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Abstract

Long-term preservation of bacterial stock cultures is important for applied and
environmental microbiology as it underpins confirmation of earlier results, ensures strains
are not lost and catalogues biodiversity for future research or commercial use. A key
assumption of such methods is that organism characteristics are unaffected by storage.
Evidence from previous work suggests this assumption isn't always true for human
pathogens, including Salmonella typhimurium, Shigella spp. and Bacillus anthracus,
whilst there is also suggestion that such attenuation with storage occurs in fish pathogens
such as Flavobacterium psychrophilum and some Vibrio species, including Vibrio
(Listonella) anguillarum. The present work, for the first time, evaluated and characterised
long-term (ca. 20 years) changes in the virulence stability of the significant fish pathogen
V. anguillarum serotype O1 after storage, as well as identifying underlying mechanisms.

Vibrio anguillarum O1 isolates (n = 20) from an in-house culture collection were selected
based on having been classified as high virulence (100% mortalities after 24h on in vivo
challenge in salmonid fish) immediately before cryopreservation in 1995 (-70oC; 15%
glycerol in TSB). Isolates re-cultured after ~20 years showed both partial and total loss,
as well as maintenance, of virulence (in vivo challenge in rainbow trout, Oncorhynchus
mykiss) after storage, with complete virulence loss being associated with the absence of
the pJM1 plasmid on reculture. Maximum in vitro siderophore production in tested isolates
of V. anguillarum O1 occurred under conditions of 20% Glucose, 1 mM of FeCl3.6H2O,
200 rpm agitation, 30ºC and 0.03 g/ml Ethylenediaminetetraacetic acid (EDTA; as iron
chelator) in minimum medium (MM9). These conditions led plasmid-positive V.
anguillarum O1 isolates to produce 77.28 % units of siderophore in the exponential growth
phase.

Virulence plasmid status and siderophore production level did not affect in vitro antibiotic
susceptibility. However, the iron chelator EDTA, enhanced the in vitro antimicrobial effect
of Gentamycin sulphate and Kanamycin sulphate against all V. anguillarum O1 isolates.
Adding 0.061g EDTA/100 ml TSB gave fractional inhibitory concentrations (FIC) of 0.75
(gentamycin) and 0.8 (kanamycin), indicating an additive or weak synergistic effect of
EDTA with the antibiotics. Growth inhibition of V. anguillarum O1 by EDTA alone was
also determined, with 0.88 g/l EDTA in TSA inhibiting growth of virulent isolates, whereas

only 0.66 g/l was required for inhibition of non-virulent isolates. In MHA medium,
equivalent concentrations of EDTA were 0.40 g/l (virulent) and 0.20 g/l (non-virulent).
This indicated greater resistance of virulent (plasmid-harbouring) isolates to EDTA action,
linked to siderophore sequestration of trace iron.

Adding CuCl2 (0.2-0.6 g/l in Tryptone Soya Broth (TSB), Luria broth (LB), Tryptone Soya
Agar (TSA) and Mueller Hinton Agar (MHA) media led to the recovery of in vitro growth
by both plasmid-positive and plasmid-negative strains under iron-limited conditions in
both liquid and solid media. Both isolate types survived up to doses exceeding 1.55 g
EDTA /l agar media when 0.2-0.6 g/l CuCl2 was added. However, the addition of 0.77 g/l
of CuCl2 inhibited growth in plasmid-negative strains, whereas a greater concentration
(0.89 g/l CuCl2) was necessary to inhibit the growth of plasmid-positive strains. Therefore,
exposure of V. anguillarum O1 isolates to CuCl2 was shown to support their growth under
iron limited conditions, potentially explaining, in part, previously observed increases in
disease virulence under copper pollution conditions.

Building on the above findings, in silico bioinformatic tools, were used to investigate the
possibility for targeting the iron uptake system, and especially siderophore production, as
a novel strategy for controlling V. anguillarum O1 infection and overcoming some
problems of antibiotic resistance. This was achieved by focussing on the VabC protein
(Chorismate synthetase).

Using bioinformatic software, the previously unresearched

structure of the VabC protein was generated and explored in silico, and the resulting
predicted tertiary structure revealed several candidate ligand-binding pockets in the active
site of this enzyme. Further application of recent ligand-binding predictive software
showed some of these to have high druggability scores, suggesting that this protein would
make a good potential target for existing and novel drug compounds. Several ligand
classes were also identified which could form the basis of future drug trials.

Overall, virulence of V. anguillarum O1 strains was reduced after long-term storage, with
complete virulence loss being linked to an inability to produce siderophores from plasmid
pJM1. This highlighted the significance of siderophore as a virulence factor in V.
anguillarum O1 and focussed attention on possibilities for targeting the siderophore
synthesis pathway, as a means of control and treatment of this commercially damaging
microorganism.
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Vibriosis in aquaculture
Vibrio anguillarum is a causative agent of vibriosis in aquaculture (Austin & Austin,
2012). Vibriosis is characterised as haemorrhagic septicaemia in finfish, although it
is also reported to affect bivalves and crustaceans (Frans et al., 2011; Austin & Austin,
2012; Sudheesh et al., 2012). The clinical signs include red, necrotic lesions on the
ventral and lateral sides of the fish, swollen, darkened skin lesions that ulcerate and
release blood, general skin discolouration (usually darkening), erythema around the
fin bases, vent and mouth, anaemia and occasionally exopthalmia (Li & Ma, 2017).
The gut and rectum may also be distended and filled with a clear viscous liquid
(ascites; Austin & Austin, 2012). Infected animals also become lethargic and display
changes in swimming behaviour (Frans et al., 2013). The disease can spread rapidly
and cause high mortalities of between 30% to 100%, even without apparent clinical
signs in acute epizootic outbreaks (Austin & Austin, 2012). Histopathology shows
numerous V. anguillarum cells present in the blood and hematopoietic tissues (Austin
et al., 1995) and necrosis in muscle and various internal organs (Frans et al., 2011).
Pathology is especially severe in the descending gastrointestinal tract, because the pH
here is alkaline, V. anguillarum being better adapted to alkaline than acidic conditions
(Austin et al., 1995; Garcia et al., 1997; Austin & Austin., 2012).
The disease occurs in both farmed and wild fish, in salt or brackish water, but
especially in warmer climates and seasons (Austin & Austin, 2012). It is particularly
problematic in aquaculture of sea bream (Sparisoma aurata) and sea bass
(Dicentrarchus labrax) in the Mediterranean and yellowtail (Seriola spp.) in the Far
East. Water quality, water temperature, the presence of a pathogenic serotype and
health and stress status of potential hosts are all involved in disease (Frans et al., 2011).
Aquaculture operations are prone to vibriosis outbreaks, since close contact between
animals here can increase stress and support the rapid spread of bacteria (Austin &
Austin, 2012). Consequently, an entire population may quickly be affected and
substantially damaged or even wiped out (Di Lorenzo et al., 2003). Once introduced
into a fish farm, V. anguillarum persists for several years and total eradication is very
difficult to achieve (Austin & Austin, 2012).
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Vibrio anguillarum is considered a senior synonym for Listonella anguillarum
(Thompson et al., 2011), although the latter name still appears in some literature. In
this thesis, the valid taxonomic name Vibrio anguillarum Bergeman 1909 (Thompson
et al., 2011) is used throughout.
Role and characteristics of Vibrio anguillarum O1 in disease
Vibrios are categorised into several serotypes based on the O-antigen of surface
lipopolysaccharides (Raetx & Whitfield, 2002).

Only species and strains from

serotypes O1, O2 and O3 are known to be pathogenic in fish, and this applies
particularly to those of the serotype O1 (Larsen et al., 2004), which are the most
widely reported serotype causing disease worldwide resulting in significant economic
losses (Austin & Austin, 2012).
1.2.1 Phenotypic characterisation
Vibrio anguillarum is a motile, halophilic, gram negative rod which is positive for
oxidase, catalase and L-arginine dihydrolase reaction, whilst being negative for
ornithine decarboxylase (Demircan & Candan, 2006). All strains ferment D-glucose
without gas production, can reduce nitrate, but are variable in producing acid from
inositol or rhamnose. They possess the enzymes gelatinase and caseinase, as well as
hemolysins active against human and turbot erythrocytes and some strains can ferment
mannitol (Pazos et al. 1993; Demircan & Candan, 2006).

Some biochemical

variations among V. anguillarum strains were reported by Austin et al. (1995) and
Austin & Austin (2012), who showed that V. anguillarum and V. ordalii (previously
known as V. anguillarum biotype 2) differed in several cultures and biochemical
characteristics (Austin et al.,1995). They indicated some difficulty in identification
of isolates because of their biochemical heterogeneity, which required a wide range of
tests to ensure correct classification (Austin & Austin, 2012; Demircan & Candan,
2006).
1.2.2 Virulence factors
A full understanding of V. anguillarum pathogenicity has not yet been reached (Frans
et al., 2013). However, several virulence factors have been identified and the genes
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associated with them recognized (Naka et al., 2011). These genes affect significant
microbial properties such as chemotaxis, motility, iron uptake, lipopolysaccharides
(LPSs) and extracellular products (Frans et al., 2011).
1.2.3 Processes required for invasion of host tissues
Adhesion to host tissues is a key step in host colonisation and subsequent infection
(Rodkhum et al., 2006) and this is controlled by so-called adhesion tools such as pili,
outer membrane proteins, fimbriae, lipopolysaccharides (LPS), and extracellular
polysaccharides (Pizarro-Cerda & Cossart, 2006; Rodkhum et al., 2006). Several
genes involved in biosynthesis (pilC) and assembly (pilB, pilQ) of type IV pili in
various bacteria have been identified, and these genes are thought to play a role in the
expression of the corresponding proteins in V. anguillarum (Wang & Leung, 2000).
Moreover, it has been demonstrated that extracellular polysaccharides, LPSs and
glycoproteins all contribute to the adhesion process (Wang & Leung, 2000).
Nevertheless, to better explain the adhesion processes and their importance for V.
anguillarum virulence, more research is needed (Ormonde et al., 2000).
After the adhesion of V. anguillarum to the skin or intestinal mucus of a host, protease
activity is required to penetrate the epithelial layer before systemic infection can occur
(Croxatto et al., 2007). The discovery of a relationship between an extracellular
metalloprotease (EmpA) and mucinase activity in V. anguillarum suggested a
probable role for EmpA in the degradation and penetration of mucus (Norqvist et al.,
1990). Following tissue damage caused by this proteolytic activity, the pathogen can
colonise internal tissues and cause a systemic infection, affecting various organs such
as liver and spleen (Milton et al., 1992; Denkin & Nelson, 1999; Croxatto et al., 2007).
Furthermore, it has been shown that EmpA protease activity is strongly stimulated by
elicitin chemicals in fish mucus (Denkin & Nelson, 1999). In other pathogenic Vibrio
species, such as V. aestuarianus, V. cholerae, V. proteolyticus, V. splendidus, V.
tubiashii, and V. vulnificus, the role of EmpAs has also been demonstrated and found
to contribute to their pathogenicity in both fish and shellfish larvae (Hasegawa et al.,
2009). Despite this, the mechanisms facilitating V. anguillarum persistence in its host
are still unclear (Denkin & Nelson, 1999; Frans et al., 2011).
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1.2.4 The significance of motility, adhesion and chemotaxis
Chemotaxis and motility are significant virulence factors in many pathogenic bacteria
(Ottemann & Miller, 1997; Josenhans & Suerbaum, 2002). Vibrio anguillarum has an
effective chemotaxis system which plays a significant role after attachment to the
mucus layer of the skin or gut and plays a key role in the initiation of infection
(O’Toole et al., 1996; 1999). It has been shown that a mutation in the cheR gene,
which codes a cytoplasmic methyl transferase crucial for chemotactic responses, led
to reduced virulence in rainbow trout (Crosa & Welch, 2004), whereas no decline in
virulence of the cheR mutant was seen when fish were infected intraperitoneally (IP),
indicating that chemotaxis plays a significant role in host location and pathogen
movement into the host (Crosa & Welch, 2004). Another important factor in
pathogenesis is the flagellum (O’Toole et al., 1996; Ormonde et al., 2000), since active
motility is needed for the development of the infection after bacterial penetration of
the fish skin, and it has been demonstrated that flagellin A, the main protein
component of the flagellum, is necessary for the persistence of the infection. Removal
of the conserved C-terminus of flagellin A reduced virulence when fish were infected
with V. anguillarum either by IP injection or immersion (McGee et al., 1996). Similar
results were detected when other subunits, such as flaD and flaE were mutated (McGee
et al., 1996).
1.2.5 Haemolysin activity
Bacterial haemolysins are also significant in virulence (Frans et al., 2011). They are
exotoxins and can cause lysis of erythrocytes in the host and thus lead to the release
of the haem from intracellular tissues, which may contribute to haemorrhagic
septicaemia (Zhang & Austin, 2000). Furthermore, it is known that haemolysins can
lyse other cell types, such as mast cells, neutrophils and polymorphonuclear (PMN)
cells (Frans et al., 2011). There are several extracellular haemolysins (vah 1–5)
produced by V. anguillarum that can contribute to the different haemolytic activities
of the pathogen (Hirono et al., 1996; Rodkhum et al., 2005). Moreover, it has been
demonstrated that a repeat in the toxin (rtx) operon can also contribute to haemolytic
activity of V. anguillarum (Li et al., 2008). This rtx gene cluster has six genes (rtx a,
c, h, b, d and e), where rtxa encodes the rtx toxin, rtxc encodes the rtx toxin-activating
protein (acylase), rtxh encodes a conserved hypothetical protein, and rtxb, d and e
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encode the rtx abc transporter (Li et al., 2008). The rtx toxins can form exotoxins
containing cytolytic toxins, lipases and metalloproteases and are manufactured by
many gram-negative bacteria (Rodkhum et al., 2006). These rtx toxins are a major
virulence factor of V. anguillarum, as shown by fish infection studies using
intraperitoneal injections (Frans et al., 2011). Nevertheless, further research is needed
to better understand the role of these toxins during the invasion of host epithelia (Li et
al., 2008).
1.2.6 Iron uptake systems
Iron is an essential element for almost all living bacteria as it is essential for their
metabolism (Naka et al. 2013). One non-specific defence strategy used by fish against
bacterial infection is through the deployment of iron-binding proteins such as
lactoferrin, transferrin, and ferritin (Lemos et al., 2010). These limit the availability of
iron in the environment around pathogenic bacteria (Avendano-Herrera et al., 2005),
restricting their growth and replication. As a counter to this strategy, some bacteria
produce

