the porcine extraintestinal pathogenic
Escherichia coli type VI secretion system. Sci Rep 6:26816. 10.1038/srep26816

Petkau A, Mabon P, Sieffert C, Knox NC, Cabral J, Iskander M, Iskander M, Weedmark K, Zaheer R,
Katz LS, Nadon C, Reimer A, Taboada E, Beiko RG, Hsiao W, Brinkman F, Graham M, and
Van Domselaar G. 2017. SNVPhyl: a single nucleotide variant phylogenomics pipeline for
microbial genomic epidemiology. Microb Genom 3:6000116. 10.1099/mgen.0.000116

Pham VD, Shebelut CW, Diodati ME, Bull CT, and Singer M. 2005. Mutations affecting predation
ability of the soil bacterium Myxococcus xanthus. Microbiology (Reading) 151:1865-1874.
10.1099/mic.0.27824-0

Pukatzki S, Ma AT, Revel AT, Sturtevant D, and Mekalanos JJ. 2007a. Type VI secretion system
translocates a phage tail spike-like protein into target cells where it cross-links actin.
Proceedings of the National Academy of Sciences 104:15508-15513.
10.1073/pnas.0706532104

Pukatzki S, Ma AT, Revel AT, Sturtevant D, and Mekalanos JJ. 2007b. Type VI secretion system
translocates a phage tail spike-like protein into target cells where it cross-links actin. Proc
Natl Acad Sci U S A 104:15508-15513. 10.1073/pnas.0706532104

Pukatzki S, Ma AT, Sturtevant D, Krastins B, Sarracino D, Nelson WC, Heidelberg JF, and
Mekalanos JJ. 2006. Identification of a conserved bacterial protein secretion system in Vibrio
cholerae using the Dictyostelium host model system. Proc Natl Acad Sci U S A 103:1528-
1533. 10.1073/pnas.0510322103

Purohit AA, Johansen JA, Hansen H, Leiros HK, Kashulin A, Karlsen C, Smalas A, Haugen P, and
Willassen NP. 2013. Presence of acyl-homoserine lactones in 57 members of the
Vibrionaceae family. J Appl Microbiol 115:835-847. 10.1111/jam.12264

Rambow-Larsen AA, Rajashekara G, Petersen E, and Splitter G. 2008. Putative quorum-sensing
regulator BIXR of Brucella melitensis regulates virulence factors including the type IV
secretion system and flagella. J Bacteriol 190:3274-3282. 10.1128/JB.01915-07

Raszl SM, Froelich BA, Vieira CR, Blackwood AD, and Noble RT. 2016. Vibrio parahaemolyticus
and Vibrio vulnificus in South America: water, seafood and human infections. J Appl
Microbiol 121:1201-1222. 10.1111/jam.13246

Rathore AS, and Gupta RD. 2015. Chitinases from Bacteria to Human: Properties, Applications, and
Future Perspectives. Enzyme Res 2015:791907. 10.1155/2015/791907

Ray VA, Morris AR, and Visick KL. 2012. A semi-quantitative approach to assess biofilm formation
using wrinkled colony development. J Vis Exp:e4035. 10.3791/4035

181



1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474

Reen FJ, Almagro-Moreno S, Ussery D, and Boyd EF. 2006. The genomic code: inferring
Vibrionaceae niche specialization. Nat Rev Microbiol 4:697-704. 10.1038/nrmicrol476

Reidl J, and Klose KE. 2002. Vibrio cholerae and cholera: out of the water and into the host. FEMS
Microbiol Rev 26:125-139. 10.1111/j.1574-6976.2002.tb00605.x

Reis AC, and Cunha MV. 2021. The open pan-genome architecture and virulence landscape of
Mycobacterium bovis. Microb Genom 7. 10.1099/mgen.0.000664

Rendueles O, and Ghigo JM. 2012. Multi-species biofilms: how to avoid unfriendly neighbors. FEMS
Microbiol Rev 36:972-989. 10.1111/j.1574-6976.2012.00328.x

Rodrigues S, Paillard C, Van Dillen S, Tahrioui A, Berjeaud J-M, Dufour A, and Bazire A. 2018.
Relation between Biofilm and Virulence in Vibrio tapetis: A Transcriptomic Study. Pathogens
(Basel, Switzerland) 7:92. 10.3390/pathogens7040092

Rollins MF, Chowdhury S, Carter J, Golden SM, Wilkinson RA, Bondy-Denomy J, Lander GC, and
Wiedenheft B. 2017. Casl and the Csy complex are opposing regulators of Cas2/3 nuclease
activity. Proc Natl Acad Sci U S A 114:E5113-E5121. 10.1073/pnas.1616395114

Rubin GM, Yandell MD, Wortman JR, Gabor Miklos GL, Nelson CR, Hariharan IK, Fortini ME, Li
PW, Apweiler R, Fleischmann W, Cherry JM, Henikoff S, Skupski MP, Misra S, Ashburner
M, Birney E, Boguski MS, Brody T, Brokstein P, Celniker SE, Chervitz SA, Coates D,
Cravchik A, Gabrielian A, Galle RF, Gelbart WM, George RA, Goldstein LS, Gong F, Guan
P, Harris NL, Hay BA, Hoskins RA, Li J, Li Z, Hynes RO, Jones SJ, Kuehl PM, Lemaitre B,
Littleton JT, Morrison DK, Mungall C, O'Farrell PH, Pickeral OK, Shue C, Vosshall LB,
Zhang J, Zhao Q, Zheng XH, and Lewis S. 2000. Comparative genomics of the eukaryotes.
Science 287:2204-2215. 10.1126/science.287.5461.2204

Ruby EG, and Lee KH. 1998. The Vibrio fischeri-Euprymna scolopes Light Organ Association:
Current Ecological Paradigms. Appl Environ Microbiol 64:805-812. 10.1128/AEM.64.3.805-
812.1998

Rui H, Liu Q, Ma Y, Wang Q, and Zhang Y. 2008. Roles of LuxR in regulating extracellular alkaline
serine protease A, extracellular polysaccharide and mobility of Vibrio alginolyticus. FEMS
Microbiol Lett 285:155-162. 10.1111/j.1574-6968.2008.01185.x

Rutherford ST, van Kessel JC, Shao Y, and Bassler BL. 2011. AphA and LuxR/HapR reciprocally
control quorum sensing in vibrios. Genes Dev 25:397-408. 10.1101/gad.2015011

Sakuragi Y, and Kolter R. 2007. Quorum-sensing regulation of the biofilm matrix genes (pel) of
Pseudomonas aeruginosa. J Bacteriol 189:5383-5386. 10.1128/JB.00137-07

Salomon D, Gonzalez H, Updegraff BL, and Orth K. 2013. Vibrio parahaemolyticus type VI secretion
system 1 is activated in marine conditions to target bacteria, and is differentially regulated
from system 2. PLoS One 8:¢61086. 10.1371/journal.pone.0061086

Salte R, RARvik KA, Reed E, and Norberg K. 1994. Winter ulcers of the skin in Atlantic salmon,
Salmo salar L.: pathogenesis and possible aetiology. Journal of Fish Diseases 17:661-665.
https://doi.org/10.1111/j.1365-2761.1994.tb00265.x

Sampson TR, Saroj SD, Llewellyn AC, Tzeng YL, and Weiss DS. 2019. Author Correction: A
CRISPR/Cas system mediates bacterial innate immune evasion and virulence. Nature
570:E30-E31. 10.1038/541586-019-1253-9

Sana TG, Hachani A, Bucior I, Soscia C, Garvis S, Termine E, Engel J, Filloux A, and Bleves S. 2012.
The second type VI secretion system of Pseudomonas aeruginosa strain PAOL is regulated by
qguorum sensing and Fur and modulates internalization in epithelial cells. J Biol Chem
287:27095-27105. 10.1074/jbc.M112.376368

Sandy M, and Butler A. 2009. Microbial iron acquisition: marine and terrestrial siderophores. Chem
Rev 109:4580-4595. 10.1021/cr9002787

Santos MNM, Cho ST, Wu CF, Chang CJ, Kuo CH, and Lai EM. 2019. Redundancy and Specificity
of Type VI Secretion vgrG Loci in Antibacterial Activity of Agrobacterium tumefaciens
1D1609 Strain. Front Microbiol 10:3004. 10.3389/fmicb.2019.03004

Sawabe T, Kita-Tsukamoto K, and Thompson FL. 2007. Inferring the evolutionary history of vibrios
by means of multilocus sequence analysis. J Bacteriol 189:7932-7936. 10.1128/JB.00693-07

182


https://doi.org/10.1111/j.1365-2761.1994.tb00265.x

1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527

Sawabe T, Ogura Y, Matsumura Y, Feng G, Amin AK, Mino S, Nakagawa S, Sawabe T, Kumar R,
Fukui Y, Satomi M, Matsushima R, Thompson FL, Gomez Gil B, Christen R, Maruyama F,
Kurokawa K, and Hayashi T. 2014. Corrigendum: Updating the Vibrio clades defined by
multilocus sequence phylogeny: proposal of eight new clades, and the description of Vibrio
tritonius sp. nov. Front Microbiol 5:583. 10.3389/fmicbh.2014.00583

Schauder S, Shokat K, Surette MG, and Bassler BL. 2001. The LuxS family of bacterial autoinducers:
biosynthesis of a novel quorum-sensing signal molecule. Mol Microbiol 41:463-476.
10.1046/j.1365-2958.2001.02532.x

Schoner TA, Gassel S, Osawa A, Tobias NJ, Okuno Y, Sakakibara Y, Shindo K, Sandmann G, and
Bode HB. 2016. Aryl Polyenes, a Highly Abundant Class of Bacterial Natural Products, Are
Functionally Related to Antioxidative Carotenoids. Chembiochem 17:247-253.
10.1002/chic.201500474

Schuster M, Sexton DJ, and Hense BA. 2017. Corrigendum: Why Quorum Sensing Controls Private
Goods. Front Microbiol 8:1420. 10.3389/fmich.2017.01420

Segerman B. 2012. The genetic integrity of bacterial species: the core genome and the accessory
genome, two different stories. Front Cell Infect Microbiol 2:116. 10.3389/fcimb.2012.00116

Sepulveda J, and Moeller AH. 2020. The Effects of Temperature on Animal Gut Microbiomes. Front
Microbiol 11:384. 10.3389/fmich.2020.00384

Sha J, Rosenzweig JA, Kozlova EV, Wang S, Erova TE, Kirtley ML, van Lier CJ, and Chopra AK.
2013. Evaluation of the roles played by Hcp and VgrG type 6 secretion system effectors in
Aeromonas hydrophila SSU pathogenesis. Microbiology (Reading) 159:1120-1135.
10.1099/mic.0.063495-0

Shahidi F, and Abuzaytoun R. 2005. Chitin, chitosan, and co-products: chemistry, production,
applications, and health effects. Adv Food Nutr Res 49:93-135. 10.1016/S1043-
4526(05)49003-8

Shanker E, and Federle MJ. 2017. Quorum Sensing Regulation of Competence and Bacteriocins in
Streptococcus pneumoniae and mutans. Genes (Basel) 8. 10.3390/genes8010015

Shao Y, and Bassler BL. 2014. Quorum regulatory small RNAs repress type V1 secretion in Vibrio
cholerae. Mol Microbiol 92:921-930. 10.1111/mmi.12599

Sheng L, Gu D, Wang Q, Liu Q, and Zhang Y. 2012. Quorum sensing and alternative sigma factor
RpoN regulate type VI secretion system | (T6SSVAL1) in fish pathogen Vibrio alginolyticus.
Arch Microbiol 194:379-390. 10.1007/s00203-011-0780-z

Shneider MM, Buth SA, Ho BT, Basler M, Mekalanos JJ, and Leiman PG. 2013. PAAR-repeat
proteins sharpen and diversify the type VI secretion system spike. Nature 500:350-353.
10.1038/nature12453

Silverman JM, Brunet YR, Cascales E, and Mougous JD. 2012. Structure and regulation of the type VI
secretion system. Annu Rev Microbiol 66:453-472. 10.1146/annurev-micro-121809-151619

Singh G, Yadav M, Ghosh C, and Rathore JS. 2021. Bacterial toxin-antitoxin modules: classification,
functions, and association with persistence. Curr Res Microb Sci 2:100047.
10.1016/j.crmicr.2021.100047

Sinkunas T, Gasiunas G, Fremaux C, Barrangou R, Horvath P, and Siksnys V. 2011. Cas3 is a single-
stranded DNA nuclease and ATP-dependent helicase in the CRISPR/Cas immune system.
EMBO J 30:1335-1342. 10.1038/emboj.2011.41

Slonim DK, and Yanai I. 2009. Getting started in gene expression microarray analysis. PLoS Comput
Biol 5:€1000543. 10.1371/journal.pchi.1000543

Smage SB, Brevik OJ, Frisch K, Watanabe K, Duesund H, and Nylund A. 2018. Correction:
Concurrent jellyfish blooms and tenacibaculosis outbreaks in Northern Norwegian Atlantic
salmon (Salmo salar) farms. PLoS One 13:e0190762. 10.1371/journal.pone.0190762

Smith TF, Waterman MS, and Fitch WM. 1981. Comparative biosequence metrics. J Mol Evol 18:38-
46.10.1007/BF01733210

Soderberg JJ, Grgic M, Hjerde E, and Haugen P. 2019. Aliivibrio wodanis as a production host:
development of genetic tools for expression of cold-active enzymes. Microbial Cell Factories
18.