siderophores

(iron-sequestering

molecules),

which

are

released

extracellularly and are subsequently taken-up (as ferric-siderophores) into the
bacterial cell by specific transport mechanisms (Di Lorenzo et al., 2003). Several
bacterial fish pathogens, including Aeromonas salmonicida ssp. salmonicida, Yersinia
ruckeri and V. anguillarum, that use this strategy (Avendano-Herrera et al., 2005;
Lemos et al., 2010). Most V. anguillarum serotype O1 strains produce the siderophore
anguibactin, which is encded on the pJM1 virulence plasmid (Actis et al., 1986; Stork
et al., 2002; Di Lorenzo et al., 2003; Wu et al., 2004). In V. anguillarum strains
belonging to serotype O2, a chromosomally-encoded siderophore, vanchrobactin
(Conchas et al., 1991; Soengas et al., 2006; Alice et al. (2005) is frequently produced.
Naka et al. (2008) showed the existence of both plasmid-encoded and chromosomallyencoded iron uptake systems in a V. anguillarum serotype O1 strain, whilst Lemos et
al. (2010) suggested that V. anguillarum strains can obtain the plasmid-encoded
anguibactin through horizontal gene transfer. Moreover, V. anguillarum serotype O3,
which also causes fish disease, retains a third high-affinity iron uptake system (in this
case chromosomally-encoded) that enables bacterial growth in iron-limited conditions
(Di Lorenzo et al., 2003). Serotype O3 strains can also produce iron-regulated outer
membrane proteins IROMPs), as well as this catechol-like siderophore (Lemos et al.,
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2010), these IROMPs functioning as an additional iron acquisition system (Muino et
al., 2001). Nevertheless, in V. anguillarum O1 strains, siderophores are the major
mechanism for iron acquisition and the mechanism of iron uptake by these
siderophore-dependent iron acquisition systems has been described in some detail
(Stork et al., 2002; 2004; 2007; Balado et al., 2006, 2008; Lopez & Crosa, 2007;
Lemos et al., 2010).
Siderophores
Virulence of V. anguillarum is strongly associated with the existence of a plasmidmediated iron uptake system (Crosa et al., 1980). The virulence plasmid (65kilobasepairs (kb)) present in the serotype O1 strain 775, encodes a highly effective
iron uptake system mediated by the anguibactin-type siderophore, which is an
essential virulence factor in V. anguillarum (Naka et al., 2008). The anguibactin-type
siderophore is a small molecular weight peptide (348 da) that can remove iron from
the transferrin-iron complex. Numerous strains of V. anguillarum O1 strains, carry a
65kb virulence plasmid identified as pJM1 or pJM1-like (Di Lorenzo et al., 2003).
Strains of V. anguillarum lacking the pJM1 plasmid are much less virulent than the
wild-type strain (a difference in LD50 of > 104 cells ml-1). Therefore, the pJM1 plasmid
can constitute an essential virulence factor for V. anguillarum strains lacking
chromosomally-encoded iron uptake systems, reflecting the ability of such strains to
cause disease (Crosa et al., 1980).
The majority of components necessary for anguibactin biosynthesis, as well as for
ferric-siderophore transport, are encoded on the pJM1 plasmid by a group of genes,
namely angB, angC, angD, angE, angG, angH, angM, angN, angR, angT and angU
(Crosa et al, 1980; Crosa & Walsh, 2002; Di Lorenzo et al., 2003; Alice et al., 2005;
Liu et al., 2005; Naka et al., 2008). In addition, the fatA gene encodes a receptor for
ferric-anguibactin (Naka et al., 2008), whilst the fatB, fatC and fatD genes encode an
iron-ABC transporter system. This ABC transporter is necessary for transferring the
ferric-siderophore from the periplasm to the cytosol (Actis et al., 1985; 1988; 1995;
Naka et al., 2011). Several of these genes form a cluster in the iron transport
biosynthetic operon (ITBO) (Stork et al., 2002).
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Both the biosynthesis and the transporter genes are tightly regulated (Crosa & Walsh
2002). Currently, 5 regulator factors have been identified which influence the
expression of some important iron uptake system genes (Stork et al., 2002). These
regulators are: the plasmid mediated antisense RNAs (RNAa and RNAb); the ferric
uptake regulator protein (Fur); the anguibactin regulatory protein (AngR); a transacting factor; and the amount of siderophore itself (Crosa & Walsh, 2002; Stork et al.,
2002; Lemos et al., 2010).
As well as being encoded on the pJM1 plasmid, some of the anguibactin biosynthesis
genes, such as vaba, vabb, vabc, vabd and vabe, are also found on the chromosome,
with gene pairs angc and vabc, angd and vabd, and ange and vabe having been shown
to be functional homologues (Alice et al., 2005; Naka et al., 2008). This seems to
represent the remnants of chromosomally encoded siderophore systems, still seen in
some strains, especially O2 serotypes (see above). In V. anguillarum strains lacking
both plasmid and chromosomally encoded siderophores, transport of iron into the cell
is severely impaired (Naka et al., 2008). Strains lacking pJM1 plasmid are also less
able to colonise fish skin than wild-type, and this has been related to reduced ability
to cause disease, as well as being more sensitive to lysozyme (Weber et al., 2010).
The chromosome-mediated siderophore vanchrobactin can be produced by some O1
serotype strains lacking pJM1 as well as by O2 strains (Lemos et al., 1988; Soengas
et al., 2006). The chromosomal loci encoding vanchrobactin biosynthesis (vaba, vabb,
vabc, vabd, vabe, vabf and vabg) as well as vanchrobactin transport (fvta) and
secretion (vabs) have also been identified and characterised (Balado et al., 2006; Naka
et al., 2008). The vanchrobactin system, like that based on anguibactin, is important
for growth in iron-limited environments, although it has not been assessed whether it
is key for virulence in V. anguillarum (Balado et al., 2006). The vanchrobactin system
is also detectable in many serotype O1 strains which produce pJM1 anguibactin
siderophores, but in this situation one of the vanchrobactin biosynthesis genes, vabf,
is terminated by a transposon derived from the pJM1 plasmid (Naka et al., 2008). It
has been reported that anguibactin producing strains (and so presumably the
anguibactin system) are better at scavenging iron from the host than vanchrobactin
producers (Naka et al., 2008). Likewise, tonb2-mediated energy transport systems
involving ttpc, tonb2, exbb2 and exbd2 are essential for ferric-anguibactin and
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exogenous siderophore uptake, so these genes are also considered essential for V.
anguillarum virulence (Stork et al., 2004; 2007).
Haem system
In addition to the siderophore-mediated iron transport system, V. anguillarum has
another important iron transport system, called the haem system (Lemos & Osorio,
2007). This system enables V. anguillarum to obtain iron from host haem-containing
proteins (such as haemoglobin) by the action of bacterial haemolysins (see above) or
cytotoxins, causing the release of haem into the surrounding environment (Mazoy et
al., 2003). The outer membrane haem receptor, encoded by the huvA gene, has been
described and a huvA mutant derived which had lower virulence compared with the
wild-type strain in turbot pre-treated with haemin (Mazoy et al., 2003). It was found
that the huvA gene is related to the tonb1 cluster, involving huvA, huvZ, huvX, tonb1,
exbb1, exbd1, huvB, huvC and huvD, with deletion mutants of any of the huv genes
causing defects of haemin transport (Mourino et al., 2004). As well as huvA, there is
another haem receptor gene, huSs, which has been identified in some V. anguillarum
strains (Mourino et al., 2005). Vibrio anguillarum can use both tonb1 or tonb2
transport systems to transport haem (Stork et al., 2004).
1.2.7 Lipopolysaccharide (LPS)
Lipopolysaccharide (also often referred to as endotoxin) is the main constituent of the
outer membrane of Gram-negative bacteria (Raetz & Whitfield, 2002).

The

polysaccharide component includes the O-antigen, the variation of which between
strains is used to determine the bacterial serotype (Raetz & Whitfield, 2002). Aoki et
al. (1985) found that V. anguillarum PT479, originally isolated from ayu
(Plecoglossus altivelis), had high virulence to the same host when it was passaged
seven times through that species, whereas its virulence declined after passage twenty
times in brain-heart infusion medium. The differences between these high- and lowvirulence isolates were linked to changes in the LPS structures of the less virulent
isolates, high-virulence isolates retaining an additional high molecular weight
component (Aoki et al., 1985). These high-virulence isolates also transported iron
more effectively than the low-virulence strains (Naka et al., 2011). A cluster involving
four genes, rmlB, A, D and C, is thought to function in the biosynthesis of dTDP9