183



1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579

Song S, and Wood TK. 2020. A Primary Physiological Role of Toxin/Antitoxin Systems Is Phage
Inhibition. Front Microbiol 11:1895. 10.3389/fmicb.2020.01895

Southgate P, and Jones M. 1995. Cold water vibriosis. Vet Rec 137:524. 10.1136/vr.137.20.524-a

Speare L, Cecere AG, Guckes KR, Smith S, Wollenberg MS, Mandel MJ, Miyashiro T, and Septer
AN. 2018. Bacterial symbionts use a type VI secretion system to eliminate competitors in
their natural host. Proc Natl Acad Sci U S A 115:E8528-e8537. 10.1073/pnas.1808302115

Spinola-Amilibia M, Davo-Siguero I, Ruiz FM, Santillana E, Medrano FJ, and Romero A. 2016. The
structure of VgrG1 from Pseudomonas aeruginosa, the needle tip of the bacterial type VI
secretion system. Acta Crystallogr D Struct Biol 72:22-33. 10.1107/5S2059798315021142

Srinivasan R, Kannappan A, Shi C, and Lin X. 2021. Marine Bacterial Secondary Metabolites: A
Treasure House for Structurally Unique and Effective Antimicrobial Compounds. Mar Drugs
19. 10.3390/md19100530

Staals RHJ, Agari Y, Maki-Yonekura S, Zhu Y, Taylor DW, van Duijn E, Barendregt A, Viot M,
Koehorst JJ, Sakamoto K, Masuda A, Dohmae N, Schaap PJ, Doudna JA, Heck AJR,
Yonekura K, van der Oost J, and Shinkai A. 2013. Structure and activity of the RNA-targeting
Type I11-B CRISPR-Cas complex of Thermus thermophilus. Mol Cell 52:135-145.
10.1016/j.molcel.2013.09.013

Stintzi A, Evans K, Meyer JM, and Poole K. 1998. Quorum-sensing and siderophore biosynthesis in
Pseudomonas aeruginosa: lasR/lasl mutants exhibit reduced pyoverdine biosynthesis. FEMS
Microbiol Lett 166:341-345. 10.1111/j.1574-6968.1998.th13910.x

Studer SV, Mandel MJ, and Ruby EG. 2008. AinS quorum sensing regulates the Vibrio fischeri
acetate switch. J Bacteriol 190:5915-5923. 10.1128/JB.00148-08

Suarez G, Sierra JC, Kirtley ML, and Chopra AK. 2010. Role of Hcp, a type 6 secretion system
effector, of Aeromonas hydrophila in modulating activation of host immune cells.
Microbiology (Reading) 156:3678-3688. 10.1099/mic.0.041277-0

Suttle CA. 2005. Viruses in the sea. Nature 437:356-361. 10.1038/nature04160

Svitil AL, Chadhain S, Moore JA, and Kirchman DL. 1997. Chitin Degradation Proteins Produced by
the Marine Bacterium Vibrio harveyi Growing on Different Forms of Chitin. Appl Environ
Microbiol 63:408-413. 10.1128/aem.63.2.408-413.1997

Takeuchi N, Wolf YI, Makarova KS, and Koonin EV. 2012. Nature and intensity of selection pressure
on CRISPR-associated genes. J Bacteriol 194:1216-1225. 10.1128/JB.06521-11

Terrapon N, Weiner J, Grath S, Moore AD, and Bornberg-Bauer E. 2014. Rapid similarity search of
proteins using alignments of domain arrangements. Bioinformatics 30:274-281.
10.1093/bioinformatics/btt379

Teschler JK, Zamorano-Sanchez D, Utada AS, Warner CJ, Wong GC, Linington RG, and Yildiz FH.
2015. Living in the matrix: assembly and control of Vibrio cholerae biofilms. Nat Rev
Microbiol 13:255-268. 10.1038/nrmicro3433

Tettelin H, Masignani V, Cieslewicz MJ, Donati C, Medini D, Ward NL, Angiuoli SV, Crabtree J,
Jones AL, Durkin AS, Deboy RT, Davidsen TM, Mora M, Scarselli M, Margarit y Ros I,
Peterson JD, Hauser CR, Sundaram JP, Nelson WC, Madupu R, Brinkac LM, Dodson RJ,
Rosovitz MJ, Sullivan SA, Daugherty SC, Haft DH, Selengut J, Gwinn ML, Zhou L, Zafar N,
Khouri H, Radune D, Dimitrov G, Watkins K, O'Connor KJ, Smith S, Utterback TR, White O,
Rubens CE, Grandi G, Madoff LC, Kasper DL, Telford JL, Wessels MR, Rappuoli R, and
Fraser CM. 2005. Genome analysis of multiple pathogenic isolates of Streptococcus
agalactiae: implications for the microbial "pan-genome". Proc Natl Acad Sci U S A
102:13950-13955. 10.1073/pnas.0506758102

Thode SK, Kahlke T, Robertsen EM, Hansen H, and Haugen P. 2015. The immediate global responses
of Aliivibrio salmonicida to iron limitations. BMC Microbiol 15:9. 10.1186/512866-015-0342-
7

Thode SK, Rojek E, Kozlowski M, Ahmad R, and Haugen P. 2018. Distribution of siderophore gene
systems on a Vibrionaceae phylogeny: Database searches, phylogenetic analyses and
evolutionary perspectives. PLoS One 13:€0191860. 10.1371/journal.pone.0191860

184



1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631

Thompson CC, Vicente AC, Souza RC, Vasconcelos AT, Vesth T, Alves N, Jr., Ussery DW, lida T,
and Thompson FL. 2009. Genomic taxonomy of Vibrios. BMC Evol Biol 9:258.
10.1186/1471-2148-9-258

Thompson FL, Gevers D, Thompson CC, Dawyndt P, Naser S, Hoste B, Munn CB, and Swings J.
2005. Phylogeny and molecular identification of vibrios on the basis of multilocus sequence
analysis. Appl Environ Microbiol 71:5107-5115. 10.1128/AEM.71.9.5107-5115.2005

Thompson FL, lida T, and Swings J. 2004. Biodiversity of vibrios. Microbiol Mol Biol Rev 68:403-
431, table of contents. 10.1128/MMBR.68.3.403-431.2004

Thompson FL, Li Y, Gomez-Gil B, Thompson CC, Hoste B, Vandemeulebroecke K, Rupp GS,
Pereira A, De Bem MM, Sorgeloos P, and Swings J. 2003a. Vibrio neptunius sp. nov., Vibrio
brasiliensis sp. nov. and Vibrio xuii sp. nov., isolated from the marine aquaculture
environment (bivalves, fish, rotifers and shrimps). Int J Syst Evol Microbiol 53:245-252.
10.1099/ij5.0.02447-0

Thompson FL, Thompson CC, Li Y, Gomez-Gil B, Vandenberghe J, Hoste B, and Swings J. 2003b.
Vibrio kanaloae sp. nov., Vibrio pomeroyi sp. nov. and Vibrio chagasii sp. nov., from sea
water and marine animals. Int J Syst Evol Microbiol 53:753-759. 10.1099/ijs.0.02490-0

Tock MR, and Dryden DT. 2005. The biology of restriction and anti-restriction. Curr Opin Microbiol
8:466-472. 10.1016/j.mib.2005.06.003

Toranzo AE, Magarifios B, and Romalde JL. 2005. A review of the main bacterial fish diseases in
mariculture systems. Aquaculture 246:37-61.
https://doi.org/10.1016/j.aquaculture.2005.01.002

Tran HT, Barnich N, and Mizoguchi E. 2011. Potential role of chitinases and chitin-binding proteins
in host-microbial interactions during the development of intestinal inflammation. Histol
Histopathol 26:1453-1464. 10.14670/HH-26.1453

Trucksis M, Michalski J, Deng YK, and Kaper JB. 1998. The Vibrio cholerae genome contains two
unique circular chromosomes. Proc Natl Acad Sci U S A 95:14464-14469.
10.1073/pnas.95.24.14464

Tsou AM, and Zhu J. 2010. Quorum sensing negatively regulates hemolysin transcriptionally and
posttranslationally in Vibrio cholerae. Infect Immun 78:461-467. 10.1128/1A1.00590-09

Tu KC, Long T, Svenningsen SL, Wingreen NS, and Bassler BL. 2010. Negative feedback loops
involving small regulatory RNAs precisely control the Vibrio harveyi quorum-sensing
response. Mol Cell 37:567-579. 10.1016/j.molcel.2010.01.022

Tu KC, Waters CM, Svenningsen SL, and Bassler BL. 2008. A small-RNA-mediated negative
feedback loop controls quorum-sensing dynamics in Vibrio harveyi. Mol Microbiol 70:896-
907. 10.1111/j.1365-2958.2008.06452.x

Urbanczyk H, Ast JC, Higgins MJ, Carson J, and Dunlap PV. 2007. Reclassification of Vibrio fischeri,
Vibrio logei, Vibrio salmonicida and Vibrio wodanis as Aliivibrio fischeri gen. nov., comb.
nov., Aliivibrio logei comb. nov., Aliivibrio salmonicida comb. nov and Aliivibrio wodanis
comb. nov. International Journal of Systematic and Evolutionary Microbiology 57:2823-
2829.

Vasu K, and Nagaraja V. 2013. Diverse functions of restriction-modification systems in addition to
cellular defense. Microbiol Mol Biol Rev 77:53-72. 10.1128/MMBR.00044-12

Verma SC, and Miyashiro T. 2013. Quorum sensing in the squid-Vibrio symbiosis. Int J Mol Sci
14:16386-16401. 10.3390/ijms140816386

Vieira FJD, Nadal-Jimenez P, Teixeira L, and Xavier KB. 2020. Erwinia carotovora Quorum Sensing
System Regulates Host-Specific Virulence Factors and Development Delay in Drosophila
melanogaster. Mbio 11. 10.1128/mBi0.01292-20

Vinuesa P, and Contreras-Moreira B. 2015. Robust identification of orthologues and paralogues for
microbial pan-genomics using GET_HOMOLOGUES: a case study of pIncA/C plasmids.
Methods Mol Biol 1231:203-232. 10.1007/978-1-4939-1720-4_14

Vinuesa P, Ochoa-Sanchez LE, and Contreras-Moreira B. 2018. GET_PHYLOMARKERS, a
Software Package to Select Optimal Orthologous Clusters for Phylogenomics and Inferring

185


https://doi.org/10.1016/j.aquaculture.2005.01.002

1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668
1669
1670
1671
1672
1673
1674
1675
1676
1677
1678
1679
1680
1681
1682
1683

Pan-Genome Phylogenies, Used for a Critical Geno-Taxonomic Revision of the Genus
Stenotrophomonas. Frontiers in Microbiology 9:771. 10.3389/fmich.2018.00771

Visick KL, and Ruby EG. 2006. Vibrio fischeri and its host: it takes two to tango. Curr Opin
Microbiol 9:632-638. 10.1016/j.mib.2006.10.001

Vogan AA, and Higgs PG. 2011. The advantages and disadvantages of horizontal gene transfer and
the emergence of the first species. Biol Direct 6:1. 10.1186/1745-6150-6-1

Vu B, Chen M, Crawford RJ, and Ivanova EP. 2009. Bacterial extracellular polysaccharides involved
in biofilm formation. Molecules 14:2535-2554. 10.3390/molecules14072535

Wagner PL, and Waldor MK. 2002. Bacteriophage control of bacterial virulence. Infect Immun
70:3985-3993. 10.1128/1A1.70.8.3985-3993.2002

Wang J, Brodmann M, and Basler M. 2019a. Assembly and Subcellular Localization of Bacterial
Type VI Secretion Systems. Annu Rev Microbiol 73:621-638. 10.1146/annurev-micro-
020518-115420

Wang L, Zhou DS, Mao PY, Zhang YQ, Hou J, Hu Y, Li J, Hou SJ, Yang RF, Wang RH, and Qiu JF.
2013. Cell Density- and Quorum Sensing-Dependent Expression of Type VI Secretion System
2 in Vibrio parahaemolyticus. PLoS One 8. doi: 10.1371/journal.ppat.1005020.

Wang M, Zhu H, Kong Z, Li T, Ma L, Liu D, and Shen Q. 2020a. Pan-Genome Analyses of
Geobacillus spp. Reveal Genetic Characteristics and Composting Potential. Int J Mol Sci 21.
10.3390/ijms21093393

Wang P, Dong JF, Li RQ, Li L, and Zou QH. 2020b. Roles of the Hcp family proteins in the
pathogenicity of Salmonella typhimurium 14028s. Virulence 11:1716-1726.
10.1080/21505594.2020.1854538

Wang Y, Gao L, Rao X, Wang J, Yu H, Jiang J, Zhou W, Wang J, Xiao Y, Li M, Zhang Y, Zhang K,
Shen L, and Hua Z. 2018. Characterization of lasR-deficient clinical isolates of Pseudomonas
aeruginosa. Sci Rep 8:13344. 10.1038/s41598-018-30813-y

Wang Y, Liu B, Grenier D, and Yi L. 2019b. Regulatory Mechanisms of the LuxS/Al-2 System and
Bacterial Resistance. Antimicrob Agents Chemother 63. 10.1128/AAC.01186-19

Wang Z, Gerstein M, and Snyder M. 2009. RNA-Seq: a revolutionary tool for transcriptomics. Nat
Rev Genet 10:57-63. 10.1038/nrg2484

Warr GW. 1997. The adaptive immune system of fish. Dev Biol Stand 90:15-21.