rhamnose (precursor of the ‘O’ side-chain) from glucose 1-phosphate, this system
having been identified in the 531A strain of V. anguillarum O1 (Welch & Crosa,
2005). Mutations in rmlC and in rmlD caused the loss of the O1 side chain in addition
to the loss of ability to transport anguibactin siderophore. Additional studies on the
rmlD mutant showed that it is instability of the ferric anguibactin outer membrane
protein FatA that causes loss of ferric-anguibactin transport. The rmlD gene was also
associated with the resistance of V. anguillarum to some anti-bactericidal actions of
naïve serum from rainbow trout (Welch & Crosa, 2005). These results indicate that
the lipopolysaccharide O1 side chain is involved in both serum resistance in addition
to anguibactin-mediated iron transport (Welch & Crosa, 2005). A Tn5–132 transposon
library of V. anguillarum was constructed and used to create mutants which were then
tested for virulence using an experimental challenge in rainbow trout. All strains
showed reduced virulence compared to the wild-type (Norqvist et al., 1990; Naka et
al., 2011), again indicating the role of LPS in contributing to virulence. Additional
genes disrupted by these transposons included two found only in O1 strains,
designated as virA and virB (Naka et al., 2011). Mutations in these genes abolished
the reaction with rabbit polyclonal antibodies against whole wild-type cells, indicating
that both genes encode major surface antigens, contributing to differences in LPS
profiles (Welch & Crosa, 2005). Mutations in these genes in V. anguillarum strain
775 also reduced virulence on the challenge (Naka et al., 2011).
1.2.8 Exopolysaccharides (EPS)
Vibrio anguillarum has two divergently transcribed operons, orf1-wbfD-wbfC-wbfB
(Lindell et al., 2012) and wzA-wzB-wzC, as identified by Croxatto et al. (2007). WzA,
B and C genes are found in bacteria producing group-1 capsular polysaccharide. WzA
is a surface-situated outer membrane lipoprotein, wzB is a tyrosine phosphatase and
wzC is a tyrosine kinase (Croxatto et al., 2007). There is some similarity between the
wbfDCB genes and those of V. cholerae O139, which map to the rfb/capsule DNA
locus (Croxatto et al., 2007). It was demonstrated that mutations in the orf1, wbfD and
wzA genes led to decreased levels of EPS but not LPS, suggesting that the wzA-wzBwzC locus is involved in the biosynthesis of EPS, but not LPS, in V. anguillarum
(Croxatto et al., 2007). The orf1 and wzA mutants cause reductions in virulence both
by immersion and intraperitoneal inoculation routes, whereas the wbfD mutant leads
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to the attenuation of virulence only when challenged by immersion (Naka et al., 2011).
These results indicate that EPS biosynthesis genes have various functions during
infection. It is known that wild-type strains can penetrate the skin’s mucosal layer
within 5 hours of starting the infection, this being associated with EPS activity (Naka
et al., 2011). Subsequently, they proliferate and become attached to scales within 12
hours, and can form a biofilm by 24–48 hours (Naka et al., 2011). In contrast, the wzA
mutant never multiplies in fish mucus and biofilms were not detected up to 24 hours
post-infection (Naka et al., 2011). All the orf1, wbfD and wzA mutants also exhibited
less efficient penetration of the skin mucus compared to the wild type (Naka et al.,
2011), while both orf1 and wzA genes were needed to create biofilms, whereas the
wbfD mutation did not affect biofilm formation (Naka et al., 2011). Gene products of
WzA and orf1 also contribute protease and mucinase functions (Naka et al., 2011).
Weber et al. (2010) demonstrated that wzB and wzC are essential for EPS transport,
related with virulence in rainbow trout via both immersion and intraperitoneal routes.
In general, exopolysaccharide mutants reduce bacterial colonisation of the skin and
motility through mucus compared to wild-type strains, even though they are still able
to colonise the intestine (Naka et al., 2011). Furthermore, mutant strains are more
sensitive to lysozyme and antimicrobial peptides such as polymixin (Stork et al., 2002;
Weber et al., 2010).
1.2.9 The role of outer membrane proteins
Because the osmotic concentration is different between the host (0.85%) and sea water
(3.5%), V. anguillarum requires effective osmolarity regulation to survive variable
changes in osmotic pressure (Larsen et al., 2004). Five salt-responsive proteins have
been identified located in the outer membrane. It is assumed that they help the
bacterium adapt to different salinity levels (Kao et al., 2009). These outer membrane
proteins include Omp26La, a porin-like peptidoglycan-associated protein, which
assists in adaptation to low salinity, along with OmpW and OmpU, which are porinlike proteins that may contribute to efficient efflux of NaCl (Larsen et al., 2004).
Moreover, the 38-kDa major outer membrane protein OmpU also plays a significant
role in bile resistance and consequently contributes to colonisation in the fish intestine
(Frans et al., 2011). The synthesis of OmpU is regulated by the transcriptional
activator ToxR in response to environmental changes such as osmolarity and nutrient
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limitation. In addition, changes in OmpU expression lead to alterations in the LPS and
phospholipid profile in the outer membrane, and hence in membrane permeability
(Wang et al., 2003). Although OmpU is involved in bile resistance, it is possible that
V. anguillarum possesses two outer membrane proteins that are both involved in bile
resistance (Wang et al., 2002, 2003).
1.2.10 The significance of chemotaxis, motility and adhesion
Chemotaxis and motility are significant virulence factors in many pathogenic bacteria
(Ottemann & Miller, 1997; Josenhans & Suerbaum, 2002). Vibrio anguillarum has an
effective chemotaxis system, which plays a significant role after attaching to
components in the skin or gut mucus layer, and hence in establishing infections
(O’Toole et al., 1996; 1999). Several authors have shown that a mutation in the cheR
gene, coding a cytoplasmic methyl transferase crucial for chemotactic signal
responses, reduces virulence in rainbow trout (Frans et al., 2011), whereas no decline
in virulence of the cheR mutant was detected with intraperitoneal (IP) inocualtions
(Frans et al., 2011), indicating that chemotaxis ability plays an inportant role in
movement of the pathogen into the host. The flagellum, responsible for motility, also
plays a crucial role in pathogenesis (O’Toole et al., 1996; Ormonde et al., 2000).
Flagellin A is necessary for persistence of the infection (Milton et al., 1996) and
removal of the conserved C terminus of flagellin A reduces virulence when fish are
infected either IP or by immersion (Milton et al., 1996). Similar results were obtained
when other flagellin subunits, such as flaD and flaE, were mutated (McGee et al.,
1996).
Adhesion to host tissues is also a key step in host colonisation and the subsequent
infection process (Ormonde et al., 2000). The adhesion of bacteria is controlled by the
existence of so-called adhesion tools, such as pili, outer membrane protein fimbriae,
LPS, and extracellular polysaccharides (Pizarro-Cerda & Cossart, 2006; Rodkhum et
al., 2006). Several genes have been identified that are involved in the biosynthesis
(pilC) and assembly (pilB, pilQ) of type IV pili, and are thought to play a role in V.
anguillarum virulence (Frans et al., 2013). Moreover, it has been demonstrated that
extracellular polysaccharides, LPSs, and glycoproteins also all contribute to the
adhesion process (Wang & Leung, 2000). Nevertheless, to better explain the
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contribution of the adhesion processes and the importance of V. anguillarum adhesion
to virulence more research is needed (Ormonde et al., 2000).
1.2.11 Significance, stability and loss of plasmid in bacteria
The siderophore anguibactin is synthesized from L-cysteine and histidine under the
control of several genes associated with virulence, the majority of them situated on
mobile genetic elements on the pJM1 virulence plasmid (Di Lorenzo et al., 2004).
Plasmids are extra-chromosomal elements which carry genes not essential for the
survival of the bacteria containing the plasmid (Di Lorenzo et al., 2003). They can,
however, give a selective advantage in specific circumstances (Di Lorenzo et al.,
2003), for instance, plasmids encoding nitrogen fixation gene clusters found in
symbiotic Rhizobium species (Crossman et al., 2008). The majority of plasmids are
circular DNA molecules and are present in various sizes (Drlica & Gennaro, 2003).
They can autonomously replicate in the bacterial cells and are inherited in both
daughter cells at each stage of cell division (Wegrzyn & Wegrzyn, 2002). Each
plasmid is maintained in a specific number per cell, termed a copy number (Watve et
al., 2010). The determination of this number is controlled by the plasmid’s origin of
replication (Watve et al., 2010). Iron sequestering systems are found to be limited to
only two families of plasmids: the pJMl-like and the pColV-K30-like plasmids (Crosa
et al., 1980; Crosa & Walsh, 2002). The first type, a pJMl-like plasmid, is recognised
in V. anguillarum O1 strains, where it encodes the anguibactin biosynthesis transport
systems (Crosa & Walsh, 2002). Therefore, it is considered an essential virulence
factor necessary for occurrence of septicaemic Vibriosis infection (Crosa et al., 1980).
A similar virulence-associated plasmid has been demonstrated in E. coli strains
associated with bacteraemia of humans, this type of E. coli strain being associated with
the presence of the ColV plasmid (Crosa et al., 1980). This type of plasmid also
harbours a siderophore-mediated iron uptake system, responsible for the aerobactin
biosynthesis system (Crosa et al., 1980), which can also be found encoded in the
chromosome (Crosa et al., 1980). Many plasmids of the pColV-K30 family have been
detected in various invasive strains of other human pathogens such as Shigella,
Salmonella and Klebsiella (Walters & Crosa, 1983).
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In the ‘ideal replicon’, the distribution of plasmid in a growing cell occurs randomly
(Sengupta & Austin 2011), with several plasmid copies in the mother cell being
horizontally transferred to the daughter cells. There is, nevertheless, the possibility
that one of the new cells will lack any plasmids (Nordström & Austin, 1989; Watve et
al., 2010). The probability of this can be calculated using the equation:
P0 = 2(1-n)
where P0 is the probability of complete absence of plasmid and n is the plasmid
stability (known as the random distribution law) (Werbowy et al., 2017).
There is an extremely limited production of plasmid-free cells when the plasmid copy
number is high (Sengupta & Austin 2011; Togna et al., 1993). In contrast, when the
copy number is low (one or two), the possibility of producing plasmid free daughter
cells is high (Watve et al., 2010). As has been shown, in the absence of external
environmental stress, plasmid-less cells grow at a faster rate than plasmid harbouring
cells, therefore the plasmid harbouring cells need to develop systems or mechanisms
that can ensure plasmid-less bacteria are destroyed (Wegrzyn & Wegrzyn, 2002;
Million-Weaver & Camps, 2014).
This can be explained by one of the following three mechanisms used by bacteria to
maintain their plasmid: firstly, site specific re-combination. This system can ensure,
when multimers of plasmid are produced in the time of cell multiplication or
recombination, that these are then resolved into individual monomers, each of which
is subject to the above distribution law (Million-Weaver & Camps, 2014). Secondly,
the active partition system which, during cell-division, gives a precise distribution of
plasmid copies to each descendent cell (Million-Weaver & Camps, 2014). Thirdly, the
plasmid addiction system (PAS; Kroll et al., 2011) which works by killing or reducing
the growth of plasmid-less daughter cells (Million-Weaver & Camps 2014). There is
are differences between these three mechanisms: the first mechanism optimises
distribution of the random plasmids, the second and third mechanisms allow for more
effective plasmid inheritance (Zielenkiewicz & Ceglowski, 2001). Loss of plasmids
from specific bacterial strains can be associated with environmental stress, typically
starvation (Caldwell et al., 1989). Plasmid loss from a cell can be achieved in the
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laboratory in several ways: by cultivating the bacteria at higher-than-normal
temperatures; subjecting the bacteria to detergent; mutagenesis; or incorporating
agents that modulate DNA (Trevors, 1986). Moreover, it can also be achieved by
nutrient (e.g. thymine) starvation (Trevors, 1986). I n real environments, the loss of
plasmid was reported to occur in situations of stress such as starvation and lack of
critical nutrients (Caldwell et al., 1989). The majority of plasmid loss was associated,
perhaps unsurprisingly, with loss of characters controlled by the lost plasmid. The
majority of plasmids carry genes adding to the cell additional characteristics, whilst
not being necessary for cell life (Zielenkiewicz & Ceglowski, 2001; Naka et al., 2011;
Al Doghaither & Gull, 2019).
1.2.12 Relationship between genetic and virulence stability
In cases where the bacterium has a multifunctional virulence system, it encodes
virulence systems on both plasmid and chromosome (Frans et al., 2013), which is the
situation seen in V. anguillaum O1, where virulence components are coded by both
chromosomal and virulence plasmid genes (Protsenko et al., 1991; Leal-Balbino et al.,
2004; Sorensen et al. 2005, Naka et al. 2011). However, the majority of V.
anguillarum O1 virulence factors are encoded on the virulence plasmid (Naka et al.
2011). Therefore, it is expected that the loss of their plasmid will lead to a dramatic
decrease in their virulence without affecting their viability (Crosa et al., 1980).
Nevertheless, the full understanding of the mechanism and causes of plasmid loss
over long term storage is not clear yet (Marston et al., 2005), although several factors
can be linked with this phenomenon, such as poor nutrient availability and
temperature-induced stress (Saglam et al., 2015). These factors can cause genetic
damage and inadequacies in the horizontal transfer of plasmids (Marston et al., 2005;
Saglam et al., 2015). These assumptions are supported by what Caldwell et al. (1989)
suggested about the causes of plasmid loss from some strains of Vibrio spp.,
specifically, that these strains lose their plasmids because they are facing starvation
and lack of nutrients (Caldwell et al., 1989). Therefore, these strains degraded their
plasmid to supply nutrients necessary for cell survival during starvation conditions.
Furthermore, Vibrio species are also suggested to use plasmid degradation to rebalance
their cell contents after nutrient limitation conditions (Caldwell et al., 1989; Pedersen,
1997).
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Effects of metal contaminants on Vibriosis
1.3.1

The general impact of copper pollution on fish health

In a study of juvenile coho salmon (Oncorhynchus kisutch (Walbaum)), individuals
exposed to sublethal levels of aqueous copper (one quarter and one-half of the LC50
dose over four days) ceased growing or showed decreased rates of growth (Buckley et
al., 1982). National Marine Fisheries Service researchers found that a three-hour
exposure to sublethal levels of copper and other heavy metals may also cause serious
damage to the life processes of salmonids (Baatrup, 1991). As described by Trasky
(2008), fish depend on an intact nervous system, including their sensory organs, to
locate food, recognize predators, migrate, communicate and orientate. The nervous
system is very vulnerable to damage from metallic pollutants and injury may
drastically alter their behaviour, and subsequently the survival. Metals' affinity for
numerous ligands and macromolecules in the nervous system makes them potent
neurotoxins, which affect the integrity of the fish nervous system structurally,
physiologically and biochemically (Trasky, 2008). The interaction of copper and
other metals with chemical stimuli in the nervous system may interfere with
communication between the fish and the environment (Eisler, 2000). Synergistic
effects of dissolved copper may be the most significant result of metal contamination
produced by the Pebble Mine in Alaska (Eisler, 2000). However, water samples from
the Pebble Mine area indicate the presence of many other metals and chemical
constituents listed by the EPA as priority pollutants, including antimony, arsenic,
cadmium, chromium, lead, mercury, nickel, selenium and zinc. While these other
where metals are also toxic to salmon and other aquatic life at very low concentrations
(Eisler, 2000), copper also produces negative synergistic effects with them. The
cumulative effects of interactions between and among metals and water quality
variables are important because many factors such as temperatures, alkalinity, and
acidity concurrently influence fish growth and survival (Molony, 2001). For example,
copper becomes more toxic to salmon as pH and alkalinity decrease (Waiwood &
Beamish, 1978, Chakoumakos et al., 1979; Laurén & McDonald, 1986; Welsh et al.,
2000). Because alkalinity levels in the Upper Talarik Creek and Koktuli River
watersheds were low, copper (and other metal/metalloid) toxicity was considered to
be high (Chambers et al., 2012).
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1.3.2 Interaction of copper with fish V. anguillarum bacterial disease
Sugatt (1980) reported that exposure of coho salmon to sublethal concentrations of
sodium dichromate developed more susceptibility to subcutaneously injected infection
by V. anguillarum. Furthermore, Stevens (1977) detected that exposure of juvenile
coho salmon to 10 to 33 ppb CuCl2 for one month caused a reduction in humoral
response against Vibrio anguillarum. Baker et al. (1983) investigated the effect of
sublethal copper chloride exposure on both chinook salmon and rainbow trout and
showed that this caused stress which enhanced infection by a virulent strain of V.
anguillarum. Maximum susceptibility to Vibriosis in chinook salmon occurred after
a 96 hr exposure to copper, (8-20% of the 96h LC50 value (0.08-0.20 Toxicity Units
(TU))). Both species reached peak susceptibility to V. anguillarum at 9% of their 96h
copper LC50 (0.09 TU). Rainbow trout, either pre-exposed to copper chloride (40 ug/1
Cu) for 96h or after stress due to environmental copper pollution, both required about
50% fewer pathogens to induce a patent infection compared to the control fish (Baker
et al., 1983). Higher copper concentrations produced peak susceptibility to infection
over shorter times (Baker et al., 1983). After the peak of susceptibility, sensitivity to
infection declined to near control levels in those fish where exposure was continued,
indicating some adaptation of the immune system under certain conditions. Juvenile
salmon appear to be the most sensitive to the effects of dissolved copper, most likely
due to physiological changes related to growth and smolting (Hecht et al., 2007). The
general assumption n all this work seems to be that disease susceptibility is a function
of host physiology. The possibility that copper may have a positive influence on
pathogen growth has not previously been suggested or investigated.
Bacterial stock preservation
Successful storage of bacterial strains is crucial for successful microbiological
research, diagnostics and educational purposes (Caliendo et al., 2013). Moreover,
maximising the length of time that culture can remain viable under storage conditions
is a key target for all stored bacterial strains, since cell death during storage needs to
be minimised (Kirsop & Doyle, 1991; Prakash et al., 2013). Many regularly used (i.e.
daily/weekly) bacterial cultures may frequently be stored and distributed around the
world (El-Shewy et al., 2004; Smith & Ryan, 2012), whilst others for instance in
culture collections, may be stored for more prolonged periods. In either case,
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maintaining the desired phenotypic and genotypic characteristics of stored cultures is
important, because this underpins their academic and economic value (Oskouei et al,
2010; Smith & Ryan, 2012).