Watnick P, and Kolter R. 1999. Steps in the development of a Vibrio cholerae El Tor biofilm. Mol
Microbiol 34:586-595. 10.1046/.1365-2958.1999.01624.x

Watson BNJ, Steens JA, Staals RHJ, Westra ER, and van Houte S. 2021. Coevolution between
bacterial CRISPR-Cas systems and their bacteriophages. Cell Host & Microbe 29:715-725.
10.1016/j.chom.2021.03.018

Watve S, Barrasso K, Jung SA, Davis KJ, Hawver LA, Khataokar A, Palaganas RG, Neiditch MB,
Perez LJ, and Ng WL. 2020. Parallel qguorum-sensing system in Vibrio cholerae prevents
signal interference inside the host. PLoS Pathog 16:€1008313. 10.1371/journal.ppat.1008313

Weber B, Hasic M, Chen C, Wai SN, and Milton DL. 2009. Type VI secretion modulates quorum
sensing and stress response in Vibrio anguillarum. Environ Microbiol 11:3018-3028.
10.1111/j.1462-2920.2009.02005.x

Wei Y, Ng WL, Cong J, and Bassler BL. 2012. Ligand and antagonist driven regulation of the Vibrio
cholerae quorum-sensing receptor CgsS. Mol Microbiol 83:1095-1108. 10.1111/.1365-
2958.2012.07992.x

Weissman JL, Fagan WF, and Johnson PLF. 2018. Selective Maintenance of Multiple CRISPR Arrays
Across Prokaryotes. CRISPR J 1:405-413. 10.1089/crispr.2018.0034

Wen Y, Kim IH, and Kim KS. 2016. Iron- and Quorum-sensing Signals Converge on Small Quorum-
regulatory RNAs for Coordinated Regulation of Virulence Factors in Vibrio vulnificus. J Biol
Chem 291:14213-14230. 10.1074/jbc.M116.714063

Wen Y, Kim IH, Son JS, Lee BH, and Kim KS. 2012. Iron and quorum sensing coordinately regulate
the expression of vulnibactin biosynthesis in Vibrio vulnificus. J Biol Chem 287:26727-26739.
10.1074/jbc.M112.374165

186



1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718
1719
1720
1721
1722
1723
1724
1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736

Wolfgang MC, Kulasekara BR, Liang X, Boyd D, Wu K, Yang Q, Miyada CG, and Lory S. 2003.
Conservation of genome content and virulence determinants among clinical and
environmental isolates of Pseudomonas aeruginosa. Proc Natl Acad Sci U S A 100:8484-
8489. 10.1073/pnas.0832438100

Wright GD, Hung DT, and Helmann JD. 2013. How antibiotics kill bacteria: new models needed? Nat
Med 19:544-545. 10.1038/nm.3198

Xavier KB, and Bassler BL. 2005. Regulation of uptake and processing of the quorum-sensing
autoinducer Al-2 in Escherichia coli. J Bacteriol 187:238-248. 10.1128/JB.187.1.238-
248.2005

Xu L, Li H, Vuong C, Vadyvaloo V, Wang J, Yao Y, Otto M, and Gao Q. 2006. Role of the luxS
quorum-sensing system in biofilm formation and virulence of Staphylococcus epidermidis.
Infect Immun 74:488-496. 10.1128/1A1.74.1.488-496.2006

Yamaguchi Y, Park JH, and Inouye M. 2011. Toxin-antitoxin systems in bacteria and archaea. Annu
Rev Genet 45:61-79. 10.1146/annurev-genet-110410-132412

Yan A, Huang X, Liu H, Dong D, Zhang D, Zhang X, and Xu Y. 2007. An rhl-like quorum-sensing
system negatively regulates pyoluteorin production in Pseudomonas sp. M18. Microbiology
(Reading) 153:16-28. 10.1099/mic.0.29211-0

Yan F, Wang W, and Zhang J. 2019. CRISPR-Cas12 and Cas13: the lesser known siblings of
CRISPR-Cas9. Cell Biol Toxicol 35:489-492. 10.1007/s10565-019-09489-1

Yang Q, and Defoirdt T. 2015. Quorum sensing positively regulates flagellar motility in pathogenic
Vibrio harveyi. Environ Microbiol 17:960-968. 10.1111/1462-2920.12420

Yi H, Huang L, Yang B, Gomez J, Zhang H, and Yin Y. 2020. AcrFinder: genome mining anti-
CRISPR operons in prokaryotes and their viruses. Nucleic Acids Res 48:W358-W365.
10.1093/nar/gkaa351

Yildiz FH, and Visick KL. 2009. Vibrio biofilms: so much the same yet so different. Trends Microbiol
17:109-118. 10.1016/j.tim.2008.12.004

Yoganand KN, Sivathanu R, Nimkar S, and Anand B. 2017. Asymmetric positioning of Casl1-2
complex and Integration Host Factor induced DNA bending guide the unidirectional homing
of protospacer in CRISPR-Cas type I-E system. Nucleic Acids Res 45:367-381.
10.1093/nar/gkw1151

Yoon SH, and Waters CM. 2019. Vibrio cholerae. Trends Microbiol 27:806-807.
10.1016/j.tim.2019.03.005

Yoshizawa S, Karatani H, Wada M, Yokota A, and Kogure K. 2010. Aliivibrio sifiae sp. nov.,
luminous marine bacteria isolated from seawater. J Gen Appl Microbiol 56:509-518.
10.2323/jgam.56.509

Yu KW, Xue P, Fu Y, and Yang L. 2021. T6SS Mediated Stress Responses for Bacterial
Environmental Survival and Host Adaptation. Int J Mol Sci 22. 10.3390/ijms22020478

Yu M, and Lai EM. 2017. Warfare between Host Immunity and Bacterial Weapons. Cell Host
Microbe 21:3-4. 10.1016/j.chom.2016.12.012

Yuvaraj I, Sridhar J, Michael D, and Sekar K. 2017. PanGeT: Pan-genomics tool. Gene 600:77-84.
10.1016/j.gene.2016.11.025

Zegans ME, Wagner JC, Cady KC, Murphy DM, Hammond JH, and O'Toole GA. 2009. Interaction
between bacteriophage DMS3 and host CRISPR region inhibits group behaviors of
Pseudomonas aeruginosa. J Bacteriol 191:210-219. 10.1128/jb.00797-08

Zhang Q, and Ye Y. 2017. Not all predicted CRISPR—Cas systems are equal: isolated cas genes and
classes of CRISPR like elements. BMC Bioinformatics 18:92. 10.1186/s12859-017-1512-4

Zhang Y, Gao H, Osei-Adjei G, Zhang Y, Yang W, Yang H, Yin Z, Huang X, and Zhou D. 2020.
Corrigendum: Transcriptional Regulation of the Type VI Secretion System 1 Genes by
Quorum Sensing and ToxR in Vibrio parahaemolyticus. Front Microbiol 11:616153.
10.3389/fmicb.2020.616153

Zheng J, Ho B, and Mekalanos JJ. 2011. Genetic analysis of anti-amoebae and anti-bacterial activities
of the type VI secretion system in Vibrio cholerae. PLoS One 6:23876.
10.1371/journal.pone.0023876

187



1737
1738
1739
1740
1741
1742
1743
1744
1745
1746
1747

1748

1749

1750

1751

1752

1753

1754

1755

1756

1757

1758

1759

1760

1761

1762

1763

1764

1765

1766

Zheng J, Shin OS, Cameron DE, and Mekalanos JJ. 2010. Quorum sensing and a global regulator
TsrA control expression of type VI secretion and virulence in Vibrio cholerae. Proc Natl Acad
Sci U S A 107:21128-21133. 10.1073/pnas.1014998107

Zhou Y, Liang YJ, Lynch KH, Dennis JJ, and Wishart DS. 2011. PHAST: A Fast Phage Search Tool.
Nucleic Acids Research 39:W347-W352. doi: 10.1093/nar/gkr485

Zhu J, Miller MB, Vance RE, Dziejman M, Bassler BL, and Mekalanos JJ. 2002. Quorum-sensing
regulators control virulence gene expression in Vibrio cholerae. Proc Natl Acad Sci U S A
99:3129-3134. 10.1073/pnas.052694299

Zoued A, Brunet YR, Durand E, Aschtgen MS, Logger L, Douzi B, Journet L, Cambillau C, and
Cascales E. 2014. Architecture and assembly of the Type VI secretion system. Biochim
Biophys Acta 1843:1664-1673. 10.1016/j.bbamcr.2014.03.018

188



1767

1768

1769

1770

1771

1772
1773
1774

1775

1776

1777

1778

Supplementary information

Additional file 1

Enzymes (26)
Transporters (22)
Secretion system (36) Enzymes (57)
Two component system (6) Transporters (12)
Enzymes (4) Bacterial motility proteins (7) Secretion system (6)
Transporters (1) Prokaryotic defense system (7) Two component system (6)
Prokaryotic defense system (4) :’:menfi mot:hty proteins (3) ) -

Antimicrobial resistance genes (1)

Ring order from inner to
outer

1.Inner Black ring (refer-
ence)

2. reference (positive
control)

3.Vwi

4.Vw5

5.VwK7F1
6.A-H-1309-5-2 S7
7.A-H1309-1-3_S8

8.Vw7
Enzymes (9) 9. Vw8
Transporters (6) 10.Vw35
Prokary?tlc defense sys_tem (3) 11.Vw37/0309160
motility m 12.A-Hdes-19 512
13.vw27
14.Vw29
15.Vw130426
16.A-H1309-4-3_510
17.A-H-1309-4-4_S6
18.Vw12
Enzymes (6) 19. A-H1309-511_S9
Secretion system (18) 20. A-Hdes-10_S9
Transporters (7) 21.A-Hdes-20-1_S13
Two component system (1) 3 . 22, A-Hdes-12_S11
Chap and folding 3) B b , 9% L/ 23.Vw11

24.GC content

Enzymes (16)

Transporters (7)

Secretion system (1)

Transfer RNA biogenesis (3)
Bacterial motility proteins (1)
Aminoacid related enzymes (3)

Enzymes (8)

Transporters (9)

Two component system (2)

DNA repair and recombination proteins (3)
Chaperones and folding catalysts (3)

Figure S1. BRIG circular representation of genomes. The order of the rings is presented in the
box (right). The regions showing gaps against the reference ring are highlighted in black
rectangles.

189




1779  Additional file 2

A) 2458 entries (61.9%) annotated

Protein families: genetic information proces:
] Protein families: signaling and cellular proce
) Environmental Information Processing
\ |l Carbohydrate metabolism
Genetic Information Processing
Unclassified
|| Gellular Processes
Unclassified: metabolism
1 Metabolism of cofactors and vitamins
] Aming acid metabolism
] Unclassified: signaling and cellular processt

2449 entries (60.2%) annotated

[ Protein families: signaling and cellular proce
Protein families: genetic information proces:
Enviranmental Information Processing
Genetic Information Processing

[l Carbohydrate metabolism
Unclassified

[ Cellular Processes
Unclassified: metabolism

|| Amino acid metabolism

[l Metabolism of cofactors and vitamins

|| Unclassified: signaling and cellular processt

1780

1781  Figure S2. The BlastKOALA annotation of genomes S7 and Vw1. The functional annotation
1782  of genomes of the isolates (A) S7 and (B) Vw1 with the highest and lowest number of unique
1783  genes respectively are presented here.
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1800  Figure S3: Phylogenetic trees based on SNVs and core genes. A) SNV and B) core tree.
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Table

BlastP analysis of unique genes present in 87 isolate

Clusters no.

Unique gene 1D

BlastP hit

Product

Organisms

Identity %

Protein accession 1D

1 80852.49.peg.626 WP_075767609.1 formate dehydrogenase subunit alpha Photobacterium proteolyticum 72,003
80852.49.peg 627 WP_164918488. | 1g-like domain-containing protein Photobacterium chitinilyticum 82,968
80852.49. peg 628 WP_197026917.1 tail fiber protein Methylomonas sp. 11b 40,708
80852.49.peg.629 WP_130066352.1 ISAs | family transposase, partial Aliivibrio finisterrensis 91.919
80852.49.peg.630 WP_102540820.1 FAD-dependent oxidoreductase Vibrio splendidus 59.459
80852.49.peg.632 WP_075765923.1 hypothetical protein Photobacterium proteolyticum 90.82
80852.49.peg.633 WP_075765925.1 YcaO-like family protein Photobacterium proteolyticum 88.943
80852.49.peg. 634 WP_160648939. 1 TfuA-like protein | Photobacterium alginatilyticum 185,779
80852.49.peg 635 WP_075765929.1 hypothetical protein Photobacterium proteolyticum 52,301
80852.49.peg 636 WP_160648937.1 FHA domain-containing protein Photobacterium alginatilyticum  ]88.685
80852.49.peg.637 NQY65349.1 MAG: phosphatidy 1-5f pholipase §A re laceae bacterium 63.455
50852.49.peg. 638 WP_189005044. 1 MACPF domain-containing protein Deinococcus roseus 25.773
80852.49.peg 639 NQZ06452.1 MAG: hypothetical protein HRT35_04750 Algicola sp. 36.066

2 50852.49.peg 2046 WP_065610204.1 AAA family ATPase Aliivibrio logei 99.427
80852.49.peg. 2048 NTUS53671.1 MAG: tetratricopeptide repeat protein Chlorobiaceae bacterium 28,182
80852.49.peg. 2050 WP_102619189.1 DGQHR domain-containing protein Vibrio parahaemolyticus 81.957
80852.49.peg. 2051 PMT73668.1 hypothetical protein C1597_26475 Vibrio parahaemolyticus 65.436
80852.49.peg 2058 ACB55709.1 hypothetical protein VF_A1183 Aliivibrio fischeri ESI14 92,308
80852.49.peg. 2059 WP_024699529.1 ATP-binding protein Vibrio parahaemolyticus 72.381
80852.49.peg. 2060 WP_77536767.1 recombinase family protein Pseudoalteromonas aliena 63.158
80852.49.peg. 2061 WP_065600668. | carboxypeptidase M32 liivibrio sp. 15128 96,226
80852.49.peg. 2064 WP_130086538.1 endonuclease/exonuclease/phosphatase family protdAliivibrio finisterrensis 75.581
80852.49.peg 2066 WP_122035732.1 nitrite reductase large subunit NirB Aliivibrio sp. ELS8 100

3
80852.49.peg.2140 WP_122032489.1 HNH endonuclease Aliivibrio sp. ELSS 93,75
80852.49.peg. 2142 WP_151653314.1 SulP family inorganic anion transporter Aliivibrio finisterrensis 100
80852.49.peg.2144 WP_155662497.1 CHAT domain-containing protein Aliivibrio fischeri 94,247
80852.49.peg.2145 WP_155662496.1; hypothetical protein Aliivibrio fischeri 04.18
80852.49.peg 2146 WP_155659585.1; hypothetical protein Aliivibrio fischeri 99.038
80852.49.peg.2147 WP_155659584. 1 hypothetical protein Aliivibrio fischeri 100
80852.49.peg. 2148 WP_065599993.1 TatD family hydrolase Aliivibrio sp. 15128 09,468
80852.49.peg.2149 CED71478.1; membrane associated GGDEF protein Aliivibrio wodanis 100
80852.49.peg.2151 WP_086713075.1 Mot A/TolQ/ExbB proton channel family protein | Vibrio gigantis 80
80852.49.peg 2153 WP_017051056.1 FAD-dependent oxidoreductase Vibrio genomosp. F6 94,309
80852.49.peg 2155 WP_009848399.1 5"-methylthioadenosine/S-adenosylhomocysteine nuf Vibrio sp. MED222 92.437
80852.49.peg.2156 WP_017052894.1; conjugative transfer relaxase/helicase Tral Vibrio genomosp. F6 99,593
80852.49.peg.2157 (OCH16795.1 hypothetical protein AGE0S_02275 Aliivibrio sp. 15165 95.833

4
80852.49.peg. 2444 WP_061002801.1 DUF2057 family protein Aliivibrio sifiae 81.818
80852.49.peg. 2445 WP_179022795.1 methyl-accepting chemotaxis protein Shewanella sp. Scap07 66,667
50852.49.peg 2446 WP_017053127.1 aromatic amino acid transporter Vibrio genomosp. F6 94,161
80852.49.peg. 2447 WP_171755551.1 glycosyl hydrolase family 18 protein Vibrio sp. 03-59-1 96.795
5085249, peg. 2448 WP_065604742.1 ATP-binding protein Aliivibrio fischeri] 98.03
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80852.49.peg. 2451 WP_122033358.1 bifunctional GNAT family N-acetyltransferase/hotd§Aliivibrio sp. ELS8 96.129
80852.49.peg. 2452 WP_065612260.1 hypothetical protein Aliivibrio logei 99.605
80852.49.peg.2454 WP_017053091.1 Vibrio genomosp. F6 100
80852.49.peg.2455 WP_136994327.1 DUF1315 family protein Vibrio genomosp. F6 97.872
80852.49.peg 2456 WP_136994329.1 DUF2989 domain-containing protein Vibrio genomosp. F6 100
80852.49.peg.2457 WP_196582638.1 nucleotidyltransferase domain-containing protein |Aliivibrio fischeri 100
80852.49.peg. 2458 WP_107295952.1 hypothetical protein Photobacterium phosphoreun 99.355
80852.49.peg. 2459 WP_107295952.1 hypothetical protein Photobacterium phosphoreum 100
80852.49. peg.2460 WP_054776311.1 hypothetical protein Aliivibrio fischeri] 94.34
80852.49.peg. 2461 WP_122032150.1 helix-turn-helix transcriptional regulator Aliivibrio sp. ELS8 97.849
80852.49. peg. 2559 OEES0729.1 type 11 secretion system protein GspC Vibrio genomosp. F6 str. FF-238  193.939
80852.49. peg. 2560 WP_017052070.1 ribosome-associated heat shock protein HsplS | Vibrio genomosp. F6 96.875
80852.49. pe; WP_113796180.1 Hsp33 family molecular chaperone HsIO Vibrio sp. 03-59-1 100
80852.49.peg. 2562 WP_017054093.1; SCP2 domain-containing protcin Vibrio genomosp. F6 94,444
80852.49.peg. 2567 PMOS0483.1 hypothetical protein BCT09_00330 Vibrio splendidus 79.012
80852.49.peg. 2568 WP_182110210.1 sulfurtransferase TusA Vibrio marinisediminis 86.42
80852.49. peg. 2569 RBW64915.1 hypothetical protcin DS893_12455 Vibrionales bacterium C3R12 96.721
80852.49. peg. 2570 WP_136995897.1 LysR family transcriptional regulator Vibrio genomosp. F6 98,969
80852.49.peg. 2573 WP_171756982.1 nitrogen regulation protein NR(1I) Vibrio sp. 03-59-1 98.63
80852.49.peg. 2575 WP_161156571.1 15110 family transposase Vibrio sp. CAIM 722 79.811
80852.49.peg.2576 WP_103197387.1 1S110 family transposase Vibrio vulnificus 98,462
80852.49. pe; hypothetical protein Vibrio sp. 03-59-1 88.571
80852.49.pe WP_004731882.1 hypothetical protein Vibrio splendidus 55.705
80852.49. WP_017023494.1 te--CoA ligase. partial Aliivibrio logei 98.14
80852.49.peg 2801 WP_136995085.1 MoxR family ATPase Vibrio genomosp. F6 97.833
80852.49.peg.2802 WP_155672662.1 pleiotropic regulatory protein RsmS Aliivibrio fischeri 85.714
80852.49.peg.2803 WP_105063232.1 type VI secretion system protein TssA Aliivibrio sifiae 60.556
80852.49. peg. 2806 WP_122036754.1 metalloprotease PmbA Aliivibrio sp. ELS8 98,98
80852.49. peg. 2807 WP_130044441.1 Il PmbA Aliivibrio finisterrensis 100
80852.49.peg. 2808 WP_054775719.1 hypothetical protein Aliivibrio fischeri 99.384
80852.49.peg. 2809 WP_188863627.1 hypothetical protein Aliivibrio fischeri 94.57
80852.49.peg. 2810 VVV06357.1 Ihypothetical protein AW0309160_03847 Aliivibrio wodanis 38.06
80852.49.peg. 2811 WP_045378558.1 DUF1311 domain-containing protein Vibrio campbellii 62.222
80852.49.peg. 2814 WP_017052592.1 MULTISPECIES: methylenctetrahydrofolate redud Vibrio 98.551
80852.49.peg. 2854 WP_153448704.1 MULTISPECIES: cold-shock protein Vibrio algicola 100
80852.49. peg. 2855 WP_113799429.1 TRIC cation channel family protein Vibrio sp. 03-59-1 99.394
80852.49. peg. 2855 WP_017051061.1 TRIC cation channel family protein Vibrio genomosp. F6 99.394

80852.49.peg.2856

'WP_017052968. 1

hypothetical protein

Vibrio genomosp. F6

80852.49.peg. 2857 28077.1 conserved hypothetical protein Vibrio sp. 16

80852.49. peg. 2860 RBW64918.1 acetyl-CoA C-acyltransferase FadA Vibrionales bacterium C3R12 100
80852.49.peg. 2861 RBW64919.1 fatty acid oxidation complex subunit alpha FadB | Vibrionales bacterium C3R12 94.848
80852.49. peg. 2862 WP_155662495.1 hypothetical protein Aliivibrio fischeri 97.826
80852.49. peg. 2863 WP_155659583.1 radical SAM protein Aliivibrio fischeri 98.086
80852.49.peg.2864 WP_155662493.1 dTMP kinase Aliivibrio fischeri 97.872
80852.49.peg.2865 WP_136995741.1 RNA-binding S4 domain-containing protein Vibrio genomosp. F6 100
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80852.49.peg. 2866 WP_170907738.1 sigma-54 dependent transcriptional regulator Vibrio sp. B4-6 64.455
80852.49.peg. 2870 WP_017054306.1 DNA topoisomerase (ATP-hydrolyzing) subunit B | Vibrio genomosp. F6 98.261
80852.49.peg. 2871 WP_017054306.1 DNA topoisomerase (ATP-hydrolyzing) subunit B | Vibrio genomosp. F6 98.507
7
80852.49.peg 2971 WP_074191940.1 hypothetical protein Vibrio antiquarius 95.833
80852.49.peg.2972 RBW66270.1 YibF family lipoprotein Vibrionales bacterium C3R12] 88.75
80852.49.peg.2973 WP_113798438.1 hypothetical protein Vibrio sp. 03-59-1 88.168
80852.49.peg.2978 WP_029203404.1 acyltransferase Vibrio genomosp. F6 92,462
80852.49.peg. 2979 WP_017051032.1 flavodoxin FIdB Vibrio genomosp. F6 93.333
80852.49. peg.2980 WP_171756189.1 site-specific tyrosine recombinase XerD Vibrio sp. 03-59-1 98.529
80852.49.peg. 2981 WP_182105559.1 DNA circularization N-terminal d Vibrio ed 59.274
80852.49. peg. 2982 WP_065545258.1 DNA circularization N-terminal domain-containing | Vibrio scophthalmi 57.692
80852.49.peg.2983 HGY39092.1 MAG TPA: g alcohol dehyd: “andidatus Caldatribacterium saccif44.531
80852.49.peg. 2986 WP_038176298.1 hypothetical protein, partial Vibrio coralliilyticus 91.479
80852.49.peg. 2987 WP_136995519.1 DUF3413 domain-containing protein Vibrio genomosp. F6 90.61
80852.49.peg. 2988 WP_102500144.1 hypothetical protein Vibrio splendidus 51.152
80852.49. peg. 2990 EGQ8512300.1 hypothetical protein GQ852_18335 Vibrio parahaemolyticus 29.412
80852.49.peg 2991 WP_139173024.1 hypothetical protein (Marinobacter sp. AC-23 41,463
80852.49.peg. 2993  TFHS8893.1 hypothetical protein ELS82_25380 Vibrio ouci 59.001
80852.49. peg. 2998 WP_065593552.1 MULTISPECIES: hypothetical protein unclassified Aliivibrio 96.25
80852.49.peg.3004 WP_080539600.1 Ihypothetical protein Vibrio sp. Y29_XK_CS5 56.383
80852.49.peg. 3005 WP_136993865.1 propionyl-CoA synthetase Vibrio genomosp. F6 96,903
80852.49. peg. 3006 WP_171756523.1 acetate--CoA ligase Vibrio sp. 03-59-1 98,551
80852.49.peg. 3008 WP_096739050.1 glycosyltransferase Pseudoalteromonas atlantica 61.449
80852.49.peg.3009 WP_136995543.1 EAL domain-containing protein Vibrio genomosp. F6 93.314
80852.49.peg.3010 WP_136994747.1 enoyl-CoA hydratase Vibrio genomosp. F6 99,057
80852.49.peg 301 1 WP_136994749.1 hypothetical protein Vibrio genomosp. F6 99,301
80852.49.peg. 3012 WP_171756950.1 alkaline phosphatase family protein Vibrio sp. 03-59-1 97.03
80852.49.peg. 3013 WP_032551148.1 MULTISPECIES: pantetheine-phosphate adenylylt} Vibrio 90.506
80852.49.peg. 3014 WP_017052182.1 glycosyltransferase family 4 protein Vibrio genomosp. F6 93.103
80852.49.peg. 3016 WP_154169266.1 MULTISPECIES: metalloprotease TIdD Vibrio 89.068
80852.49.peg.3017 VVV03257.1 hypothetical protein AW0309160_00625 Aliivibrio wodanis 100
s

80852.49.peg. 3470 WP_172853923.1 serine protease Vibrio coralliilyticus 47.619
80852.49.peg 3471 GAK17264.1 ATP synthase epsilon chain Vibrio sp. JCM 19053 96,552
80852.49.peg. 3472 ETX58079.1 ATP synthase alpha/beta chain, C terminal domain §Vibrio parahaemolyticus EKP-028 95.89
80852.49. peg. 3473 WP_050987529.1 M4 family metallopeptidase Vibrio vulnificus 71.56
80852.49. peg. 3474 WP_017054182.1 hypothetical protein Vibrio genomosp. F6 100
80852.49.peg. 3475 WP_017054181.1 S-ribosylhomocysteine lyase Vibrio genomosp. F6 97.674
80852.49.peg. 3476 WP_171757372.1 TraB/GumN family protein Vibrio sp. 03-59-1 92,672
80852.49.peg.3477 WP_113796528.1 DNA repair protein RecN Vibrio sp. 03-59-1 96.19
80852.49.peg. 3478 WP_171755885.1 DUF259 family protein Vibrio sp. 03-59-1 93.878
80852.49.peg.3479 WP_171755886.1 baseplate J/gp47 family protein Vibrio sp. 03-59-1 98.765
80852.49. peg. 3480 WP_088879211.1 phage tail protein Vibrio rotiferianus 87.5
80852.49.peg 3481 WP_171306844.1 phage baseplate assembly protein Vibrio rotiferianus 91.62
80852.49.peg.3482 WP_171306845.1 hypothetical protein Vibrio rotiferianus 82.812
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80852.49.peg.3483 WP_045420003.1 phage GP46 family protein Vibrio jasicida 86.719
80852.49. peg. 3484 WP_182032938.1 bascplate J/gpd7 family protein Vibrio diabolicus 98.529
80852.49. peg. 3485 WP_089138326.1 DDE-type integras inase Vibrio 95.935
80852.49. peg. 3486 WP_108196240.1 tryptophanase Vibrio splendidus 97.458
80852.49.peg. 3487 WP_137032290.1 tryptophanase Vibrio kanaloae 97.619

9
80852.49.peg.3599 WP_009846889.1 hypothetical protein Vibrio sp. MED222 95.769
80852.49. peg. 3600 WP_009846890.1 DUF4391 donwiin-containing protein Vibrio sp. MED222 94.035
80852.49.peg. 3601 WP_102532440.1 helicase-related protein Vibrio sp. 10N.286.48.B7 98.201
80852.49.peg. 3602 WP_017035588.1 MULTISPECIES: hypothetical protein Gammaproteobacteria 97.436
80852.49.peg. 3603 WP_039461214.1 hypothetical protein Vibrio navarrensis 55.738
80852.49.peg. 3610 WP_182699703.1 ParA family protein Aliivibrio sp. SR45-2 99.145
80852.49.peg. 3611 WP_171757494.1 2-iminoacetate synthase ThiH Vibrio sp. 03-59-1 91.892
80852.49.peg.3612 RBW65697. 1 aminopeptidase P family protein Vibrionales bacterium C3R12 98.544
80852.49.peg. 3613 WP_019613480.1 chemotaxis protein CheC Psychromonas ossibalaenae 46.995
80852.49.peg. 3614 WP_193022055.1 response regulator Thalassotalea sp. LPBO316 50.769
80852.49.peg. 3615 WP_017052106.1 HDOD domain-containing protein Vibrio genomosp. F6 95.69
80852.49.peg. 3617 WP_171756261.1 [alpha/beta fold hydrolase Vibrio sp. 03-59-1 91,795
80852.49.peg. 3618 WP_136994184.1 alpha/beta hydrolase Vibrio genomosp. F6 96,078
80852.49. RBW63479.1 HiyD family secretion protein Vibrionales bacterium C3R12 95.266
80852.49.peg. 3620 TKF22034.1 DHA?2 family efflux MES transporter permease sub{ Vibrio genomosp. F6 98.261
80852.49.peg. 3621 WP_136993951.1 lagmatine deiminase Vibrio genomosp. F6 97.26
80852.49.peg. 3622 APC family permease Vibrio genomosp. F6 97.321
80852.49.pe WP_017054675.1 GNAT family N-acetyltransferase Vibrio genomosp. F6 97.222
80852.49. WP_171756291.1 MES transporter Vibrio sp. 03-59-1 97.015
80852.49.peg. 3625 WP_010316906.1 DUF1145 donwiin-containing protein Vibrio anguillarum 91111
80852.49.peg. 3626 WP_006957300.1 MULTISPECIES: YhgN family NAAT transporter] Vibrio 87.629
80852.49.peg. 3628 WP_017051139.1 2-isopropylmalate synthase Vibrio genomosp. F6 99.415