Such characteristics require the maintenance of

population variability, genetic stability and culture purity (Oskouei et al., 2010;
Prakash et al., 2013; Peiren et al., 2015).
Several common techniques are currently used for storage of bacterial cultures,
including freezing (-80oC freezer; liquid nitrogen) and freeze-drying (lyophilisation)
(Prakash et al., 2013). Historically, other preservation methods that have been used
included storage on agar slants and desiccation (Kirsop & Doyle, 1991; Pegg, 2002).
Several reports address the effects of particular preservation methods on bacteria
(Simione, 1992; Mazur, 2004), the use of cryoprotectant agents being noted as having
benefits in maintaining culture viability (Pegg, 2009; Smith & Ryan, 2012). Many
cryopreservation agents have been successfully used to store bacterial cultures,
including glycerol, skimmed milk and dimethyl sulfoxide (DMSO) (Kirsop & Doyle,
1991; Prakash et al., 2013; Pegg, 2015).
The freezing of bacterial strains is one of the most common methods of preserving
them in the laboratory (Tedeschi & De Paoli, 2011; Singh & Baghela, 2019). It was
discovered that cryoprotective additives such as sugar, milk or glycerol protect
bacteria from cell death caused by repeated freeze/thaw cycles (Cody et al, 2008),
facilitating successful freeze-preservation in bacteriological research (Kirsop &
Doyle, 1991). Today, glycerol, typically added at 15% v/v to bacterial suspensions, is
one of the most common cryoprotective agents used in culture cryopreservation
(Howard, 1956; Baker, 1983; Sambrook & Russell, 2001). This method increases
long-term viability of collection strains as long as constant low temperatures (-70 to 80oC) can be sustained and multiple freeze/thaw cycles avoided (Oskouei et al., 2010).
However, at higher temperatures and after repeated sub-culture, alteration in virulence
has been reported from some bacteria, including V. anguillarum O1 as well as other
microorganisms (Pedersen, 1997; Natrah et al., 2011). This may result from loss of
virulence factors, such as plasmids, genes or other bacterial cell components (Michel
& Garcia, 2003; Sorensen et al., 2005; Austin, 2016). This emphasises the importance
of effective cryopreservation if the key characteristics of specific bacterial species and
strains are to be maintained.
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One example of the necessity of consistent maintenance of bacterial characteristics
during storage is that of vaccine efficacy testing. Here, the issue is not only to retain
the viability of pathogenic strains, but also to maintain their virulence characters
during storage and re-culturing (Michel & Garcia 2003; Austin, 2016). As noted
above, this can pose problems, particularly over longer storage periods, since several
observations have previously suggested partial or complete loss of virulence in aged
bacterial cultures grown in artificial media (Michel & Garcia, 2003; Marston et al.,
2005). The situation is further complicated when bacteria retain their general
phenotypic characteristics, but lose virulence characteristics as a consequence of
plasmid loss, modification or chromosomal gene mutation (Marston et al., 2005).
Such cases are particularly likely to occur when a bacterium has a multifunctional
virulence system, as in the case of V. anguillarum O1, where virulence components
are found on both chromosomal and plasmid genes (Sorensen et al., 2005; Naka et al.,
2011).
There are very few studies available examining virulence loss after very long
(decades) storage, especially in relation to cryopreservation. Some work indicates
older preservation methods, such as agar slants at room temperature, lead to loss of
virulence over multi-decadal scales (Marston et al., 2005), but there appears to be a
general assumption that cryopreservation does not suffer from the same problems,
although most studies only extend up to 2 years (e.g. Pedersen, 1997; Michel & Garcia,
2003). In one of the only published references to a longer-term study, only two out of
more than 100 initially pathogenic isolates of Vibrio harveyi retained their virulence
after storage (-70oC in 20% glycerol) over several years (Zhang & Austin, 2005;
Austin, 2016).
As noted above, cryoprotectant agents (CPAs) are essential to reduce cell damage
caused by the freezing process (Fuller, 2004). CPAs are generally categorised into
either low- or high-molecular weight (MW) additives (Mazur, 2004). An alternative
classification of cryoprotective additives depends on their penetration rate into cells
(Hubalek, 2003). Cryoprotective additives that penetrate quickly, usually within 30
minutes, include methanol, ethylene glycol (EG), 1 propylene glycol (PG),
dimethylformamide, methylacetamide, dimethyl sulfoxide (DMSO) and glycerol
(Mazur, 2004). In contrast, those which penetrate more slowly include mono-, oligo-,
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and polysaccharides, mannitol, sorbitol, dextran, hydroxyethyl starch (HES), methyl
cellulose, albumin, gelatine, various proteins, polyvinylpyrrolidone (PVP),
polyethylene glycol (PEG), polyethylene oxide (PEO), and polyvinyl alcohol
(Hubalek, 2003). All of these can provide extracellular cryoprotection to the cells at
concentrations of 10–40% (Prakash et al., 2013). During freeze-thaw cycles, the
stored microorganisms are subjected to a minimum of four concurrent phenomena
during exposure to low temperature, any one of which may cause irreversible injury
(Mazur, 1967; Hubalek, 2003), these being: lowered temperature; ice crystal
formation; raised osmotic concentration produced by ice formation; and removal of
liquid water by conversion to ice (Mazur, 1967; Nagai, 2005). However, determining
the relative contributions of each of these four phenomena to cell injury has so far
proved intractable, and still need to be fully defined (Mazur,1967; Muldrew et al.,
2004).). Another complicating factor in understanding the mechanism of phenotypic
change is that the cause of damage depends on the circumstances prevailing when a
specific cell experiences low temperatures (Mazur, 1967; Precht, 2013). Log-phase
cells of Escherichia coli are very susceptible to injury by rapid chilling to near freezing
(0oC) temperature, whereas stationary phase cells are relatively insensitive (Meynell,
1958; Prakash et al., 2013). Slowly frozen cells seem to be injured by osmotic effects
occurring during freezing, leading to dehydration and damage to the cell membrane
(Mazur, 1967; Prakash et al., 2013), whereas very rapidly frozen cells appear to be
injured more by intracellular ice formation (Mazur, 1967; Muldrew et al., 2004;
Figures 1.1 and 1.2).
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Temperature, oC

Figure 1.1: Schematic cooling curves showing the exothermic latent heat evolution
of a sample after nucleation (Brockbank et al., 2001), which can cause
damage to cells during the freezing process.

Time, mins

Figure 1.2: The ideal cell cooling rate (1°C min-1 ) and the cooling rate provided by
Nalgene Mr. Frosty 1ºC freezing container to avoid freezing damage to
stored cultures. (https://www.vanderbilt.edu/viibre/CryoPreservationManual.pdf).
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Use of bio-informatic tools in virulence studies
Drug design and the drug industry have developed over time, from the past, where
drugs were largely designed in an undirected way and mostly associated with trial and
error, to a stage where pharmaceutical technology now uses recent advances of
molecular biology and genome technology (Hagen, 2000; Kingston, 2000), having a
significant contribution in assisting the development of novel drugs. This approach
gives a way for improvement and development of a new kind of science known as
bioinformatics, which involves multidisciplinary studies to integrate molecular
biology and information technology (Karplus & McCammon, 2002; Van De
Waterbeemd & Gifford, 2003). Several methods in bioinformatics can provide real
assistance in drug design, including sequence alignment for defining conservation of
parts of the genome and proteome, homology modelling for extraction of threedimensional (3D) protein models, and virtual (in silico) molecular docking methods
to allow understanding of molecular dynamics, as well as interactions between certain
proteins and large numbers of candidate compounds (Van De Waterbeemd & Gifford,
2003). These techniques have not yet been applied to fish bacterial pathogens,
although there is great potential here, since there is a lack of information from
traditional structural methods (e.g. X-ray diffraction) on the structures of potential
drug-target molecules in these organisms, since most effort has, understandably,
concentrated on human pathogens. However, given basic sequence information,
bioinformatic methods can give a way to predict tertiary molecular structures and,
hence, potential drug-target domains in molecules important in pathogenesis which
have no previous 3D structural data.
Thesis Aims
The aims of the present work are centred around three main research questions:
1. How the is stability of V. anguillarum O1 affected by long term storage?; 2. How
does siderophore production interact with antibiotic susceptibility and ability to grow
in metal contaminated conditions?; and 3. Is it possible to use bioinformatic methods
to identify novel drug targets in V. anguillarum? Chapter 2 addresses the first question
through an exploration of the null hypothesis that the viability, purity, phenotypic and
virulence traits for the frozen glycerol stocks of bacterium V. anguillarum serotype
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O1 are not be affected by long-term storage. The second question is investigated
through Chapters 3 – 6, where methods for characterising the virulence factors of V.
anguillarum O1 are refined and applied to the null hypothesis that growth, antibiotic
susceptibility and growth under conditions of copper contamination are unaffected by
plasmid presence and related siderophore production. The last question is approached
in chapter 7, framed by the null hypothesis that bioinformatic methods based only on
protein primary sequence data will neither be able to produce usable tertiary structures
nor identify novel drug candidates for potential treatments against V. anguillarum O1.
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Assessment of phenotypic and virulence
stability in V. anguillarum O1 after long-term
cryo-storage
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INTRODUCTION
2.1.1 The significance of bacterial stock preservation
Successful storage of bacterial strains is crucial to achieving successful microbiology
research (Caliendo et al., 2013) and should ideally guarantee that the stored cultures
remain viable, as well as maintaining their desired characteristics (Oskouei et al.,
2010) which underpin their economic value (Smith & Ryan, 2012). Freezing of
bacterial strains for preservation is one of the most common methods for bacterial
strain preservation in the laboratory (Nimonkar et al., 2013). Cryoprotectant agents
are advantageous in this field (Nimonkar et al., 2013), with many different
cryopreservation agents successfully used for long-term storage of bacterial cultures
(Oskouei et al., 2010). A cryoprotectant agent should be highly water soluble,
penetrate easily inside the cell, have a low toxicity, be non-reactive, and not precipitate
at high concentrations (Nimonkar et al., 2013).

Amongst these, glycerol, at

concentrations of 10-20% v/v is one of the most commonly used ingredients (Howard,
1956; Kirsop & Doyle, 1991; Sambrook & Russell, 2001; Nimonkar et al., 2013),
since it gives more protection to bacterial strains from cell death during storage caused
by repetitive freeze/thaw cycles (Nimonkar et al., 2013).
Nevertheless, post-preservation physiological or genetic changes in microorganisms
following preservation have previously been recorded (Smith & Ryan, 2012),
particularly after longer- term storage (Marston et al., 2005). Therefore, the
monitoring of stock cultures to avoid undesired genetic and/or physiological changes
is crucial to achieving successful storage practice (Smith & Ryan, 2012).
2.1.2 The significance of virulence stability
One of the most challenging issues facing microbiological work, particularly in
relation to vaccine efficacy testing and virulence aspects of bacteria, is not only
maintaining the viability of collection strains, but also maintaining their virulence
characters during storage (Michel & Garcia, 2003; Austin, 2016). However, this is not
an easy task in terms of microbiology practice, particularly over long periods of
storage, since many observations suggest that there may be partial or complete loss
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of virulence in stored strains resulting from aged bacterial cultures or growth in
artificial media over prolonged times (Michel & Garcia, 2003). Monitoring and
control of this situation are further complicated when the storage bacterium retains
their general phenotypic characteristics but lose only their virulence characteristics
through, for example, plasmid-loss or chromosomal gene mutations (Nimonkar et al.,
2013). During long-term storage, there are some reports of reduced virulence in V.
anguillarum O1 (Natrah et al., 2011: Frans et al., 2013). Such virulence reduction may
be due to loss of some virulence factors such as plasmids, low expression levels of
virulence genes or some defect in other components of the bacterial virulence system
(Pedersen et al., 1995; Sorensen et al., 2005). To understand this more for V.
anguillarum O1, further focussed research highlighting the virulence system of this
microorganism is necessary.
2.1.3 Chromosomal and plasmid features of V. anguillarum O1
Following investigation by Naka et al. (2011), the genomic composition model
proposed for V. anguillarum O1 consists of two circular chromosomes, together with
a virulence plasmid (Naka et al., 2011). Among V. anguillarum proteins, 54% were
identified in known pathways or systems, whereas 46% were not included in identified
systems, indicating a large proportion of proteins with unknown function according to
the RAST method (Naka et al., 2011). According to Naka et al. (2008), the majority
of gene products were categorised as being involved in carbohydrate production
and/or utilization, metabolism of amino acids and derivatives, and protein metabolism
(Naka et al., 2008; 2011).
The majority of housekeeping and other essential genes are located on chromosome
1 (Chr1), as is the case in other Vibrios (Naka et al., 2011). In addition, analysis of
potential virulence-associated genes and their distribution showed that the majority
of anguibactin-type siderophore biosynthesis and transport genes are located in the
pJM1 virulence plasmid (Li & Ma, 2017). It was also shown that there are
transposons that originated in the pJM1 plasmid of V. anguillarum 775 incorporated
into the chromosomal genome (Li & Ma, 2017). One such transposon has inserted in
the vabF gene on the chromosome, causing abolition of vanchrobactin biosynthesis
(Naka et al., 2011; 2013).
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2.1.4 Role of PJM 1 virulence plasmid in the siderophore production
The virulence plasmid consists of a 65,009 nucleotides sequence, with an overall G +
C content of 42.6%, and it is key for the virulence of V. anguillarum O1 (Di Lorenzo
et al., 2003). It encodes genes for, amongst others, non-ribosomal peptide enzymes
and other proteins necessary for anguibactin siderophore biosynthesis (Lorenzo et al.,
2003). Anguibactin gives V. anguillarum O1 the ability to scavage ferric iron in
conditions where iron is chelated by transferrin, ethylenediamine-tetra-acetic acid
(EDTA), or other iron-chelating compounds. Among microorganisms iron metabolic
plasmids are uncommon: in addition to the V. anguillarum virulence plasmid only the
pColV-K30 family of plasmids, recognised in some strains of Escherichia coli have
been linked with iron metabolism (Di Lorenzo et al., 2003). On the other hand, there
is no relation recognised between those two plasmids until now. The virulence plasmid
of V. anguillarum has only 1-2 copies per cell (Naka et al., 2012). It can be deleted
using ethidium bromide resulting in a nonvirulent strain (Crosa et al., 1980). It is
thought that the virulence plasmid is responsible for producing the histamine precursor
of anguibactin and anguibactin-type siderophores. This virulence plasmid (pJM1) was
also lost after growth of V. anguillarum at 37°C or addition of ethidium bromide (10
μg per ml) at 20°C. Over a period of 18 months storage time this plasmid appeared to
be stable in glycerol stock at – 80°C (Pedersen, 1997).
2.1.5 Virulence system factors
A full understanding of the mechanism of pathogenicity in V. anguillarum is not
reached yet. However, there are several virulence factors that have already been
identified which give this microorganism a multi-functional virulence system (Balado
et al., 2018). These virulence factors are found on the pJM1 virulence plasmid, as
well as Chr1 and Chr2 (Frans et al., 2011).
Iron uptake system
This system is responsible for siderophore production. The majority of genes encoding
this system are located on the virulence plasmid (Table 2.1). Therefore, any loss or
mutation of genes involved in this system will result in a decrease in siderophore
production, and hence virulence. This gives V. anguillarum the ability to overcome a
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non-specific defence strategy involving restriction of iron availability through ironbinding proteins such as lactoferrin, transferrin, and ferritin (Naka et al., 2011).
Production of siderophore can counteract this strategy and support V. anguillarum
growth in iron limited conditions.
Iron transport system
In addition to the siderophore-mediated iron binding system, V. anguillarum requires
an iron transport system, to transport siderophore after completion of its complexing
with iron (Naka et al., 2011). This system is also encoded on the pJM1 plasmid
(Table 2.1).
Table 2.1: Genes associated with siderophore (Anguibactin) biosynthesis and iron
transport in Vibrio anguillarum serotype O1(data sourced from Naka et
al., 2011)
Virulence
property
Anguibactin
biosynthesis
Vancrobactin
biosythesis
Iron Transport
-

Genes Detected
angA-angE
ang GHMNRTU
vabA-vabE
fatA-fatD

Chr1

Location
Chr2

Plasmid pJM1

+
-

-

+
+

= not present, + = present, Chr1 = chromosome 1, Chr2 = chromosome 2.