10 80852.49.peg. 3714 AKN38625.1 hypothetical protein Vibrio splendidus 78.378
80852.49.peg. 3715 WP_130954725.1 DUF1508 donwiin-containing protein Hafnia paralvei 90.196
80852.49.peg.3717 WP_171755930.1 response regulator Vibrio sp. 03-59-1 98.529
80852.49.peg. 3718 WP_029203434.1 slutathione-regulated potassium-cflux system protd Vibrio genomosp. F6 95.556
80852.49.peg. 3719 WP_017053164.1 YheV family putative metal-binding protein Vibrio genomosp. F6 100
80852.49.peg.3720 WP_171138354.1 peptidylprolyl isomerase Vibrio plantisponsor 90.789
80852.49.peg. 3721 WP_136995517.1 exodeoxyribonuckease V subunit beta Vibrio genomosp. F6 98.171
80852.49.peg. 3722 RBW64065. | MSHA biogenesis protein MshJ Vibrionales bacterium C3R12 96.237
80852.49.peg.3723 WP_171756253.1 MSHA biogenesis protein Mshl Vibrio sp. 03-59-1 89.73
80852.49.peg.3724 WP_136993714.1 phosphomethylpyrimidine synthase ThiC Vibrio genomosp. F6 80.142
80852.49.peg. 3725 WP_136995127.1 YdcF family protein Vibrio genomosp. F6 30,753
80852.49.peg. 3726 WP_113799245.1 2 4-hydroxy-6-hyd I preridi| Vibrio sp. 03-59-1 96,894
80852.49.peg.3727 WP_017036674.1 3-methyl-2-oxobutanoate hydroxymethyltransferasd Vibrio genomosp. F10 100
80852.49.peg. 3728 WP_017051153.1 threonine/serine exporter family protein Vibrio genomosp. F6 100
80852.49.peg. 3729 WP_171756262.1 type 3 dihydrofolate reductase Vibrio sp. 03-59-1 91,111
80852.49.peg. 3730 WP_042503177.1 hypothetical protein Vibrio maritimus 86,957
80852.49.peg. 3731 NOHS5878.1 multidrug effflux MFS transporter Vibrio sp. 03-59-1 94.301
80852.49.peg. 3732 WP_053409555.1 DUFI853 family protcin Vibrio hepatarius 66.026
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80852.49.peg.3733 OXE30909.1 phosphoglucomutase, alpha-D-glucose phosphate-s| Vibrio parahaemolyticus 97.333

1
80852.49. peg. 3880 WP_017053166.1 isoaspartyl peptidase/L-asparaginase Vibrio genomosp. F6 91.667
80852.49. peg. 3881 WP_053411063.1 SlyX family protein Vibrio hepatarius 86.667
80852.49.peg. 3882 WP_017051182.1 type 11 secretion system F family protein Vibrio genomosp. F6 95.96
80852.49.peg. 3883 WP_113799602.1 type IV secretion system protein Vibrio sp. 03-39-1 96.319
80852.49.peg. 3884 WP_171306855.1 terminase family protein Vibrio rotiferianus 89.034
80852.49.peg. 3885 WP_072668905.1 MULTISPECIES: carbon storage regulator CstA | Vibrio 98.462
80852.49. peg. 3886 WP_017054191.1 aspartate kinase Vibrio genomosp. F6 85.714
80852.49.peg. 3887 WP_171757462.1 ABC transporter substrate-binding protein Vibrio sp. 03-59-1 99.405
80852.49.peg. 3888 WP_176298421.1 outer sensor serine endof Vibrio sp. 05-20-BWI47 85.542
80852.49.peg. 3889 WP_017052805.1 MFS transporter Vibrio genomosp. F6 95.276
80852.49.peg. 3890 WP_113799249.1 ABC transporter ATP-binding protein Vibrio sp. 03-59-1 99.091
80852.49.peg. 3891 WP_113795782.1 signal peptidase | Vibrio sp. 03-59-1 95.633
80852.49. peg. 3892 EHA1084964.1 hypothetical protein FG308_09790 Vibrio parahaemolyticus 77.612
80852.49.peg. 3893 WP_136994689.1 glucosaminidase domain-containing protein Vibrio genomosp. F6 80.625
80852.49.peg. 3895 WP_017052367.1 rhodanese-like domain-containing protein Vibrio genomosp. F6 90.598
80852.49.peg. 3896 WP_171755518.1 fimbria/pilus periplasmic chaperone Vibrio sp. 03-59-1 80.24
80852.49.peg. 3897 NOHS2302.1 fimbrial biogenesis outer membrane usher protein | Vibrio sp. 03-59-1 63.415
80852.49.peg. 3899 WP_017054636.1 holo-ACP synthase Vibrio genomosp. F6 96.825
80852.49. WP_171757170.1 two-component sensor histidine kinase BarA Vibrio sp. 03-59-1 38
80852.49.peg.3901 HAS6345173.1 TPA: hypothetical protein 17243_17860 Vibrio vulnificus 86.254
80852.49.peg. 3902 EGR1275458. 1 PAS domain S-box protein Vibrio parahaemolyticus 95.652
80852.49.peg. 3904 WP_171756799.1 UDP-N-acetylglucosamine--undecaprenyl-phosphad Vibrio sp. 03-59-1 97.143
80852.49.pe WP_102430374.1 restriction endonuclease subunit S Vibrio breoganii 86.473
80852.49. WP_139742787.1 anti-phage deoxyguanosine triphosphatase Aeromonas veronii 64.238
80852.49.peg. 3907 WP_102536226.1 hypothetical protein Vibrio lentus 76.712
80852.49.peg. 3908 WP_158141838.1 ogr/Delta-like zine finger family protein Vibrio furnissii 88.889
80852.49.peg. 3909 WP_192891084.1 hypothetical protein Vibrio bathopelagicus 78.082
80852.49.peg. 3910 WP_088879214.1 bascplate J/gp47 family protein Vibrio rotiferianus 81,579
80852.49.peg. 3911 WP_088879215.1 hypothetical protein Vibrio rotiferianus 85

12 80852.49.peg.4153 WP_108188206.1 dihydroxy-acid dehydratase Vibrio splendidus 97.163
80852.49.peg.4154 WP_017054336.1 dihydroxy-acid dehydratase, partial Vibrio genomosp. F6 97.08
80852.49.peg.4156 RBW66268. 1 YjbH domain-containing protein Vibrionales bacterium C3R12 97.409
80852.49.peg.4157 WP_113798843.1 rhomboid family intramembrane serine protease Gl Vibrio sp. 03-59-1 95.694
80852.49.peg. 4158 WP_171756495.1 ATP-dependent RNA helicase HpA Vibrio sp. 03-59-1 98.246
80852.49.peg.4159 WP_171756048.1 type 11 sceretion system GspH family protein Vibrio sp. 03-59-1 64.516
80852.49.peg.4160 RBW66599. 1 RIuA family pseudouridine synthase Vibrionales bacterium C3R12 78.03
80852.49.peg.4161 ARP40289.1 Nitrite reductase Vibrio alginolyticus 97.79
80852.49.peg. 4162 HAS6345173.1 TPA: hypothetical protein 17243_17860 Vibrio vulnificus 83.071
80852.49.peg. 4163 WP_072962833.1 AMP-binding protein Vibrio gazogenes 98,643
80852.49.peg.4231 VVV04920.1 Pyridoxal kinase PdxY Aliivibrio wodanis 99.465
80852.49. peg.4232 ETX58582.1 aminotransferase class 1 and 11 family protein, partid Vibrio parahaemolyticus EKP-028 |91.935
80852.49.peg.4233 WP_102459390.1 glycine--tRNA ligase subunit beta, partial Vibrio lentus 96,774
80852.49.peg 4234 RBW66316.1 aminoacetone oxidase family FAD-binding enzyme | Vibrionales bacterium C3R12 97.665
80852.49.peg.4235 WP_017054647.1 L-aspartate oxidase Vibrio genomosp. F6 95.238
80852.49.peg.4236 WP_141707850.1 hypothetical protein Vibrio genomosp. F6 67.308
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80852.49.peg.4237 WP_170961700.1 MULTISPECIES: PTS trehalose transporter subunf Vibrio 98.016
80852.49.peg. 4238 WP_171756884.1 alpha,alpha-phosphotrehalase Vibrio sp. 03-59-1 98.99
80852.49.peg.4239 WP_171756969.1 purine/pyrimidine permease Vibrio sp. 03-59-1 97.72
80852.49. peg.4240 WP_061065895.1 ATP-binding protein Vibrio harveyi 64.062
80852.49. peg. 4242 WP_089138325.1 AAA family ATPase Vibrio rumoiensis 95.885
80852.49.peg 4243 RBW64341.1 UDP-glucose 4-epimerase GalE Vibrionales bacterium C3R12 95.939
80852.49.peg.4244 RBW65504.1 (GGDEF domain-containing protein Vibrionales bacterium C3R12 89.64
80852.49.peg 4245 WP_047045656.1 prephenate dehydratase Vibrio mexicanus 90.283
80852.49.peg 4262 WP_065622408.1 CIA30 family protein Aliivibrio fischeri 97.872
80852.49.peg 4263 WP_155675674.1 CIA30 family protein Aliivibrio fischeri 95.901
80852.49.peg. 4264 WP_063669148.1 DUF3081 domain-containing protein Aliivibrio fischeri 100
80852.49. peg.4268 WP_063648815.1 UvrD-helicase domain-containing protein Aliivibrio fischeri 99.504
80852.49. peg. 4269 WP_155672238.1 hypothetical protein Aliivibrio fischeri 98.919
13

80852.49. peg. 4406 WP_096739050.1 glycosyltransferasc Pseudoalteromonas atlantica 67.407
80852.49.peg. 4407 WP_096739051.1 hypothetical protein Pseudoalteromonas atlantica 66.038
80852.49. peg 4408 SEG63503.1 primary replicative DNA helicase Vibrio hangzhouensis 87
80852.49. peg.4409 WP_017052867.1 EAL domain-containing protein Vibrio genonosp. F6 80,952
80852.49.peg 4411 WP_113795922.1 sodium-dependent transporter Vibrio sp. 03-59-1 100
80852.49.peg. 4413 WP_171757184.1 pyrroline-5-carboxylate reductase Vibrio sp. 03-59-1 100
80852.49.peg.4414 WP_113795760.1 YggS family pyridoxal phosphate-dependent enzym{ Vibrio sp. 03-59-1 100
80852.49.peg 4416 WP_017051905.1 S41 family peptidase Vibrio genomosp. F6 95.785
80852.49.peg. 4417 WP_076586103.1 RNA polymerase sigma factor RpoS Vibrio ostreicida 96.216
80852.49.peg 4421 WP_017054345.1 LysR family transcriptional regulator Vibrio genomosp. F6 93,855
80852.49. peg.4422 WP_171755631.1 maltose ABC transporter substrate-binding protein | Vibrio sp. 03-59-1 89.908
80852.49. peg.4424 WP_171757484.1 putative DNA-binding domain-containing protein | Vibrio sp. 03-59-1 90
80852.49.peg 4425 WP_171757483.1 DUF692 family protein Vibrio sp. 03-59-1 95.906
80852.49.peg 4426 WP_171756198.1 glutamate synthase small subunit Vibrio sp. 03-59-1 96.667
80852.49.peg 4427 WP_029203239.1 autotransporter assembly complex protein TamA | Vibrio genomosp. F6 93.857
80852.49.peg 4428 WP_113798130.1 DUF3135 domain-containing protein Vibrio genomosp. F6 90.385
80852.49. peg 4429 WP_017052607.1 transcriptional regulator Vibrio genomosp. F6 90.244
80852.49. peg 4430 WP_017052350.1 FHA domain-containing protein Vibrio genomosp. F6 95.909
80852.49. peg. 4431 WP_136995769.1 heme biosynthesis protein HemY Vibrio genomosp. F6 58.073
80852.49.peg. 4433 WP_017052866.1 5-phospho-D-ribity il phosp} Vibrio p. F6 89.231
80852.49.peg.4434 WP_017052865.1 tyrosine recombinase XerC Vibrio genomosp. F6 99.074
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Additional file 6

[Supple meatary Tabl

S2. Biosynthetic gene clusters in A. wodanis_isolates

Secondary metabolites

Thicamitides

Side ruphore

Arylpolyene

Arylpolyene.resorcinol

Ectoine

60% gene similarity W Vibrio crussosireae strain 8TS

85% gene similarity to Aliivibrio sifiae strain

935%

gene similarity W Aliivibrio sifae strain

50% gene similarity (o Aliivibrio si

Vi 100% gene similarity to reference strain 1004 gene similarity W reference strain 974 gene similarity W reference strain 100% gene similarity W reference strain
vws 100% gene similarity W reference strain 72% gene similurity (o refevence strain 25% gene similarity W reference sirain 75% gene similarity 1o reference sirain
Vwk7F1 100% gene similarity o reference sirain 75% gene sinilarity to reference sirsin 445 pene similarity W reference strain gene similarity 10 reference strsin

40% gencs similarity © Vibrio crussostreae strin 25 P

100% gene similarity (0 reference strain

31 % gene similarity to refercnce strain

97% gene similarity o reference strain

100% gene similarity 1o reference strain

100% gene similarity (o reference strain

93% gene similuity to reference sirain

334 gene simitarity to reference strain

1005 gene similarity W reference sirain

14 gene similarity o reference st

72% gene simi

ity 10 reference strain

¥ gene similarity o reference strain

624 gene similarity to reference strain

Vws 1005 gene similarity o reference strain 935 gene similarity to reference swrain 100% gene similarity to reference strain 100% gene similarity o reference strain
Vw3s 100% gene similarity (o reference sirain 934 gene similarity to reference swain 974 gene similarity W reference st 100% gene similarity W reference strain
Vw37 100% gene similarity 1o reference strain 955 gene similarity to reference swrain 975 gene similarity w reference strain 100% gene similarity W reference strain
512 100% gene similarity o reference strain 95% gene similarity to reference sirain 90% gene similarity w reference strain 100% gene similarity W reference strain
Vw27 85% gene similarity to reference strain y to reference susin 394 gene similarity o reference strain 75% gene similarity 10 reference strain
Vw29 85% gene similarity 1 reference strain larity 1o reference strain 27% gene similarity W reference strain gene similarity (0 reference strain

100% gene similusity W reference strain

& gene similarity to refesence sain

3 1% gene similarity 1 reference strain

75% gene similarity o reference strain

510 100% gene similarity (o reference strain 934 gene similarity to reference sirain 974 gene similarity o reference strain 100% gene similarity 10 reference strain
56 100% gene similarity o reference struin 93% gene similarity to reference strain 100% gene similarity 1o reference strain 100% gene similarity 1o reference strain
Vw12 100% gene similarity 1o reference strain 95% gene similarity 1o reference strain 975 gene similarity w reference strain 100% gene similarity W reference strain
s11_s9 85% gene similarity 1 reference strain 47% gene similarity (o reference swrain 695 gene similarity w reference strain 100% gene similarity 1o reference strain
59 100% gene similarity 10 reference strain y 1o reference strain 72% gene similarity w reference strain 100% gene similarity 1o reference strain
513 100% gene similarity o reference strain 90% gene similarity (o reference strain 72% gene similarity w reference strain 1005 gene similarity 1 reference strain
511 100% gene similrity 1o reference strain 90% gene similarity 1o reference sirain 74% gene similarity w Aliivibrio sifiae strain snd 7| 100% gene similarity W reference strain
Vwil 100% gene similarity (o reference strain 90% gene similarity to reference strain 74% gene similarity W Aliivibrio sifice strain and 7] 100% gene similarity w reference strain
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Additional file 7

Supplementary Table S3: Virulence factors identified in reference A. wodanis

Protein 1D VEDB DB Hit Identity % E value Product
AWOD_06/09/139
[CNLNGIN_00057 VFGO13197(gi:170717931) 72.781 1.58E-165 [CNLNGIIN_00057 Delta-aminolevulinic acid dehydratase
[CNLNGIN_00082 VFGO13205(gi:170718942) 63.797 0 [CNLNGIIN_00082 Oxygen-independent coproporphyrinogen Il oxidase
[CNLNGIN_00082 VFGO13630(gi:113460617) 63.576 0 [CNLNGIIN_00082 Oxygen-independent coproporphyrinogen Il oxidase
ICNLNGIN_00108 VFGO043365(gb|NP_206882) 71.212 3.98E-20 [CNLNGIUN_00108 Methyl-accepting chemotaxis protein McpP
[CNLNGIN_00132 VFGO13319(gi:33152306) 64.94 1.14E-106 [CNLNGUN_00132 SPB¢2 prophage-derived glycosyltrans ferase SunS
[CNLNGIIN_00137 VFG037905(gi:384141324) 78.827 0 [CNLNGIIN_00137 UDP-N-acetyl-alpha-D-gluc: C6 dehyd
[CNLNGIN_00137 VFGO37921(gi:169632084) 78.571 0 [CNLNGIN_00137 UDP-N-acetyl-alpha-D-gluc ¢ C6 dehyd
ICNLNGUN_00138 VFGO37920(gi:384141325) 65.879 3.08E-166 [CNLNGUN_00138 UDP-N-acetylbacillosamine transaminase
CNLNGLN_00151 VFGO13409(gi: 148828275) 74.441 3.04E-152 [CNLNGUN_00151 ADP-L-glycero-D-manno-heptose-6-epimerase
(CNLNGLIN_00160 VFGO07646(gi:59710802) 67.774 3.11E-129 [CNLNGIIN_00160 N-acetyl-alpha-D-gh yl-diphospho-ditrans,octac ey
[CNLNGIN_00161 VFGO07649(gi:27364225) 88.005 331E-72 [CNLNGIIN_00161 Putative und yl-phosphate N-acetylgal iyl 1-phosphatc transfe
CNLNGLN_00162 VFGO07655(gi:59710804) 72.072 5.38E-105 [CNLNGIN_00162 Redox-sensing transcriptional repressor Rex
& LIN_00163 VFGO07655(2i:59710804) 83.292 0 [CNLNGIIN_00163 UDP-N-acetyl-alpha-D-glucy €6 dehyd
[CNLNGUN_00164 VEGO07643(2i:59710763) 66.847 0 [CNLNGUN_00164 hypothetical protein
CNLNGLN_00179 VFGO38578(gi:507519909) 63.333 0.000434 [CNLNGIN_00179 Type Il secretion system protein G
CNLNGLIN_00182 VFGO06167(gb|NP_273931) 60 0.000521 [CNLNGLIN_00182 hypothetical protein
[CNLNGUN_00182 VEGO06166(gi:15794057) 60 0.000517 [CNLNGUN_00182 hypothetical protein
(CNLNGIN_00182 VFGO06168(gi:121634665) 60 0.000488 [CNLNGIIN_00182 hypothetical protein
[CNLNGUN_00182 VFGO06169(2i:59800895) 60 0.000502 [CNLNGIIN_00182 hypothetical protein
[CNLNGUN_00197 VFG005898(gi:125718225) 163.86 2.28E-116 ICNLNGUN_00197 Glucose- I -phosphate thymidylyltransferase |
(CNLNGUN_00197 VFG047048 63.287 1.24E-111 [CNLNGIN_00197 Glucase- I-phosphate thymidylyltransferase 1
[CNLNGIN_00198 VFGO07663(gi:37678487) 66.667 1.78E-75 [CNLNGUN_00198 dTDP-4-dehydrorhamnose 3,5-¢pimerase
JICNLNGLIN_00198 VFGO48804 160.234 2.65E-63 [CNLNGUN_00198 dTDP-4-dehydrorhamnose 3,5-epimerase
[CNLNGUN_00206 VFG047090 70.339 5.96E-159 [CNLNGIIN_00206 dTDP-4-amino-4,6-dideoxy-D-glucose transaminase
(CNLNGUN_00232 'VFGO48789 75 0 [CNLNGIIN_00232 UDP-glucose 6-dehydrogenase
[CNLNGLN_00288 VEGO07621(gi:59712924) 92381 1.92E-135 [CNLNGIIN_00288 hypothetical protein
(CNLNGUN_00310 VFG042876(gi:27364773) 60 8.87E-72 [CNLNGLIN_00310 hypothetical protein
ICNLNGUN_00312 VFG042878(gi:326423830) 165.093 0 [CNLNGIN_00312 Type IV pilus biogenesis and competence protein PilQ
[CNLNGUN_00317 VFGO46603 65.766 2.11E-89 [CNLNGIIN_00317 Ribulose-phosphate 3-cpimerase
[CNLNGUN_00325 VFG042734(gi:15595849) 167.822 L11E-88 [CNLNGUN_00325 cAMP-activated global transcriptional regulator CRP
(CNLNGUN_00334 VFGO43366(gb|NP_206899) 69.444 7.69E-23 [CNLNGIIN_00334 Methyl-accepting chemotaxis protein McpP
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CNLNGIJN_00343 [VFGO16042(gi:152985810) 85.714 0,001 [CNLNGIJN_00343 Long-chain-fatty-acid--CoA ligase FadD15
CNLNGIIN_00354 [VFG009719(gi:145224520) 60,669 1.58E-88 [CNLNGIIN_00354 RNA polymerase sigma factor RpoD
CNLNGIIN_00354 [VFG022861(gi:339632715) 60,669 1.19E-88 [CNLNGIIN_00354 RNA polymerase sigma factor RpoD
(CNLNGIIN_00373 VFGO00331(2b|NP_439675) 63,983 0 (CNLNGIIN_00373 Bifunctional protein HIdE

CNLNGIIN_00409 VFGO13413(gi:68249693) 74,013 4,69E-153 (CNLNGIIN_00409 UDP-3-O-acyl-N-acetylglucosamine deacetylase
CNLNGIIN_00416 VEGO06919(¢i:59712795) 87,919 2,59E-178 (CNLNGIIN_00416 Type 4 prepilin-like proteins leader peptide-processing enzyme
CNLNGIIN_00417 [VFG006913(gi:59712794) 80,34 0 [CNLNGIIN_004 17 Putative type IT secretion system protein F
CNLNGIIN_00418 [VFG006907(gi:59712793) 84,014 0 [CNLNGIIN_004 18 Putative type IT secretion system protein E
CNLNGIIN_00419 [VFG042920(gi:146328645) 70,588 1,23E-10 (CNLNGIIN_004 19 Fimbrial protein

CNLNGIIN_00458 [VFGO13190(gi:170717479) 66,272 1,12E-146 [CNLNGIIN_00458 Iron uptake protein Al

CNLNGIIN_00474 [VFGO013203(gi:170719024) 71,028 0 [CNLNGIIN_00474 Glutamate- 1-semialdehyde 2.1-aminomutase
(CNLNGUN_00474 VFGO13618(gi:113461372) 70,794 0 (CNLNGIIN_00474 Glutamate- 1-semialdehyde 2,1-aminomutase
CNLNGIIN_00489 VFG043487(gb|NP_760575) 62,356 147E-116 (CNLNGIIN_00489 Porin-like protein L

CNLNGIIN_00495 VFGO13515(gi:148826007) 73,756 0 [(CNLNGIIN_00495 Phosphoglucosamine mutase
CNLNGIIN_00495 VEGO13514(i:68250006) 73,529 0 (CNLNGIIN_00495 Phosphoglucosamine mutase
[CNLNGIIN_00538 [VFG045727(gi:289165404) 81,818 4.21E-27 [CNLNGIIN_00538 Translational regulator CsrA

CNLNGIIN_00554 [VFGO18246(gi:59711152) 92,353 1.86E-110 [CNLNGIIN_00554 S-ribosylhomocysteine lyase
CNLNGIIN_00566 [VFG026747(gi:386004335) 60 0,0000849 [(CNLNGIIN_00566 Energy-dependent translational throttle protein EttA
CNLNGIIN_00578 [VFG049189 76,671 0 [CNLNGIIN_00578 Chaperone protein ClpB

[CNLNGIIN_00682 [VFG045346(gb|NP_933683) 78.81 3.46E-123 [CNLNGIIN_00682 D-methionine-binding lipoprotein MetQ
CNLNGIIN_00705 VEGO43378(¢b|NP_207394) 62,121 129E-18 (CNLNGIIN_00705 Methyl-accepting chemotaxis protein McpG
CNLNGIIN_00721 VFGO07603(gi:59711321) 96,457 3.01E-165 (CNLNGIIN_00721 Chemotaxis protein PomA

CNLNGIIN_00722 VEGO07609(¢i:59711322) 0 (CNLNGIIN_00722 Morility protein B

(CNLNGIIN_00789 VEGO13463(¢b|NP_439706) 78,014 9.8E-150 CNLNGIIN_00789 2-dehydro-3-deoxyphosphooctonate aldolase
CNLNGIIN_00811 [VFGO00077(gb|NP_465991) 62,304 3,36E-81 [CNLNGIIN_00811 ATP-dependent Clp protease proteolytic subunit
CNLNGIIN_00826 [VFG000478(gi:16764063) 82,069 3,78E-78 [CNLNGIIN_00826 Ferric uptake regulation protein
CNLNGIIN_00878 [VFG043367(gb|NP_206903) 61,111 3.58E-23 CNLNGIN_00878 Methyl-accepting chemotaxis protein CtpH
CNLNGIIN_00878 [VFG043365(2b|NP_206882) 60.465 2,36E-22 [CNLNGIIN_00878 Methyl-accepting chemotaxis protein CtpH
CNLNGIIN_00952 [VEGO001867(gb[YP_096960) 64,583 4.27E-82 [CNLNGIIN_00952 Superoxide dismutase [Fe]

CNLNGIIN_00957 [VFG007615(gi:59711533) 91,438 0 [CNLNGIIN_00957 putative lipoprotein YiaD

CNLNGIIN_00957 VFGO07612(gi:28898885) 66,323 1L64E-129 (CNLNGIIN_00957 putative lipoprotein YiaD

CNLNGIIN_00957 VEGO07611(gi:147674163) 66,09 3,18E-126 (CNLNGIIN_00957 putative lipoprotein YiaD

(CNLNGIIN_01042 VEGO41016(gi:1 5596855) 75,407 0 (CNLNGIIN_01042 hypothetical protein
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(CNLNGIIN_01043 [VFGO41015(gi: 1 5596854) 62,577 2.13E-63 (CNLNGUN_01043 hypothetical protein

(CNLNGIIN_01049 'VFGO43487(gb[NP_760575) 64,103 0.0000103 3UN_01049 Porin-like protein H

[CNLNGIN_01174 VFG043365(gb|NP_206882) 71,642 1.88E-21 (CNLNGUN_01174 Methyl-accepting chemotaxis protein McpP
(CNLNGIIN_01206 VEGO09578(gi: 1 18470205) 62,069 0,000138 (CNLNGUN_01206 putative ABC transporter ATP-binding protein YknY
[CNLNGIIN_01206 VFGO022783(gi:340626364) 62.069 0.00033 (CNLNGUN_01206 putative ABC transporter ATP-binding protein YknY
(CNLNGIIN_01206 VFGO267 1(Xgi:4 33641500) 62,069 0,00033 [CNLNGUN_01206 putative ABC transporter ATP-binding protein YknY
[CNLNGIN_01362 VFG006994(2i:28899470) 65,385 0.000262 (CNLNGUN_01362 hypothetical protein

CNLNGIIN_01362 VEGO38498(gi:145300527) 63,158 0,00000103 (CNLNGIIN_01362 hypothetical protein
CNLNGIIN_01362 VFGO38499(2i:330831157) 62.857 0000000455 LNGLIN_01362 hypothetical protein

CNLNGIIN_01490 VEGO07271(gi:59711841) 9153 0 (CNLNGIIN_01490 Hemin receptor

CNLNGIIN_01498 VEGO44246(giz145300219) 71856 LISE77 LNGUN_01498 putative protein

(CNLNGLIN_01498 VFGO44437(gi:42491184) 68,605 4,12E:77 (CNLNGIIN_01498 putative protein

CNLNGIIN_01499 VEGO44438(gi:4 2491 185) 67516 1LME-68 (CNLNGIIN_01499 hypothetical protein

CNLNGIIN_01505 VEGO44440giz42491190) 72611 38IE-128 (CNLNGIIN_01505 Hemin transport system permease protein HmuU
[CNLNGLIN_01505 VEGO44249(gi: 145300222) 60,121 1L12E-101 (CNLNGIN_01505 Hemin transport system permease protein Hmull
CNLNGIIN_01614 VFG044173(gi:28901507) 83.071 4,65E-148 CNLNGIIN_01614 Fe(3+) dicitrate transport ATP-binding protein FecE
(CNLNGLIN_01615 VEGO44174(gi:28901508) 83,591 6.55E-168 "NLNGUN_01615 Fe(3+) dicitrate transport system permease protein FecD
CNLNGIIN_01616 VFGO44175(2i:28901509) 79.456 7.17E-158 NGIN_01616 Fe(3+) dicitrate transport system permease protein FecC
(CNLNGIN_01617 VEG044176(gi:28901510) 71987 1.5E-140 CNLNGIIN_01617 Fe(3+) dicitrate-binding periplasmic protein
(CNLNGUN_01618 VFGO44177(gi:28901511) 52353 o (CNLNGUN_01618 Fe(3+) dicitrate transport protein FecA
CNLNGIIN_01619 VEGO44178(gi:28901512) 85.337 0 (CNLNGUN_01619 Catecholate siderophore receptor Fiu
(CNLNGLIN_01620 VEGO44179(2i:28901513) 73.697 0 LNGUN_01620 D-alanine--D-alanine ligase