Haem and haemolysin iron system
The haem system is another way by which V. anguillarum O1 can obtain iron. With
this system, V. anguillarum may obtain iron from heam-holding proteins that occur in
the host. The genes controlling this system are encoded on Chr1 and Chr2 (Frans et
al., 2011). This system includes genes from the vah and RTX toxin families (Li et al.,
2008).
Role of proteolytic system
By obtaining iron the microorganism can grow and start establishing an infection. This
requires other types of virulence factors including: the adhesion of V. anguillarum O1
to the skin or intestinal mucus (Wang et al., 2000), invasion (Croxatto et al., 2007),
chemotaxis and motility (O’Toole et al., 1996; Ormonde et al., 2000) and protease
activity to penetrate the epithelium cell before it can cause a systemic infection in the
host (Denkin & Nelson, 2004; Rodkhum et al., 2005; Li et al., 2008). An extracellular
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metalloprotease (EmpA) with mucinase activity in V. anguillarum has a potential role
in the degradation and penetration of mucus (Norqvist et al., 1990). After damaging
tissue as a result of the proteolytic activity, these activities help the pathogen colonise
in the fish tissues and cause a systemic infection, affecting several organs such as the
liver and spleen (Milton et al., 1992; Denkin & Nelson, 1999, 2004; Croxatto et al.,
2007; Hasegawa et al., 2009). Despite all this information, the mechanism that gives
V. anguillarum its ability to persist in its host is still not completely understood.
Moreover, this virulence system is multifunctional, meaning all parts need to work to
establish and progress an infection (Hasegawa et al., 2009; Frans et al., 2011).
2.1.6 Aims


To evaluate the stability of virulence of twenty strains of V. anguillarum O1
stored for over 18 years at -70°C in 15% glycerol stock.



To screen several assays associated with the virulence such as haemolysin,
caseinase (protease), gelatinase and lecithinase.



To screen the production of siderophore and the relation of siderophore with
the level of virulence.

MATERIALS AND METHODS
2.2.1 Fish
Rainbow trout (Oncorhynchus mykiss (Walbaum) were selected for study owing to
their ease of availability year-round at the appropriate size (in contrast, for example,
to Atlantic salmon (Salmo salar), and because they are a test species routinely used
for Vibrio anguillarum vaccines (AR Lyndon, pers. comm.). Fish of 4 ± 1 g (mean ±
SD) were obtained from a commercial fish farm in Scotland. They were maintained in
continuously aerated, free-flowing dechlorinated freshwater at 13 ± 1°C (mean and
range) and fed with commercial pelleted diet (4.5 mm; Skretting, Glasgow, UK: crude
oil 21.0%, crude protein 48.05, crude ash 8.55 and crude fibre 1.2%) at ~2% of body
weight daily in 70 L tanks. Fish health was examined using standard methods (Austin
& Austin, 1989; Buchman, 2007). The fish were certified by the source farm as neither
having been vaccinated nor exposed to fish diseases. Their general health was
examined on arrival during a 48 hour quarantine for any changes in physical
appearance or behaviour. A sample (n = 30) of fish were dissected and skin, gills and
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internal organs observed for any abnormalities. Smears of skin and gills were taken
and observed at x100 mag. for parasites and the gills examined microscopically (x45
mag. dissection microscope). Swabs from the body surface, kidney and liver were
streaked onto tryptone soy agar (TSA; Oxoid) plates and incubated for 7 days (with
daily checks for any growth) at 25oC for bacteriology. Any colonies were picked from
the plate and identified using standard phenotypic tests and the API 20E biochemical
test kit (BioMérioux, France). Antibody tests for Aeromonas salmonicida, Vibrio
anguillarum Vibrio ordallii and Yersinia ruckeri were conducted using pooled blood
serum extracted from killed fish (n = 30) using commercial antibodies (Bionor) in
agglutination tests. The fish were checked initially upon receipt and then similarly at
8 week intervals. Fish stocks where any disease was identified were not used for
further study.
2.2.2 Tested bacterial strains
Twenty strains of V. anguillarum O1 were selected from the HWU Fish Pathology
Unit (FPU) culture collection (Table 2.2), based on their high virulence prior to
storage. These cultures were originally collected and characterised by Dawn Austin
and her coleages in 1995. Single aliquots of frozen glycerol stock bacterial cultures
were grown overnight at 25°C in tryptone soya broth (TSB; Oxoid) supplemented with
1.5 % (w/v) sodium chloride, centrifuged at 5,000 x 'g' for 10 min (Thermo Scientific
Megafuge 16 R) and re-suspended in 10 ml volumes of 0.9% (w/v) sterile (autoclaved
121°C for 15 min) saline (sodium chloride) to approximately 10 8 cells/ml. Ten- fold
dilution was performed. A sterile loop of this suspension was plated on tryptone soya
agar (TSA) for 48 h to confirm the purity of the culture. Furthermore, phenotypic
characters such as gram stain, shape and motile were subjected to screening by
compound microscopy

Preparation of bacterial glycerol stock:
Bacteria were grown overnight in TSB + NaCl (1.5 %), Followed by adding bacterial
growth, amount of 500 μ l of the overnight culture to 500 μ l of 15% glycerol in a 2
ml screw-top tube or cryovial and gently mix and freeze the glycerol stock tube at 70°C.
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Recover bacterial strains glycerol stock:

To recover bacteria from your glycerol stock, open the tube and use a sterile loop,
toothpick or pipette tip used to scrape some of the frozen bacteria of the top without
letting the glycerol stock thaw. Followed by streaking the bacteria onto a TSA agar
plate.

Challenge experimental
For assessment of virulence, groups of 4 fishes (x 6 replicate groups plus 1 sham
(saline) injected control group per strain (total fish = 28 (6 x 4 + 4): this set-up was
therefore repeated 20 times (total of 28 x 20 = 560 fish) were infected by IP injection
(0.1 ml per fish) with the washed bacterial suspensions and these were diluted to
achieve doses of 106cells/fish (using a haemocytometer for first count and subsequent
dilution to reach the target cell concentration). Each treatment group was in a separate
tank. Anaesthetic is used was ethyl 3-aminobenzoate methane sulfonate (Sigma). The
inoculated animals were maintained for up to 10-14 days (fed daily as above) in
covered 70 L polypropylene tanks supplied with dechlorinated, aerated flow-through
freshwater at a temperature of 13 ± 1°C (mean ± range). The control was fish injected
with saline with clip tail used for each group. The tanks were checked three times
daily for fish showing signs of morbidity (dark colour; disorientation). The end point
was disease-induced morbidity (followed by Schedule 1 killing (anaesthetic overdose
(MS222; Sigma) followed by transection of the spine), although some fish were found
dead. Any survivors at the end of the experiment were also killed by a Schedule 1
method and examined, as below (Section 2.2.3). The clinical signs presented. The
challenge experiments were run for 10-14 days, depending on whether no mortalities
occurred for at least 3 days after fish had been dying. Kidney swabs were taken from
dead/moribund fish to check for recovery of the isolate and serology (Bionor kit for
Vibrio anguilllarum) used to identify bacterial growth on TSA supplemented with
1.5% (w/v) NaCl. The concentration of bacteria was not too low, same challenge dose
was used as determined for the challenge of vaccine tests that we do (106 cells/fish).
For convenience in the remainder of this thesis, both moribund and dead fish are
referred to as ‘mortalities’.
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2.2.3 Post-mortem examination
For each strain, the inoculated fishes were subjected to necropsy examination to record
the appearance of different tissues subject to the presence of live cells by all tested
strains.

Dead and moribund fish were removed and subjected to standard

bacteriological and pathological examination (Austin & Austin, 1989). Any signs of
disease (e.g. enlarged spleen; exophthalmia; ascites; haemorrhage) were recorded, and
kidney swabs taken aseptically and plated on TNA (TSA + 1.5% NaCl) to recover and
confirm presence of the inoculated pathogen (V. anguillarum) using standard methods
(Nelson et al., 1985; Austin et al., 1995).

Procedure for clinical signs and microbiological examination
The fish was placed on a sterilised table. The external surface of the fish was sterilised
by 70% ethanol. The sample was taken from the gills for bacteriological examination.
After that, the abdominal cavity was opened aseptically using scissors or scalpel
sterilised by 70% alcohol with heat, to allow all organs to be exposed. The desired
internal organs to be cultured were cut open and swabbed onto culture plates as below.
Through the back just behind the head, cutting through the spine was performed. The
abdominal cavity was opened by cutting through the pectoral girdle to the spine and
follow the abdominal cavity to the anus, extending this cut along the ventral midline
from the gills to the anus and the body wall removed. Organs (kidney, heart, liver,
intestine and spleen)were removed. Under aseptic conditions, all swabs were taken
and plated on TNA (TSA + 1.5% NaCl) to recover and confirm of the presence of V.
anguillarum using standard methods (Nelson et al., 1985; Austin et al., 1995).

All the remaining tissues and waste were removed aseptically in a sterilised bag to to
disposal by incineration outside the lab.
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Table 2.2: Strain identification and origins of the 20 V. anguillarum O1 strains used
in the present study. Information sourced obtained from Dawn Austin.
All strains were Gram-negative, oxidase positive, fermentative in of
medium and motile. NB: the lab reference number is used to identify
strains used throughout the rest of this thesis. V. anguillarum recovered
from kidney and the common clinical signs is septicaemia
Lab. ref.
number

Strain ID

Country of
origin

Host species

API 20E
profile 1995

pJM1
plasmid

1

25

HWU 63 a

Chile

Salmo salar

304772757

+

2

28

HWU V02

Norway

Salmo salar

304752757

+

3

32

NCMB 572

Japan

Oncorhynchus mykiss

304752757

+

4

39

UB 178/90

Italy

Dicentrarchus labrax

324752447

+

5

50

UB 322/91

Italy

Dicentrarchus labrax

324752457

+

6

55

UB 601/91

Italy

Dicentrarchus labrax

324752657

+

7

67

UB A055

Spain

Psetta maximus

324772657

+

8

68

UB A056

Spain

Psetta maximus

304652457

+

9

69

UB A078

Spain

Psetta maximus

304652457

+

10

76

LMG 12100

Japan

Plecoglossus olivelus

304712157

+

11

77

LMG 10939

USA

NR

320752756

+

12

79

LMG 12101

NR

NR

304752657

+

13

82

LMG 13187

France

Dicentrarchus labrax

324772577

+

14

83

RVAU 1692

Italy

Oncorhynchus mykiss

304752757

+

15

84

LMG 13188

Italy

Dicentrarchus labrax

304772457

+

16

87

NCMB 1873

UK

Salmo salar

304772657

+

17

89

RVAU 820617-1/6

Denmark

Oncorhynchus mykiss

324752757

+

18

94

RVAU 8506101/6a

Denmark

Oncorhynchus mykiss

324772757

+

19

129

RVAU 87-9-117 1/3

Finland

Oncorhynchus mykiss

304752757

+

20

131

RVAU 88-6-73/2

Denmark

Oncorhynchus mykiss

324752757

+

a

Collection identifiers as in Austin et al. (1995): HWU = Heriot-Watt University, Edinburgh, UK;
LMG = Laboratorium voor Microbiologie, Rijksuniversiteit, Gent, Belgium; NCMB = National
Culture of Marine Bacteria, Aberdeen, UK; RVAU = Royal Veterinary and Agricultural University,
Copenhagen, Denmark; UB = University of Barcelona, Barcelona, Spain.
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2.2.4 Physical and physiological culture characteristics
V. anguillarum O1 cell morphology was studied by Gram-stained smears and by
compound microscopy (euromex Blue; mag. 400x and 1000x (oil immersion). Colony
morphology and colour on TNA (TSA + 1.5 % NaCl) plates was also noted. Other
phenotypic characters such as gram stain, shape and

motile were subjected to

screening by compound microscopy. Furthermore, the ability of each strain to produce
virulence related enzymes (haemolysin, protease, gelatinase, lecithinase, lipase) was
also investigated (see below).

All 20 strains were examined for oxidase and catalase production, reduction of nitrate
to nitrite, fermentative degradation of D-glucose with and without the formation of
gas, and dehydrolyzation and decarboxylation of L-arginine and decarboxylation of
L-lysine and L-ornithine according to standard procedures using API 20E test strips
(BioMérieux, Marcy l'Etoile, France). Cells of interest were incubated for 24-28 h
cultured at 25 ºC on TNA following by harvesting of cells by scraping and then
suspension in phosphate buffered saline (PBS) supplemented with 2% (w/v) sodium
chloride. These suspensions were subjected to some adjustment with fresh PBS to
reach a standard opacity equal to McFarland No.3. The API 20E rapid identification
systems were used with modification for marine bacteria as recommended by Kent
(1982) and Grisez et al. (1991) with incubation at 20°C for 24 and 48 hours.

Note: unless a different situation was applied, the control positive used for the rest of
the experiments is V.anguillurum O1 strain has 100% mortality, harbour virulence
plasmid positive for all virulence assays and encode all screened genes. The negative
control is blank.

2.2.5 Virulence factor assays (Haemolysin, Caseinase, Gelatinase, Lecithinase,
phospholipase and siderophores)
The ability of tested strains to produce virulence-associated enzymes such as
haemolysin, protease, gelatinase and lecithinase was also investigated. All enzymatic
and haemolytic assays were done as described by Liu et al. (1996), Zhang & Austin
(2000), Natrah et al. (2011) and Frans et al. (2013) with some modiﬁcations, as noted
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below. In each assay, overnight cultures of each bacterial strain were diluted (PBS) to
an optical density of 0.5 at 600 nm (OD600;) (representing approximately 106 cells/mL)
using NovaspecII spectrophotometer CGS-8291.3) , followed by spotting 10µl of the
diluted cultures in the middle of the test plates. All assays were replicated at least five
times (i.e. bacteria were cultured on 5 separate occasions). Control positive was used
V. anguillarum O1 previous characterised as positive for all virulence assays and blank
plate was used as control negative.

Haemolysin
The haemolytic plate assay was performed by supplementing marine agar (MA) with
5% defibrinated sheep blood (Oxoid) and clearing zones were measured (mm) after
two days of incubation (Zhang & Austin, 2000; Natrah et al., 2011).