CNLNGIIN_01621 VEGO44180(gi:28901514) 73.65 0 CNLNGIIN_01621 hypothetical protein

[CNLNGLIN_01622 VEGO44181(2i28901515) 73,566 0 (CNLNGUN_01622 Multidrug resistance protein MdtG

(CNLNGIIN_01623 VEGO44182(gi:28901516) 76,823 o (CNLNGIIN_01623 N(2)-citry|-N(6)-acety -N(6)-hydroxylysine synthase
(CNLNGLIN_01624 VEGO44183(gi:28901517) 83 0 (CNLNGUN_01624 L-glutamyl-{Bul acyl-carrier protein] decarboxylase
CNLNGIIN_01664 VFG043365(gh|NP_206882) 72222 139E-16 CNLNGIN_01664 Methyl-accepling chemotaxis protein CtpH
(CNLNGIIN_01664 VFG043367(gh[NP_206903) 70.175 2.09E-17 CNLNGIIN_01664 Methyl-accepting chemotaxis protein CipH
[CNLNGLIN_0179%0 VFG024067(gi:379760831) 65.385 0.001 (CNLNGIIN_01790 Phosphate import ATP-binding protein PstB 3
(CNLNGIIN_01790 VFG026711(gi:433630464) 65,385 0,000834 (CNLNGIN_01790 Phosphate import ATP-binding protein PstB 3
CNLNGIIN_01828 VEGO15785(gi: 170722540) 63.507 2.57E-84 (CNLNGUIN_01828 Response regulator UvrY

CNLNGIIN_01839 VEGO06986(gi: 1 5640436) 65,517 9.73E-18 (CNLNGIIN_01839 Type I secretion system protein G

[CNLNGIIN_01952 VEGO1143((gh|NP_540392) 63.158 7.08E-25 CNLNGIIN_01952 Acyl carier protein
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(CNLNGUN_01953 VFGO3884((gi:507521851) 78.279 5. 18E-125 (CNLNGUN_01953 3-0x0acyl-{acyl-carrier-protein] reductase FabG
(CNLNGIIN_02039 VFGO07549(gi:59712433) 98.171 1LIBE-106 |[CNLNGUN_02039 Chemotaxis protein CheW

[CNLNGIIN_02041 38725(gi:330828823) 62,598 8.06E-104 (CNLNGUN_02041 Sporulation initiation inhibitor protein Soj
CNLNGLIN_02042 007555(2i:59712437) 58,947 o CNLNGIIN_02042 Chemotaxis response regulator protein-glutamate methylesterase of group 1 operon
(CNLNGIN_02043 VFGO07561(gi:59712438) 84,78 0 (CNLNGIIN_02043 Chemotaxis protein CheA

(CNLNGLIN_02044 VFGO07567(gi:59712439) 91,176 2,73E-139 (CNLNGUN_02044 Protein phosphatase CheZ

(CNLNGIIN_02045 'VFGO07573(gi:59712440) 100 6.35E-80 J[CNLNGUN_02045 Chemotaxis protein CheY

(CNLNGIIN_02046 VEGO07579(gi:59712441) 95,062 7.8E-159 (CNLNGUN_02046 RNA polymerase sigma factor FiA
[CNLNGIIN_02047 VFGOO7585(2i:59712442) 0 (CNLNGLIN_02047 Flagellum site-determining protein YixH
(CNLNGIIN_02048 VFGO07591(gi:59712443) 88.844 0 (CNLNGUN_02048 Flagellar biosynthesis protein FIhF
(CNLNGIN_02049 VFGO07597(gi:59712444) 96,557 0 (CNLNGUN_02049 Flagellar biosynthesis protein FlhA
(CNLNGIIN_02049 VFGO14600(gi:77457787) 62,774 0 (CNLNGUN_02049 Flagellar biosynthesis protein FlhA
(CNLNGIIN_02051 VEGO07399(2i:59712446) 93.617 0 (CNLNGUN_02051 Flagellar biosynthetic protein FInB
(CNLNGIN_02052 VFGO07405(gi:59712447) 95,385 (CNLNGIN_02052 hypothetical protein

(CNLNGUN_02053 VEGO07411(gi:59712448) 96.629 (CNLNGUN_02053 hypothetical protein

(CNLNGIIN_02054 VFG007417(gi:59712449) 92,388 3,03E-179 [CNLNGIN_02054 Flagellar biosynthetic protein FliP
(CNLNGIN_02055 VFGO07423(gi:59712450) 85,938 1L64E-71 (CNLNGLIN_02055 Flagellar protein FIO

(CNLNGIIN_02055 VFGO07420(gi:28899014) 60 2,68E-38 (CNLNGUN_02055 Flagellar protein FliO

CNLNGLIN_02036 VFGO07429(gi:59712451) 94,574 137677 CNLNGIIN_02056 Flagellar motor swilch profein FliN
CNLNGLIN_02057 VEGO07435(gi:59712452) 96,802 o CNLNGLIN_02057 Flagellar motor switch protein FliM
(CNLNGIIN_02058 VFGO07441(gi:59712453) 88.199 5 AE-89 (CNLNGUN_02058 hypothetical protein

(CNLNGIIN_02060 'VFGO07453(gi:59712455) 89,51 (CNLNGIN_02060 hypothetical protein

[CNLNGIIN_02061 'VFGO07459(gi:59712456) 97.267 0 (CNLNGUN_02061 Flagellum-specific ATP synthase
CNLNGLIN_02062 VFGO07463(2i:59712457) 86,742 4.8E-154 CNLNGIIN_02062 Flagellar assembly protein FliH
(CNLNGIIN_02063 'VFGOO7471(gi:59712458) 196,571 0 (CNLNGUN_02063 Flagellar motor switch protein FIiG
(CNLNGIIN_02064 [VFGO07477(gi:59712459) 93,761 0 (CNLNGUN_02064 Flagellar M-ring protein

(CNLNGIIN_02065 'VFGOOT483(gi:59712460) 91.262 1,39E-59 [CNLNGUN_02065 Flagellar hook-basal body complex protein FLiE
[CNLNGIIN_02065 VFGO0T48 1(gi:27365279) 73,786 6,7E-47 (CNLNGIIN_02065 Flagellar hook-basal body complex protein FIiE
(CNLNGLN_02066 VFGOO7489%(gi:59712461) 92,034 0 (CNLNGLIN_02066 Regulatory protein AtoC

(CNLNGIIN_02067 VFGO07495(gi:59712462) 94,186 0 (CNLNGUN_02067 Signal transduction histidine-protein kinase AtoS
(CNLNGIIN_02068 VFGO07501(gi:59712463) 87.071 0 (CNLNGLUN_02068 DNA-binding transcriptional regulator NirC
CNLNGLIN_02069 VEGO07507(2i:59712465) 96.324 584E-88 CNLNGLIN_02069 Flagellar secretion chaperone FIiS
(CNLNGIIN_02070 [VFGOO07513(gi:59712466) 76,042 8.12E-44 (CNLNGUN_02070 hy pothetical protein
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(CNLNGIIN_02071 'VFG007519(2i:59712467) 89,024 0 [CNLNGIIN_02071 B-type flagellar hook-associated protein 2
(CNLNGIIN_02072 [VFG007525(gi:59712468) 77,869 7,24E-57 (CNLNGIN_02072 hypothetical protein

(CNLNGIIN_02073 [VFG007531(gi:59712469) 90,476 0 [CNLNGIIN_02073 Flagellin C

(CNLNGIIN_02074 'VFG007537(2i:59712470) 91,467 0 [CNLNGIIN_02074 Flagellin D

[CNLNGIIN_02075 'VFG007543(2i:59712471) 86,17 0 [CNLNGIJN_02075 Flagellin B

(CNLNGIIN_02076 [VFG007291(gi:59712472) 92,573 0 [CNLNGIN_02076 Flagellin C

(CNLNGIIN_02077 'VFG007297(gi:59712473) 89,446 0 [CNLNGIIN_02077 Flagellin B

(CNLNGIIN_02078 'VFG007303(gi:59712474) 90,68 0 (CNLNGIIN_02078 Flagellar hook-associated protein 3
[CNLNGIJN_02079 [VFG007309(gi:59712475) 95,527 0 [CNLNGIN_02079 Flagellar hook-associated protein 1
(CNLNGIIN_02080 'VFG007315(2i:59712476) 87,725 0 [CNLNGIIN_02080 Peptidoglycan hydrolase FlgJ
(CNLNGIIN_02081 'VFG007321(gi:59712477) 95,89 0 (CNLNGIJN_02081 Flagellar P-ring protein
[CNLNGIIN_02082 VFG007327(gi:59712478) 94,922 1,75E-167 [CNLNGIN_02082 Flagellar L-ring protein
(CNLNGIIN_02083 'VFG007333(2i:59712479) 97,328 9,78E-175 [CNLNGIIN_02083 Flagellar basal-body rod protein FlgG
(CNLNGIIN_02084 'VFG007339(gi:59712480) 95,181 1,32E-160 [CNLNGIIN_02084 Flagellar basal-body rod protein FlgF
(CNLNGIIN_02085 'VFG007345(2i:59712481) 93,981 0 [CNLNGIIN_02085 Flagellar hook protein FIgE
[CNLNGIIN_02086 'VFG007351(gi:59712482) 97,458 7,78E- (CNLNGIN_02086 Basal-body rod modification protein FlgD
(CNLNGIIN_02087 'VFG007357(gi:59712483) 99,275 4,24E-92 [CNLNGIIN_02087 Flagellar basal-body rod protein FlgC
(CNLNGIIN_02088 'VFG007363(2i:59712484) 95,42 3,69E-84 (CNLNGIIN_02088 Flagellar basal body rod protein FigB
(CNLNGIJN_02089 [VFG007369(gi:59712485) 97,455 0 (CNLNGIJN_02089 Chemotaxis protein methyltransferase Cher2
(CNLNGIIN_02089 85,091 [CNLNGIIN_02089 Chemotaxis protein methyltransferase Cher2
(CNLNGIIN_02090 'VFG007375(2i:59712486) 94,771 0 (CNLNGIIN_02090 Chemotaxis protein CheV
(CNLNGIIN_02091 VFG007381(gi:59712487) 77,823 1,68E-122 (CNLNGIN_02091 hypothetical protein

(CNLNGIIN_02092 'VFG007387(2i:59712488) 84,466 1,37E-48 (CNLNGIIN_02092 hypothetical protein

(CNLNGIIN_02093 'VFG007393(2i:59712489) 94,366 7,02E-88 (CNLNGIIN_02093 hypothetical protein

(CNLNGIIN_02094 'VFG043121(gi:15642205) 64,138 9,13E-54 (CNLNGIIN_02094 hypothetical protein

(CNLNGIIN_02095 [VFG043122(gi: 1 5642206) 73,134 3,75E-101 (CNLNGIIN_02095 hypothetical protein

(CNLNGIIN_02124 'VFG038405(gi:117619593) 65,333 5,79E-25 [CNLNGIJN_02124 putative deoxyribonuclease RhsA
(CNLNGIIN_02165 'VFGO13374(gb|NP_439075) 62,09 2,99E-128 [CNLNGIIN_02165 UDP-3-O-(3-hy 1
(CNLNGIIN_02191 'VFG009575(gi:4 1408512) 62,162 3,63E-08 (CNLNGIIN_02191 Phosphate import ATP-binding protein PstB
(CNLNGIIN_02247 'VFEG043648(gi:15598818) 74,275 LI1E-130 [CNLNGIIN_02247 RNA polymerase sigma factor RpoS
(CNLNGIIN_02255 'VFG005579(gi:1 16516768) 61,111 3.15E-153 [CNLNGIIN_02255 Enolase

(CNLNGIIN_02258 'VFG007537(gi:59712470) 70,822 1,04E-159 [CNLNGIJN_02258 Flagellin C

(CNLNGIIN_02275 'VFGO000121(gb|NP_249453) 66,842 1,89E-81 [CNLNGIIN_02275 ECF RNA polymerase sigma-E factor
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[CNLNGIJN_02351 'VFG042880(gi:27364898) 76,087 0 [CNLNGIJN_02351 Twitching mobility protein
[CNLNGIJN_02352 'VFG042879(gi:27364897) 84,638 0 [CNLNGIN_02352 Twitching mobility protein
[CNLNGIIN_02359 'VFG013626(gi:68249065) 64,675 1,29E-163 [CNLNGIN_02359 Oxygen-i rinogen-III oxidase-like protein YqeR
[CNLNGIIN_02359 'VFGO013628(gi:148827660) 64,675 1,56E-163 [CNLNGIN_02359 Oxygen-i inogen-IIT oxidase-like protein YgeR
(CNLNGIJN_02425 'VFG038496(gb|YP_858148) 166,667 0.000249 [CNLNGIN_02425 hypothetical protein

(CNLNGIJN_02425 'VFG038497(gi:507523386) 66,667 0,000251 [CNLNGIN_02425 hypothetical protein

[CNLNGIIN_02426 'VFG007003(gi:59710975) 62,694 1.69E-68 [CNLNGIIN_02426 hypothetical protein

(CNLNGIIN_02427 'VFG006997(2i:59710974) 60,204 7.51E-56 [CNLNGIN_02427 hypothetical protein

(CNLNGIJN_02428 'VFG006991(gi:59710973) 80,519 7,93E-75 [CNLNGIJN_02428 hypothetical protein

[CNLNGIIN_02429 'VFG006985(2i:59710972) 87,166 4,4E-100 [CNLNGIJN_02429 Fimbrial protein

(CNLNGIIN_02431 'VFG006973(2i:59710970) 90,686 0 [CNLNGIN_02431 Type II secretion system protein F
[CNLNGIIN_02432 'VFG006967(gi:59710969) 91,188 0 [CNLNGIN_02432 Type II secretion system protein E
(CNLNGIJN_02433 'VFG006967(gi:59710969) 93,939 9.4E-13 [CNLNGIN_02433 hypothetical protein

(CNLNGIJN_02435 'VFG006955(gi:59710967) 81,206 7.97E-162 [CNLNGIN_02435 hypothetical protein

(CNLNGIIN_02436 'VFG006949(gi:59710966) 86.57 0 [CNLNGIIN_02436 Type II secretion system protein D
[CNLNGIIN_02436 VFG006947(gi:27364821) 67,225 0 [CNLNGIN_02436 Type II secretion system protein D
(CNLNGIIN_02436 'VFG006948(gi:37681131) 66,425 0 [CNLNGIN_02436 Type II secretion system protein D
(CNLNGIIN_02436 'VFG006946(gi:28899478) 65,461 0 [CNLNGIIN_02436 Type II secretion system protein D
[CNLNGIIN_02436 'VFG006944(gi: 1 5640429) 64,947 0 [CNLNGIIN_02436 Type II secretion system protein D
(CNLNGIIN_02437 'VFG006943(gi:59710965) 62,281 6,01E-40 [CNLNGIN_02437 hypothetical protein

(CNLNGIJN_02438 'VFG006937(gi:59710964) 75,943 1,26E-107 [CNLNGIN_02438 hypothetical protein

[CNLNGIIN_02439 'VFG006931(gi:59710963) 71,784 0 [CNLNGIN_02439 hypothetical protein

[CNLNGIJN_02440 'VFG006925(gi:59710962) 83,891 0 [CNLNGIJN_02440 RNase E specificity factor CstD
(CNLNGIIN_02494 'VFGO013531(gi:68249838) 73,406 0 [CNLNGUN_02494 Glucose-6-phosphate isomerase
[CNLNGIJN_02527 'VFG001206(gb|NP_273675) 68,182 0.0000365 [CNLNGUN_02527 Thiamine import ATP-binding protein ThiQ
(CNLNGIJN_02527 'VFG006259(gi:59800668) 68,182 0,0000375 [CNLNGUN_02527 Thiamine import ATP-binding protein ThiQ
(CNLNGIJN_02528 'VFG044147(gi:16766086) 70 0.0000018 [CNLNGIN_02528 Thiamine import ATP-binding protein ThiQ
(CNLNGIIN_02528 'VFG048551 62,5 0,00000175 [CNLNGIN_02528 Thiamine import ATP-binding protein ThiQ
(CNLNGIIN_02563 'VFG046459 68,957 4,46E-166 [CNLNGIJN_02563 Elongation factor Tu 2

(CNLNGIIN_02591 VFGO001855(gb[YP_094724) 74,237 0 [CNLNGIN_02591 60 kDa chaperonin

(CNLNGIIN_02595 'VFGO13287(gi:68248956) 62,202 7.91E-129 [CNLNGUN_02595 UDP-glucose 4-epimerase
(CNLNGIJN_02595 'VFGO013286(gb|NP_438515) 61,905 4.17E-128 [CNLNGIN_02595 UDP-glucose 4-epimerase
(CNLNGIJN_02595 'VFGO13288(gi:148825365) 61,607 6.42E-128 [CNLNGIN_02595 UDP-glucose 4-epimerase
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[CNLNGIJN_02618 [VEG013200(gi:170718716) 78,028 0 (CNLNGIJN_02618 Uroporphyrinogen decarboxylase
[CNLNGIIN_02618 [VFGO13612(gi:113461676) 77,465 0 (CNLNGIN_02618 Uroporphyrinogen decarboxylase
[CNLNGIIN_02629 [VFG046459 78,626 0 (CNLNGIIN_02629 Elongation factor Tu 2
[CNLNGIIN_02676 [VFG007047(gi:59713071) 83,794 4.25E-148 (CNLNGUN_02676 Type II secretion system protein N
[CNLNGIJN_02677 [VFG007053(gi:59713072) 84,049 6,68E-94 (CNLNGIIN_02677 Type II secretion system protein M
[CNLNGIIN_02678 [VFG007059(gi:59713073) 74,341 0 (CNLNGIIN_02678 Type II secretion system protein L
(CNLNGIIN_02679 [VFG007065(gi:59713074) 82,609 0 (CNLNGIIN_02679 Putative type II secretion system protein K
(CNLNGIJN_02680 [VFG007071(gi:59713075) 74,554 1,22E-99 (CNLNGIN_02680 Type II secretion system protein J
[CNLNGIJN_02681 [VFG007077(gi:59713076) 91,597 1,95E-70 (CNLNGIIN_02681 Type II secretion system protein I
[CNLNGIIN_02682 [VEG007083(gi:59713077) 80,203 7,61E95 (CNLNGIIN_02682 Type II secretion system protein H
(CNLNGIJN_02683 [VFG007089(gi:59713078) 98 2,16E-99 (CNLNGIJN_02683 Type II secretion system protein G
[CNLNGIJN_02684 VFG007095(2i:59713079) 96,543 0 (CNLNGIN_02684 Type II secretion system protein F
[CNLNGIJN_02685 [VEG007101(gi:59713080) 92,585 0 (CNLNGIIN_02685 Type II secretion system protein E
[CNLNGIIN_02686 [VFG007107(gi:59713081) 90,639 0 [CNLNGIIN_02686 Type II secretion system protein D
[CNLNGIJN_02687 [VFG007113(gi:59713082) 80,936 5.67E-164 (CNLNGIIN_02687 Type II secretion system protein C
[CNLNGIIN_02752 VFG038904(gb|YP_857967) 62,736 2.95E-77 (CNLNGIN_02752 hypothetical protein
[CNLNGIJN_02752 [VFG038905(gi:507523204) 62,736 2,18E-77 (CNLNGIJN_02752 hypothetical protein
[CNLNGIIN_02752 [VFG038906(gi:145297880) 61,792 1,76E-76 (CNLNGIIN_02752 hypothetical protein
[CNLNGIIN_02752 [VFG038907(gi:330828499) 61,321 1,63E-75 (CNLNGIJN_02752 hypothetical protein
[CNLNGIJN_02802 VFG037029(2i:59802086) 74477 0 (CNLNGUN_02802 Catalase

[CNLNGIJN_02810 [VEG006992(gi:15640437) 65,517 0,0000147 (CNLNGIJN_02810 hypothetical protein
[CNLNGIIN_02810 [VFG042840(gi:18311266) 61,29 0,0000166 (CNLNGIIN_02810 hypothetical protein
[CNLNGIIN_02890 [VFGO17856(gb[YP_001007658) 62,887 1,34E-77 (CNLNGIIN_02890 Recombination-promoting nuclease RpnA
(CNLNGIJN_02890 VFGO017855 53948767) 62,887 6,9E-79 (CNLNGIN_02890 Recombination-promoting nuclease RpnA
[CNLNGIJN_02897 [VFG002092(gb|NP_232508) 83,626 1,06E-91 (CNLNGIJN_02897 hypothetical protein
[CNLNGIIN_02898 [VFG002093(gb|NP_232509) 92,057 0 (CNLNGIIN_02898 hypothetical protein
[CNLNGIIN_02899 [VFG002094(gb|NP_232510) 80 1,08E-78 (CNLNGIIN_02899 hypothetical protein
(CNLNGIIN_02900 [VFG002078(gb|NP_232511) 88,285 0 (CNLNGIN_02900 hypothetical protein
(CNLNGIIN_02901 [VFG007117(gi:147671686) 82,54 14E-177 (CNLNGIIN_02901 hypothetical protein
[CNLNGIIN_02901 [VFG002079(gb|NP_232512) 79,586 0 (CNLNGIIN_02901 hypothetical protein
(CNLNGIIN_02902 [VFG002080(gb|NP_232513) 70,505 0 (CNLNGIN_02902 hypothetical protein
[CNLNGIIN_02902 [VFG007119(gi:147671976) 70,303 0 (CNLNGIJN_02902 hypothetical protein
[CNLNGIJN_02903 [VEG002081(gb|NP_232514) 77,987 1OIE-80 (CNLNGIIN_02903 hypothetical protein
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(CNLNGIIN_02904 [VFG007123(gi:147671947) 91,481 1,35E-166 (CNLNGIN_02904 hypothetical protein

(CNLNGIIN_02904 [ VFG002082(gb|[NP_232515) 91,441 0 (CNLNGIIN_02904 hypothetical protein

(CNLNGIIN_02905 [VFG002083(gb|NP_232516) 82,879 2.97E-149 (CNLNGIIN_02905 hypothetical protein

(CNLNGIIN_02906 'VFG002084(gb|NP_232517) 86,521 0 (CNLNGIN_02906 Protein ClpV1

(CNLNGIIN_02906 'VFG038395(gb|YP_856375) 60,203 0 (CNLNGIN_02906 Protein ClpV1

(CNLNGIIN_02907 [VFG002085(2b[NP_232518) 74,624 0 (CNLNGIIN_02907 Transcriptional regulatory protein ZraR
(CNLNGIJN_02908 [VFG002086(gb|NP_232519) 62,963 7,36E-73 (CNLNGIIN_02908 hypothetical protein

(CNLNGIJN_02908 [VFG007131(gi:147671784) 62,963 1 46E-72 (CNLNGIN_02908 hypothetical protein

(CNLNGIIN_02909 ' VFG002087(gb|NP_232520) 78,085 0 (CNLNGIN_02909 hypothetical protein

(CNLNGIIN_02910 [ VFG002088(gb|NP_232521) 85,521 0 (CNLNGIIN_02910 hypothetical protein

(CNLNGIIN_02910 [VFG007135(gi:147671876) 85,303 0 (CNLNGIIN_02910 hypothetical protein

(CNLNGIIN_02911 'VFG002089(gb|NP_232522) 64,407 0 (CNLNGIN_02911 hypothetical protein

(CNLNGIIN_02912 [VFGO07138(gb|NP_232418) 94,186 5.32E-114 (CNLNGIN_02912 Major exported protein

(CNLNGIIN_02974 [ VFG043366(2b[NP_206899) 73,333 LOIE-18 (CNLNGIIN_02974 Methyl-accepting chemotaxis protein McpH
(CNLNGIIN_03011 [ VFG043365(2b[NP_206882) 66,667 7,56E-20 (CNLNGIN_03011 Methyl-accepting chemotaxis protein McpQ
(CNLNGIIN_03026 ' VFG043365(2b[NP_206882) 68,493 4.26E-22 (CNLNGIIN_03026 Methyl-accepting chemotaxis protein McpS
(CNLNGIIN_03034 'VFG012509(gb|NP_753167) 68,421 0,000486 (CNLNGIN_03034 Trehalose import ATP-binding protein SugC
(CNLNGIIN_03034 [VFG044336(2b|YP_002920268) 68,421 0,000434 (CNLNGIIN_03034 Trehalose import ATP-binding protein SugC
(CNLNGIIN_03079 'VEG006167(gb[NP_273931) 62,069 0.0000212 (CNLNGIIN_03079 Type II secretion system protein G

(CNLNGIJN_03137 [VFG007277(gi:59713515) 76,231 0 (CNLNGIN_03137 Vitamin B12 transporter BtuB

(CNLNGIIN_03149 [VFG013287(i:68248956) 61,31 8,29E-128 (CNLNGIN_03149 UDP-glucose 4-epimerase

(CNLNGIJN_03203 ' VFG043366(2b[NP_206899) 82,609 5,57E-16 (CNLNGIIN_03203 Methyl-accepting chemotaxis protein PctC
(CNLNGIIN_03300 [VFG043365(2b[NP_206882) 70,27 1,2E-21 (CNLNGIIN_03300 Methyl-accepting chemotaxis protein McpH
(CNLNGIJN_03300 ' VFG043366(2b[NP_206899) 66,667 1LI9E-21 (CNLNGIN_03300 Methyl-accepting chemotaxis protein McpH
(CNLNGIIN_03589 [VFG038845(2i:507522470) 67,46 2,23E-109 (CNLNGIN_03589 3-deox: 'y

(CNLNGIIN_03592 [VFG013249(2i:68248611) 62,931 0 (CNLNGIIN_03592 Lipid A export ATP-binding/permease protein MsbA
(CNLNGIIN_03695 [ VFG043634(2i:27366547) 65,301 [4.61E-177 (CNLNGIIN_03695 Putative conjugal transfer protein

(CNLNGIIN_03695 'VFG013229(gi:33152383) 60,894 L31E-138 (CNLNGIJIN_03695 Putative conjugal transfer protein

(CNLNGIIN_03747 [ VFG007255(gi:15600999) 71,6 6.41E-121 (CNLNGIN_03747 Tron(3+)-hydroxamate import ATP-binding protein FhuC
(CNLNGIIN_03748 [ VFG007250(gi:15600998) 66,772 3,79E-128 (CNLNGIJIN_03748 Ferric-anguibactin transport system permease protein FatC
(CNLNGIJN_03748 [ VFG007252(gi:28900514) 66,667 LIE-131 (CNLNGIIN_03748 Ferric-anguibactin transport system permease protein FatC
(CNLNGIJN_03748 [ VFG007253(gi:27366568) 62,626 4.85E-119 (CNLNGIJN_03748 Ferric-anguibactin transport system permease protein FatC
(CNLNGIIN_03749 [VFG007248(2i:27366567) 74,113 1,21E-135 (CNLNGIJN_03749 Ferric-anguibactin transport system permease protein FatD
(CNLNGIIN_03750 [ VFG007240(gi: 1 5600996) 60 3.88E-113 [CNLNGIIN_03750 putative ABC transporter solute-binding protein YclQ
CNLNGIIN_03839 [VFGO10785(gi:52841484) 77,778 0,00000912 (CNLNGIIN_03839 hypothetical protein

CNLNGIJN_03839 [VFGO010786(gi:54296150) 72,222 0.0000826 (CNLNGIIN_03839 hypothetical protein

CNLNGIIN_03854 [VFGO041187(2i:269139783) 72,165 2,04E-35 (CNLNGIIN_03854 hypothetical protein

CNLNGIJN_03886 [VFG041013(gi:15596709) 78,235 7,21E-90 [CNLNGIJN_03886 Major exported protein

CNLNGIIN_03987 [VFG007036(2i:27367835) 68,856 0 [CNLNGIN_03987 Thermolabile hemolysin

(CNLNGIIN_04003 [VFG043365(gb|NP_206882) 68,254 LO4E-18 [CNLNGIJN_04003 Methyl-accepting chemotaxis protein CtpH
CNLNGIIN_04124 [VFG043378(b|NP_207394) 69,565 1,29E-20 (CNLNGIIN_04124 Methyl-accepting chemotaxis protein McpA
CNLNGIIN_04154 [VFGO038131(gi:213155479) 60 8,34E-29 [CNLNGIN_04154 O-acetyliransferase OatA

CNLNGIIN_04245 [VFGO017856(gb[YP_001007658) 62,667 2,68E-24 (CNLNGIJN_04245 Recombination-promoting nuclease RpnA
CNLNGIIN_04245 [VFGO17855(gi:153948767) 62,667 1,42E-24 (CNLNGIJN_04245 Recombination-promoting nuclease RpnA
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