Caseinase
The medium for this assay was prepared by mixing double strength MA with a 4%
skimmed milk powder suspension sterilised separately at 121°C for 5 minutes.
Positive results were indicated by cleared zones surrounding the bacterial colonies
after 2 days of incubation (Natrah et al., 2011).

Gelatinase
Gelatine (0.5% w/v) (Sigma–Aldrich) was mixed into MA and the mixture poured
into plates. Bacteria of interest were streaked onto the plates. After incubation for
seven days, saturated ammonium sulphate (80% w/v) in distilled water was poured
over the plates and after two minutes, the appearance of clear zones around the
colonies indicated positive results (Natrah et al., 2011).

Lecithinase and phospholipase
The medium for this assay was prepared by mixing double strength marine agar
(MA) with either 1% Tween 80 or 1% egg yolk emulsion (Sigma–Aldrich) and
pouring this into plates. Tween and egg yolk emulsion were used for the lipase and
phospholipase tests, respectively. Clearing zones surrounding the tested bacterial
colonies indicated positive results after 2 days of incubation (Natrah et al., 2011).

35

Production of siderophores in CAS agar medium
The chrome azurol S (CAS) assay (Schwyn & Neilands, 1987) was used to determine
siderophore production, as described by Brunt et al. (2007). Briefly, 60.5 mg CAS
(Sigma-Aldrich) was dissolved in 50 mL deionized water and mixed with 10 mL iron
(III) solution [1 mM FeCl3.6H2O (Sigma-Aldrich) in 10 mL of 10 mM HCl (BDH)]
in a volumetric flask with stirring. This Fe-CAS solution was added slowly to 72.9 mg
of hexadecyltrimethylammonium bromide (HDTMA; Sigma-Aldrich) dissolved in 40
mL water. The result dark blue liquid was autoclaved (121°C, 15 min −1), and mixed
with an autoclaved mixture of 15 g TSA and 30.24 g piperazine-1,4-bis (2- ethane)
sulphonic acid (PIPES; Sigma-Aldrich) dissolved in 750 mL of water with 12 g of a
50 % (w/v) solution of NaOH to bring the pH to 6.8. After cooling to 60°C, the
HDTMA-Fe-CAS blue complex and agar with PIPES buffer were mixed slowly by
pouring down the sidewall of a conical flask and agitated with enough care to avoid
foaming. This mixture was then poured into plates and allowed to set. To detect
siderophore production, overnight TNB cultures of tested strains were spotted (100
μL) onto CAS agar plates and incubated (25°C for 72 h). The CAS assay shows a
positive result by colour change of the Fe-CAS complex from blue to orange after
chelation of the bound iron by siderophores (Schwyn & Neilands, 1987).

Siderophore production in liquid media
Quantitative spectrophotometric assay for siderophore production (liquid assay) was
performed by the method of Schwyn & Neilands (1987). Cultures were grown in a
minimal medium (MM99 medium) either at 30°C for twenty-four hours under static
conditions or with shaking (100 rpm) at 37°C for twenty-four hours. The cells were
removed by centrifugation at 3000 rpm for 15 mins. The culture supernatant (0.5 mL)
was then mixed with 0.5 ml CAS solution (see above) and 10 µl of shuttling solution
(sulfosalicylic acid). The colour obtained was determined using spectrophotometer at
630 nm after 20 mins of incubation.
Necessary blanks (minimal medium without inoculum (reference solution) and
minimal medium + CAS dye + shuttle solution) were used during the determination.
The amount siderophore produced was expressed as Siderophore Units calculated as
follows:-
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% Siderophore Units = [Ar − As/Ar] × 100 (Schwyn & Neilands, 1987)

Eqn. 1

Where, Ar = absorbance of reference at 630 nm (CAS reagent); As = absorbance of
sample at 630 nm.
2.2.6 Ethical Approval
The challenge experiments were conducted under UK Home Office Project Licence
PPL70/8301 with the approval of the Heriot-Watt University Animal Welfare and
Ethical Review Committee.
RESULTS
2.3.1 Stability and changes of virulence in tested V. anguillarum strains after 20
years cryostorage
The results of IP challenge with 20 strains of V. anguillarum O1 revealed different
levels of virulence decline in these strains, in almost all cases virulence being
reduced compared to their classification prior to storage (Tables 2.3 - 2.5). For ten
strains, their virulence remained high (ability to cause 100 % mortality; Table 2.3),
although in all but one case (Ref. No. 131, where virulence was unaltered – 100%
mortality in 24 h) the time to reach 100 % mortalities was extended to 48 – 72 h
(compared to 24 h in 1995) for the same inoculum size, indicating a lowering of
virulence. For another six strains, there was a decline in their virulence from high to
moderate (inability to kill all fish within 10-15 days of challenge; Table 2.4) and for
the remaining four strains their virulence was substantially reduced (no mortalities
up to 10-15 days), which was defined as low virulence (Table 2.5) rather than
avirulence, since the possibility of mortalities at longer times couldn’t be ruled out.
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Table 2.3: Vibrio anguillarum strains retaining high virulence (measured as ability to
cause 100 % mortalities in rainbow trout within 10-14 days of injection
after continuous long-term cryostorage (~20 years). Notice that these
strains retain the same mortality rate but mostly over an extended period.
Lab. Ref.
No. a

Mortality 1995,
%; time

25

100; 24h

4, 4, 4, 4, 4, 4

100; 48h (High A)

32

100; 24h

4, 4, 4, 4, 4, 4

100; 48h (High A)

39

100; 24h

4, 4, 4, 4, 4, 4

100; 48h (High A)

55

100; 24h

4, 4, 4, 4, 4, 4

100; 48h (High A)

67

100; 24h

4, 4, 4, 4, 4, 4

100; 48h (High A)

76

100; 24h

4, 4, 4, 4, 4, 4

100; 48h (High A)

79

100; 24h

4, 4, 4, 4, 4, 4

100; 72h (High A)

89

100; 24h

4, 4, 4, 4, 4, 4

100; 72h (High A)

129

100; 24h

4, 4, 4, 4, 4, 4

100; 48h (High A)

131

100; 24h

4, 4, 4, 4, 4, 4

100; 24h (High A)

a

Same as in Table 2.2

b

all sham injected controls survived

Number Mortalities (/4)
N = 6 groups b

38

Mortality 2013-16 %;
time (virulence category)

Table 2.4: Vibrio anguillarum strains showing reduced virulence (ability to cause 100
% mortalities in rainbow trout within 10-14 days of injection) from high
to moderate categories (25 – 75 % mortalities in rainbow trout within 1014 days of infection) after long-term storage (~20 years). Categories: B =
75 % mortalities; C = 50 % mortalities; D = 25 % mortalities, regardless
of time.
Number Mortalities
(/4) N = 6 groups b

Mortality 2013-16 %;
time (virulence
category)

Lab. Ref.
No. a

Mortality 1995,
%; time

28

100; 24h

3, 2, 3, 3, 4, 3

75; 72h (Moderate B)

50

100; 24h

3, 3, 3, 3, 3, 3

75; 84h (Moderate B)

68

100; 24h

2, 4, 3, 3, 4, 2

75; 72h (Moderate B)

69

100; 24h

1, 1, 3, 2, 2, 3

50: 96h (Moderate C)

82

100; 24h

3, 3, 3, 3, 3, 3

75; 84h (Moderate B)

84

100; 24h

1, 0, 2, 1, 1, 1

25; 96h (Moderate D)

a

Same as in Table 2.2

b

all sham injected controls survived
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Table 2.5: Vibrio anguillarum strains showing a decline from high virulence (ability
to cause 100 % mortalities in rainbow trout within 10-14 days of
injection) to low virulence (0 % mortalities in rainbow trout within 10-14
days of infection) after long-term storage (~20 years).
Lab.Ref.
No. a

Mortality 1995,
%; time

Number Mortalities
(/4) N = 6 groups b

77

100; 24h

0, 0, 0, 0, 0, 0

0

(Low E)

83

100; 24h

0, 0, 0, 0, 0, 0

0

(Low E)

87

100; 24h

0, 0, 0, 0, 0, 0

0 (Low E)

94

100; 24h

0, 0, 0, 0, 0, 0

0 (Low E)

a

Same as in Table 2.2

b

all sham injected controls survived

Mortality 2013-16 %; time
(virulence category)

2.3.2 Clinical signs of V. anguillarum O1 tested strains after intraperitoneal
challenge.
Postmortem examination of dead fish after challenge of rainbow trout with high
virulence strains of V. anguillarum O1 (Table 2.3) showed clear haemorrhagic lesions
on the skin and at the base of the fins, similar to the signs reported previously in
vibriosis (Figure 2.1; Table 2.6). In the organs such as heart, spleen, kidney, liver,
gastrointestinal tract and gills, V. anguillarum was reisolated from swabs plated on
TNA in all cases of inoculation with high virulence strains (Table 2.3). The visible
signs in these organs were pale gills, distended abdomen (ascitic fluid), enlarged
spleen, liquefying, soft organs and soft kidney. The same results were found for
moderate virulence strains (Table 2.4). However, for low virulence strains (Table 2.5)
no clinical signs were found, the only site where V. anguillarum could be reisolated in
these cases was in the gills (Table 2.6).
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a

b

a

a

Figure 2.1: Representative images of rainbow trout a) showing clinical signs of V.
anguillarum O1 (haemorrhage around eye and on flank; distended
abdomen) and b) unaffected control.
Table 2.6: Tissues from which non-virulent and virulent V. anguillarum O1 strains
were re-isolated and showed clinical signs.
Virulence Category a

Tissue

a

A

B, C, D

E

Blood

+b

+

-

Heart

+

+

-

Spleen

+

+

-

Kidney

+

+

-

Liver

+

+

-

GI tract

+

+

-

Gills

+

+

+

Virulence categories are as given in Tables 2.5-2.7: A = High; B-D = Moderate; E = Low

b

+ = positive for V. anguillarum (all tested strains in category). - = negative for V.
anguillarum (all tested strains in category).
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2.3.3 Morphological and biochemical characteristics of V. anguillarum O1 after
long-term storage
No change was observed in the morphological cell shape of tested bacterial isolates
compared to their classification in 1995, or compared to general descriptions of the
species. Furthermore, after using the API 20E system, all tested strains revealed
similarity in their morphological and biochemical characteristics as shown in Table
2.6. No consistent differences were recorded between high, moderate or low virulence
strains. Overall, all cultures of V. anguillarum were: positive for motility; produced
arginine dihydrolase, I~-galactosidase, indole and oxidase; did not produce lysine or
ornithine decarboxylase; degraded gelatin but not urea; reduced nitrate to nitrite but
not to nitrogen; were positive for the Voges-Proskauer reaction; and produced acid
from arabinose, mannitol and saccharose, but not from amygdalin, inositol or
melibiose. Nevertheless, some heterogeneity was still recorded in the individual API
20E profiles across the V. anguillarum O1 strains investigated (see Table. 2.7).
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Table 2.7: API 20E score codes
API 20E score code

V strains, n

Lab Ref. Nos. (Virulence
Category)

LV strains, n

324752657
324752757

1
14

1
2

304752757

1

76 (A)
25, 32, 39, 55, 67, 79, 89,
131 (A)
28, 50, 68, 82 (B),
39 (C), 84 (D)
129(A)

1

Lab Ref Nos
(Virulence
Category)
94 (E)
83, 87 (E)

77 (E)

V= high or moderate virulence strains (categories A-D), LV = low virulence strains (category
E)

2.3.4 Virulence factor assays
All tested strains gave positive results for haemolysin, proteinase, lecithinase and
caseinase assays.

Haemolysin
All tested strains were positive for haemolysin. They produce beta-type haemolytic
activity against sheep blood (Table 2.8). All strains produced a halo zone using both
the colony as well as using supernatant alone.

Table 2.8: Haemolysin assay results.
Tested strains

Virulence category

25,32,39,55,76,67,79,129,131
28,50,68,82,39,84

Haemolysin assay
results

A

+

B, C, D

+

E

+

77,83, 87, 94
a

Virulence categories are as given in Tables 2.3-2.5: A = High; B-D = Moderate; E = Low

b

+ = positive for presence of halo zone (beta) around tested strains on tested media.
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Caseinase
All tested strains gave positive results (clear halo zone surrounding tested strain). No
differences were recorded between strains in different virulence categories (Table 2.9).

Table 2.9: Caseinase (proteinase) assay results
Tested strains

Virulence category a

Caseinase

A

+b

B, C, D

+

E

+

25,32,39,55,76,67,79,129,131
28,50,68,82,39,84
77,83, 87, 94
a

Virulence categories are as given in Tables 2.3-2.5: A = High; B-D = Moderate; E = Low

b

+ = positive for presence of halo zone around tested strains on tested media.

Gelatinase
All tested strains gave positive results (clear halo zone surrounding tested strain). No
differences were recorded between strains in different virulence categories (Table
2.10).
Table 2.10: Gelatinase (proteinase) assay results
Tested strains

Virulence category a

Caseinase

A

+b

B, C, D

+

E

+

25,32,39,55,76,67,79,129,131
28,50,68,82,39,84
77,83, 87, 94
a

b

Virulence categories are as given in Tables 2.3-2.5: A = High; B-D = Moderate; E = Low
+ = positive for presence of halo zone around tested strains on tested media.
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Lecithinase
All tested strains gave positive results (clear halo zone surrounding tested strain). No
differences were recorded between virulent and non-virulent tested strains in
Lecithinase assay results (Table 2.11).

Table 2.11: Lecithinase (lipidase) assay results
Tested strains
25,32,39,55,76,67,79,129,131
28,50,68,82,39,84
77,83, 87, 94

Virulence in 2016 a

Lecithenase assay results

A

+b

B, C, D

+

E

+

a

Virulence categories are as given in Tables 2.5-2.7: A = High; B-D = Moderate; E = Low

b

+ = positive for presence of halo zone around tested strains on tested media.

2.3.5 Siderophore production
Low-virulence strains cannot produce siderophore in either CAS agar or in broth
media, while all virulent strains (high and moderate) can produce siderophore in
these conditions (Figure 2.1a, b; Tables 2.12 and 2.13).

a

b

Figure 2.2: Examples of the qualitative screen for siderophore production in CAS
agar. (a) negative result (-) no yellow colour evident; (b) positive result
(+) reflected by presence of yellow colour around siderophore-positive
colonies on test media (CAS agar).
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Table 2.12: Qualitative screening results for siderophore production by tested V.
anguillarum O1 isolates in CAS agar.
Virulence category a

Tested strains

A

+b

B, C, D

+

E

-

25,32,39,55,76,67,79,129,131
28,50,68,82,39,84

Siderophore results

77,83, 87, 94
a

Virulence categories are as given in Tables 2.5-2.7: A = High; B-D = Moderate; E = Low

b

+ = positive for colour change from blue to yellow on CAS media.

Table 2.13: Quantity of siderophore (Siderophore Units, SU) produced by high
moderate and low virulence strains of V. anguillarum O1 as detected
by CAS liquid media.
Virulence Category

Number of
strains

Lab Ref. Nos.

Maximum SU %
mean ± SEM

A

10

25, 32, 55, 67, 69,

77.18 ± 0.56

76, 79, 89, 129, 131

B, C, D

6

28, 50, 68, 69, 82,
84

E

4

77, 83, 87, 94
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77.20 ± 0.56

0

Discussion
Assessment of viability in the 20 selected strains of V. anguillarum O1 following
cryopreservation over 20 years showed that using 15% glycerol as a cryoprotectant in
the storage medium was completely successful in terms of stability of viability, with
all 20 strains being successfully re-cultured. Furthermore, all strains maintained their
phenotypes as tested by standard assays and the API 20E system. However, despite
this superficial stability, virulence was shown not to be stable as tested by IP pathogen
challenge and siderophore production by tested strains, with a variable response across
the 20 strains.

2.4.1 Stability of virulence.
Regarding virulence stability, only one strain (131) maintained the same high level of
virulence as seen before storage, with the other 19 showing at least some attenuation
of their ability to cause mortality after IP challenge. Ten of these (including 131)
maintained high virulence (100% mortality within 96 h) in in vivo challenge tests,
although most of these strains showed an extended time to maximum mortality
compared with that in 1995. The rest of the tested strains (ten strains) either decreased
or lost their virulence.
It should be noticed that the possibility that mortalities might have occurred over
longer challenge durations cannot be ruled out here, so that the strains were classified
as low virulence, rather than avirulent. Nevertheless, the evidence provided for the
necessity of the pJM1 plasmid for virulence, and the fact that these 4 strains had lost
this plasmid suggests they had effectively become avirulent strains.

Previous work on effects of storage on the viability and phenotypic stability of fish
pathogens in general and V. anguillarum specifically is sparse. Michel & Garcia
(2003), working with Flavobacterium psychrophilum in rainbow trout, found that
cryopreservation with 10 % glycerol maintained virulence over 1 to 23 months,
although a slight attenuation was noted at the longer time. In addition, one culture lost
viability after 8 months and another showed attenuated virulence after 23 months
(Michel & Garcia, 2003), tending to support Austin’s (2016) assertion that stored
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cultures can sometimes be altered significantly from the original isolates of the same
strain. Pedersen (1997) looked specifically at V. anguillarum and found that cultures
frozen for up to 18 months (-80ºC) maintained an unaltered plasmid profile, although
in some chilled cultures the plasmids were lost. They concluded that plasmid profiles
in V. anguillarum were very stable under laboratory frozen storage conditions, albeit
only up to 18 months. The results of the present study indicate that over longer periods
of continuous storage (the cultures used here had been frozen without reculture for
around 20 years) that this stability appears to be time dependent, and that longer
storage can lead to plasmid loss and attenuation of virulence in strains which originally
were all highly pathogenic.
2.4.2 Stability of phenotypic characters
Despite the various levels of virulence attenuation, there was no alteration in general
phenotype characters in any of the tested strains. All phenotypic characters were
stable, and consequently it follows that there was no correlation between these
characters and virulence in V. anguillarum O1 (Naka et al., 2011). The significance of
these characters therefore relates to culture viability, indicating stability of genes
responsible for characters necessary for survival under laboratory culture conditions,
but not directly underpinning virulence in infected hosts (Naka et al., 2011). In
general, the biochemical characteristics of the strains studied here were in agreement
with previous studies (Pazos et al., 1993; Austin et al., 1995 ; Demircan & Candan,
2006).

All those phenotype and virulence characters tested in this study which were
controlled by genes encoded on chromosomes ch1 and ch2 were stable. Therefore, it
seems that characteristics encoded by the chromosomal genome are more stable than
those encoded on the plasmid genome in V. anguillarum O1. These results are in
agreement with previous researchers who have pointed out that the stability of
culturability and viability is not always associated with stability of virulence (e.g.
Michel &Garcia, 2003).
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2.4.3 The stability and significance of haemolytic and proteolytic enzyme
activities
The screen of various haemolytic and proteolytic enzyme activities revealed stability
of these characters in all tested strains, whether they were of high, moderate or low
virulence. Vibrio anguillarum O1 has a haemolytic proteolytic system (Frans et al.,
2011), which is one of several virulence factors responsible for progressing infection
in host tissues (Mo et al., 2010), causing general tissue damage and haemorrhagic
signs (Frans et al., 2011). These are common clinical features usually associated with
V. anguillarum O1 infection, suggesting that these damaging factors, in particular
haemolysins and proteinases, contribute effectively to the pathogenic characteristics
of V. anguillarum O1 (Milton et al., 1992; Denkin & Nelson 1999, 2004; Croxatto et
al., 2007). Furthermore, the presence of haemolysin activities in V. anguillarum O1
indicates the presence and stability during storage of several genes of the extracellular
haemolysin system family (vah1 to vah5) of V. anguillarum O1(Hirono et al., 1996;
Rodkhum et al., 2005). Repeats-in-toxicity (RTX) genes also contribute to the
haemolytic activity of V. anguillarum (Li et al., 2008). The RTX toxins group is a
diverse group of pore-forming exotoxins, together with catalytic toxins,
metalloproteases and lipases, synthesized by many Gram-negative bacteria (Rodkhum
et al., 2006).

The results of haemolytic activity on sheep blood gives positive beta-type blood
haemolysis, consistent with previous authors (Rodkhum et al., 2005; Naka, 2011).
Moreover, the post-mortem for infected tissues gave clear clinical signs for the
contribution of haemolysis to the vibriosis disease caused by V. anguillarum O1, again
consistent with previous work (Crosa & Aoki, 2005). Tested strains of V. anguillarum
O1 were able to lyse red blood cells, this capability giving the microorganism another
source of iron in addition to that provided from siderophores.

This increases

replication of V. anguillarum O1 inside the host and so causes further failure of
immune system function and other host tissues and organs (Hirono et al., 1996; Zhang
& Austin, 2000; Rodkhum et al., 2005), so contributing to virulence and
pathogenicity.
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The proteolytic enzymes caseinase and gelatinase were also found here to be stable
after long-term storage. These enzymes help V. anguillarum O1 gain entry into the
blood and blood-circulated tissues, by crossing several anatomical barriers, including
epithelia, as well as membranes that are supported by layers of collagen and other
connective tissues.

These enzymes probably also play an important role in

intracellular peptide degradation (Bonnans et al., 2014) through the release of Nterminal amino acids (Xaa) from a peptide or arylamide. Such an Xaa is usually Glu
or Asp but may also be other amino acids, including Leu, Met, His, Cys and Gln,
released by Aminopeptidase PepB (Castillo et al., 2017), Peptidase B (Naka., 2011)
or VAA_00728 (Naka., 2011), resulting in the breakdown of these barriers, and
interference with the immune system. Therefore, during an attack by a virulent
bacterium, microbes can enter deeper tissues and multiply within newly invaded space
(Naka., 2011). Moreover, these proteolytic enzymes can affect critical organs such as
kidney, liver and spleen (Frans et al., 2011; Milton et al., 1992).

The extent of gelatin hydrolysis provides an indication of the ability of V. anguillarum
O1 to produce gelatinase activities in the host. These activities can cause extensive
tissue damage which is often seen in association with vibriosis and suggest an
important role for gelatinase and extracellular proteases in the progression of the
infection (Milton et al., 1992; Denkin & Nelson, 1999, 2004; Croxatto et al., 2007).
Moreover, the contribution of these activities to the pathogenesis of vibriosis increases
the lethality of Vibrio towards fish tissues (Farrell & Crosa, 1991).

The conclusion from these results in conjunction with previous work is that the
phenotypic characters encoded on the chromosomes are necessary for virulence and
produce clinical signs, but are not in themselves sufficient in the absence of
siderophores produced on the pJM1 plasmid.
2.4.4 The significance of siderophore production in Vibrio virulence
One key question now arising is why four of the tested strains cannot produce and
progress an infection despite stability in their phenotypes and their virulence enzyme
assays. These were identified as important virulence factors of Vibrionaceae because
of their contribution to the haemorrhagic septicaemia associated with vibriosis (Zhang
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& Austin 2000). Furthermore, haemolysins are known to contribute to the lysis of
various cell types such as erythrocytes, mast cells, neutrophils and polymorphonuclear
cells. However, the results presented in this chapter suggest this is not the case when
V. anguillarum O1 have lost the virulence plasmid. It seems, in contrast, that these
strains have lost a key element for establishment and progression of infection. This
strongly suggests that production of haemolysin alone is not sufficient to progress the
infection, although that they make an important contribution is indicated by the fact
that loss of any one of the four haemolysin genes reduces virulence (Rodkhum et al.,
2005).

This led us to screen another key element of the V. anguillarum O1 virulence system,
which is siderpohore production. The results showed that all the low virulence strains
can no longer produce siderophore. The haemorrhagic characters may be because of
the interaction of two iron uptake systems (Zhang & Austin, 2000). The effectiveness
of this system resulting from production of both haemolysin and siderophore. The
results presented here revealed that all virulence tested strains can produce
siderophore, whether they are of high or moderate virulence, whereas no low virulence
strains can produce siderophore. This indicates the central significance of siderophore
in the virulence system of V. anguillarum O1. The production of siderophore helps V.
anguillarum O1 overcome many of the host non-specific immune mechanisms, among
them the strategy based on withholding of nutrients (Weinberg, 1975). This defence
strategy prevents growth of bacterial cells inside the host tissues and fluids and is
termed a nutritional immune mechanism (Avendano-Herrera et al., 2005; Fernández
et al., 2007; Najimi et al., 2008; Lemos et al., 2010).

Before the establishment inside the host V. anguillarum O1 must gain and scavenge
some essential ingredients for nutrition, including iron (Crosa et al., 1980). Therefore,
the most significant bacterial pathogenic attribute during early infection is their ability
to grow in the host, in body fluids and tissues where elements, particularly iron, are
found in very low concentrations (Crosa et al., 1980). The low free iron concentration
is maintained by the host to avoid toxic effects of the free metal, any excess iron being
bound to specialist iron-binding proteins such as ferritin, transferrin and lactoferrin
(Arosio & Levi, 2002). These iron-binding proteins have a very high affinity for iron
(Crosa et al., 1980). Therefore, they can hold the free iron inside tissues and fluids of
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the host and this makes iron unavailable to bacterial cells for growth. If the bacterium
is to grow and establish in such an environment, it must possess a system to enable
them to compete successfully with the host, in order to obtain free iron molecules
(Frans et al., 2011). The capability of pathogens to acquire iron from transferrins,
ferritin, haemoglobin, and other iron-binding proteins in their host is central to whether
they survive or die. Therefore, pathogenic bacteria produce siderophore, which has a
higher affinity for iron than ferritin (Ratledge, 2000). Good examples of this case are
both E. coli, which can produce colicin (Winkelmann, 2002), as well as our present
model species V. anguillarum O1, which produces the two types of siderophores
discussed here (anguibactin and vanchrobactin), which are specific Fe (III)-binding
agents (Stork et al., 2002). It is suggested that possession of siderophore is an essential
element of the early establishment phase, when amounts of iron even released by the
action of haemolysins will be small, and easily bound by the large quantities of host
ferritin and transferrins, so restricting pathogen growth in the absence of a high affinity
iron binder (siderophore). This would explain the lack of pathogenicity in plasmidless strains here, since the siderophore is associated with the plasmid, as they are
unable to grow sufficiently to cause pathology (Winkelmann, 2002). This would apply
even in the presence of patent haemolysins on the chromosomes, since, as noted above,
release of iron from host tissues is only half the story, so that haemolysins are
necessary, but not sufficient in themselves, for bacterial establishment and growth.
The exact mechanisms of gene products encoded on the anguibactin-type siderophore
in V. anguillarum O1 will be described in detail in chapter 3.

The binding power of the siderophore for iron, in terms of the stability or dissociation
constant (Ks), ranges from 1022 to 1050 iron (III) (equivalent to Siderophore–iron(III)
affinity constants of Kf > 1030, where 109 is considered strong (Hider & Kong, 2010)).
This is considered sufficiently strong for the siderophore to remove iron bonded to
molecules such as ferritin, transferrin (TF) and lactoferrin (LF), amongst others, but
not to remove iron from haem proteins (Hider & Kong, 2010). Siderophores can
visibly work with insoluble ferric salts including ferric hydroxide and ferric chloride
(Schwyn & Neilands,1987; Kurth & Nett, 2016). This is one way whereby siderophore
can be investigated, and this character enables study of the ability of microorganisms
to acquire iron from a laboratory growth media (Schwyn & Neilands,1987).
Siderophore biosynthesis is regulated by iron, being stimulated when cells are grown
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with a deficiency of iron (Andrews & Quiñones, 2003). These conditions can be
simulated using iron chelators in laboratory-grown cultures (Schwyn &
Neilands,1987). Therefore, these conditions were used to study the effect of ironlimitation on bacterium, which is, likely similar to the situation when the same
organism is grown in a host (Schwyn & Neilands,1987). The assumption that
siderophore production is an essential virulence factor could be further validated by
creating iron-deficient conditions, and the results showed that pathogenic virulent
strains produce siderophore in vivo when grown during an initial deprivation of iron
(Schwyn & Neilands,1987). The iron becomes available to pathogenic virulent strains
since the siderophore starts binding the iron from the surrounding environment
containing iron (Holden, 2016). The siderophore then attaches to a receptor on the
surface of the bacterium, leading to transport of iron into the bacterial cells, allowing
V. anguillarum O1 to multiply within the host (Ratledge & Dover, 2000). After
establishing of infections by this step V. anguillarum O1 can use other virulence
enzymes to develop and progress the infections such as haemolysins, proteases and
gelatinases. This process will contribute effectively to complete the whole picture of
clinical signs from haemorrhagic septicaemia through to death of the affected subject
(Ratledge & Dover 2000; Croxatto et al., 2007).
Conclusion:
Storage of V. anguillarum O1 strains in 15% glycerol at -70⁰C is one of the most
successful methods for storage of bacterial stock cultures. This cryopreservation
method was found to maintain all tested strains viability after a storage time of over
20 years (1995-2016). This type of stability was associated with stability of phenotypic
characteristics. Furthermore, some important virulence characteristics such as
haemolysin, lecithinase. casienase, and lysis of tween 80 were also stable. However,
there was a reduction recorded in virulence and some strains became unable to produce
siderophores. The strains whose virulence was attenuated from high to moderate were
still able to produce siderophore and colonise several organs inside rainbow trout.
Furthermore, they still showed the distinguishing clinical signs for V. anguillarum O1.
In contrast, those strains where virulence reduced from high to low were not able to
produce siderophore, nor were they able to establish in trout organs. Furthermore, they
did not show clinical signs for V. anguillarum O1. Characteristics controlled by
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chromosome 1 and chromosome 2 were maintained and stable, including different
sugar fermentation and virulence assay activities such as proteinase, haemolysin,
lecithinase, caseinase, and Tween 80 hydrolysis in all tested strains. On the other
hand, the siderophore production characteristics controlled mainly by the pJM1
virulence plasmid were lost in strains which became low virulence.

Vibrio

anguillarum O1 has a multifunctional virulence system and it is concluded that all
parts of this virulence system need to work together in order to establish and progress
vibrio infection.

The V. anguillarum O1 genome has two chromosomes and a

virulence plasmid. The virulence factors controlled by the chromosomes were shown
to be more stable than those controlled by the pJM1 plasmid. Furthermore, this
microorganism showed markedly decreased virulence when they lost their ability to
produce siderophores.

2.6 Future study
The relation between level of mortality rate and histopathology need to be addressed.
Furthermore, using advance techniques for instance chromatography and gene
expression for quantity of siderophore production can overcome the limitation of using
CAS media for this purpose.

54

Genetic screening of post-storage V.
anguillarum O1 for virulence plasmid, RS1
transposons and sigma factor
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Introduction
The association between infection of fish with V. anguillarum O1 and fatal
haemorrhagic septicaemia is related to the possession of a plasmid-mediated iron
uptake system, which is considered an essential virulence factor (Crosa et al., 1980).
Genes encoded by this plasmid (usually the pJM1 plasmid) are involved in the
biosynthesis of a plasmid-type siderophore, termed anguibactin (Crosa et al., 1980).
Anguibactin-type siderophore is synthesized from 2,3-dihydroxybenzoic acid,
cysteine and histidine via a non-ribosomal peptide synthetase mechanism (Di Lorenzo
et al., 2003). Non-ribosomal peptide synthetases (NRPSs) are multi-modular proteins
that can assemble peptides in the absence of an RNA template (Felnagle et al., 2008;
Singh et al., 2017).

Various significant compounds, such as siderophores and

antibiotics, have been shown to be produced by these enzymes (Di Lorenzo et al.,
2003; Singh et al., 2017), which operate as an assembly line where the order of the
modules determines the order of the amino acids in the final product (Singh et al.,
2017). Synthesis of peptides by NRPS is more versatile than in classical tRNA-based
assembly, because they can use a greater variety of monomers that may be modified
during incorporation into the compound (Di Lorenzo et al., 2003). The significance
of the pJM1 plasmid possessed by virulent V. anguillurum O1 is that it encodes the
majority of the biosynthesis genes necessary for production of anguibactin siderophore
(Di Lorenzo et al., 2003). These genes, present only on this plasmid, encode proteins
with domains having high similarities to NRPSs involved in the synthesis of other
siderophore types in various bacteria (Di Lorenzo et al., 2003). This tends to confirm
the suggestion that the key role of virulence plasmid-encoded genes is in the
production and transportation of anguibactin (Crosa et al., 1980). Connected with this
assertion, the presence of the transposon RS1 is also significant; it interferes with
production of vanchrobactin-type chromosomal siderophores in V. anguillurum O1 by
disrupting the vabF gene (Di Lorenzo et al., 2003), meaning that where the RS1
transposon is present, the plasmid is the only source of active siderophore. In plasmidless, but virulent, O1 strains, and in serotype O2 strains, chromosomally encoded
vanchrobactin siderophore is expressed. In plasmid-positive O1 strains, the RS1
transposon is usually inserted in the chromosomal area where vanchrobactin is
encoded, thus disrupting and preventing its production (Li & Ma, 2017).
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Consequently, in the presence of RS1, siderophore production is only possible through
the involvement of analogous genes on the pJM1 plasmid (Li & Ma, 2017).
3.1.1

Iron acquisition systems in V. anguillarum O1

This plasmid siderophore system provides V. anguillarum O1strains with an effective
iron scavenging system (Crosa et al., 1980 consisting of the siderophore anguibactin
and a specific transporter for the iron-siderophore complex.

The siderophore

competes with the ferritin-iron complex for iron, removing this from ferritin to form a
ferric-siderophore (Li & Ma, 2017). Alternatively, those serotype O1 strains which
lack the pJM1 plasmid, but are nevertheless virulent, rely on a chromosomallyencoded siderophore system based on vanchrobactin, which is a different, and less
avid, siderophore from that on the plasmid (Alice et al., 2005; Naka et al. 2008). The
vanchrobactin siderophore is distinguished by having a catechol group, derived from
2,3-dihyroxybenzoic acid (2,3-DHBA) (Balado et al. 2006).
3.1.2 Anguibactin biosynthesis: main steps
Biosynthesis of anguibactin involves combination of chorismite (derived from the
shikimate pathway) with L-cysteine and N-hydroxy-histamine (Li & Ma, 2017). The
enzyme activity essential for histamine production is also encoded on the virulence
plasmid, whereas, L-cysteine is obtained from the surrounding environment (Crosa &
Walsh, 2002) and does not, therefore, need to be synthesised by the bacterium.
Chorismate is converted to 2,3-dihydroxybenzoic acid (DHBA) as part of this pathway
(Figs. 3.1A and 3.2), it being important to note that some enzymatic activities needed
to convert chorismate to DHBA are encoded by chromosomal genes (vabA; Welch et
al., 2000), meaning there is interplay between the plasmid and the chromosomal
genomes during anguibactin production.
3.1.3 Role of histamine in infectious diseases
Histamine is a biogenic amine, which is involved in a variety of biological processes
comprising inflammation, allergic responses, neurotransmission and regulation of
gastric acid secretion (Hocker et al., 1996). Recent developments in research on the
histamine pathway demonstrate that histamine exerts influences that go well beyond
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its established role as an effector molecule in immediate hypersensitivity (Smuda &
Bryce, 2011), including regulating many aspects of diseases (Kennedy et al., 2012).
Histamine is produced in bacteria-infected fish by a bacterial enzyme, histidine
decarboxylase (Tortorella et al., 2014), which converts L-histidine present in fish
tissues to histamine (Hocker et al., 1996). Among such pathogens, V. anguillarum O1
harbours a plasmid-encoded histidine decarboxylase (HDC) gene (angH; Hocker et
al., 1996). This gene is essential for the biosynthesis of the siderophore anguibactin,
because histamine is a precursor for this siderophore type (see above; Naka et al.,
2013). The role of angH in histamine biosynthesis in V. anguillarum O1 was
previously studied to determine production and release of histamine by both wild-type
and plasmid-less strains, as well as angH mutants generated by allelic exchange and
reverse transcription-polymerase chain reaction (rtPCR) (Barancin et al., 1998). The
conclusion was that only wild-type strains expressed angH, with no angH message
detectable in either mutants or plasmid-less derivatives (Barancin et al., 1998).
Moreover, the iron uptake-deficient phenotype of one angH mutant confirmed the vital
role of angH in iron acquisition (Hocker et al., 1996). These results indicate the
importance of the virulence plasmid, and specifically the angH gene, for histamine
biosynthesis by V. anguillarum O1, which can be responsible for food poisoning in
addition to its involvement in bacterial virulence (Barancin et al., 1998). It has been
confirmed that the angH gene of V. anguillarum encodes a protein sharing significant
homology with other pyridoxal 5’-phosphate (PLP)-dependent HDCs (Hocker et al.,
1996).
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Figure 3.1: Anguibactin biosynthesis pathway (Alice et al., 2005) (A), and a
comparison of the genetic arrangement of genes coding for anguibactin
synthesis in V anguillarum O1 chromosome and in the virulence plasmid
(B).
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Figure 3.2: Anguibactin biosynthesis pathway domains contributing to nonribosomal peptide synthetases (NRPSs) (Naka et al., 2013)
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3.1.4 RS1 Transposon
Transposons, or transposable elements, are sections of DNA which can insert
themselves in the genome, potentially resulting in disruption of gene function
(Bourque et al., 2018). In most O1 serotype V. anguillarum strains, there is a
transposon, referred to as RS1, inserted in the vabF gene on the chromosome ((Naka
et al., 2008; Lemos et al., 2010). This insertion removes the ability to produce
vanchrobactin siderophore, resulting in O1 strains being dependent on their plasmid
for siderophore production (anguibactin in this case).

The presence of RS1 is

indicative of inability to produce vanchrobactin, so that in bioassays in strains with
RS1, any siderophore produced must be anguibactin (Naka et al., 2008).
3.1.5 Role of sigma factor in the virulence system of V. anguillarum O1
It is important for pathogenic microorganisms to develop a variety of strategies to
survive harsh circumstances (Alberts et al., 2002). One of the key elements helping
microorganisms to survive under stressful conditions is controlled by native sigma
factor (σ factor), rpoS (σS) (Weber et al., 2008). Sigma factor is a bacterial protein
involved in the initiation of DNA transcription, and so underpins effective production
of gene products from both chromosomes and plasmids. This factor plays a key role
in the production and stability of extracellular enzymes, including phospholipase,
diastase, lipase, caseinase, hemolysin, catalase and proteases (Ma et al., 2009). Strains
with mutations in rpoS have significantly decreased virulence, compared with wildtype strains, as evidenced by inoculation into zebrafish (Ma et al., 2009), so
exploration of the status of the sigma factor in strains differing in their virulence is
important in understanding the basis of virulence variation.
This chapter tests the hypothesis that simultaneous presence of pJM1 plasmid, RS1
transposon and wild-type sigma factor is required for expression of virulence in V.
anguillarum O1, against the null hypothesis that any one more element can be missing
without affecting virulence.
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3.1.6 Aims


To assess the role of the pJM1 virulence plasmid, both on histamine
production and both siderophore types (anguibactin and vanchrobactin).



To assess the effect of presence of RS1 transposons, both on histamine
production and both siderophore types (anguibactin and vanchrobactin)



To determine the role of sigma factor on the V anguillarum O1 virulence
system.

Material and Methods
3.2.1 Preparation of bacterial cells
Vibrio anguillarum O1 cells were grown in 500 ml LB medium + 1 % NaCl (LuriaBertani medium, containing 10 g Tryptone, 5 g yeast extract and 10 g NaCl per litre)
at 29ºC, with shaking at 200 rpm. The strains used in the various tests are summarised
in Table 3.1.
3.2.2 Screen for production of histamine
All tested strains were streaked onto Niven’s agar (0.5% tryptone, 0.5% yeast extract,
2.7% histidine, 0.5% NaCl, 0.1% CaCO3 (all from Sigma Aldrich, Poole Dorset, UK),
3% agar, and 0.006% bromocresol purple (these two from Fisher Scientific, UK)) and
incubated at 30°C for 48 hours. Strains were considered positive for histamine
production when the colour of the medium changed from green to purple (Niven et
al., 1981). Blank plates without inoculum served as negative controls, while a V.
anguillarum O1 virulent strain previously classified as histamine producing (strain
VIB 1; Austin et al., 1995) was used as a positive control.
3.2.3

Plasmid extraction

Overnight culture of V. anguillarum O1 (500 ml culture in LB + 1% NaCl) was
pelleted by centrifugation at 6000 x g for 15 min at 4°C, and the virulence plasmid
extracted using the Qiagen large-construct kit (Qiagen; cat no. 12462) according to
the manufacturer’s instructions (Fig. 3.4).
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Table 3.1: Outline of tests performed and strains used in screening for plasmids, RS1
transposon and sigma factor.
Test

Virulence

Strain Lab. Numbers

Category

Histamine production

A; B; C; D, E

25, 32, 39, 55, 67, 76, 79, 89, 129, 131 (A); 28, 50,
68, 82 (B); 69 (C); 84 (D); 77, 83, 87, 94 (E)

Plasmid extraction

A; B; C; D, E

25, 32, 39, 55, 67, 76, 79, 89, 129, 131 (A); 28, 50,
68, 82 (B); 69 (C); 84 (D); 77, 83, 87, 94 (E)

Plasmid restriction

A; B; C; D, E

25, 32, 39, 55, 67, 76, 79, 89, 129, 131 (A); 28, 50,
68, 82 (B); 69 (C); 84 (D); 77, 83, 87, 94 (E)

Plasmid verification

A; B; C; D, E

(AngE gene encoded on

25, 32, 39, 55, 67, 76, 79, 89, 129, 131 (A); 28, 50,
68, 82 (B); 69 (C); 84 (D); 77, 83, 87, 94 (E)

plasmid)

RS1 verification (vabF

A; B; C; D, E

tnp check)

Sigma factor (p11)

25, 32, 39, 55, 67, 76, 79, 89, 129, 131 (A); 28, 50,
68, 82 (B); 69 (C); 84 (D); 77, 83, 87, 94 (E)

A; B; C; D, E

25, 32, 39, 55, 67, 76, 79, 89, 129, 131 (A); 28, 50,
68, 82 (B); 69 (C); 84 (D); 77, 83, 87, 94 (E)

Strain identifications as given in Table 2.2. All tests were replicated at least 3 times (on separate days
with new reagents). Technical replicates (multiple tests on the same day for the same strain) were not
performed, as these were qualitative tests.

Plasmid DNA quantitation by Nanodrop
The concentration of nucleic acids in solution was determined from the absorbance
ratio A260/A280, using a NanoDrop 2000 Spectrophotometer (Thermo Fisher).
Briefly, 2 μL of milliQ deionised water was set as the blank, after which 2 μL of
sample was measured. The lens was cleaned between each measurement. Goodquality DNA gives a A260/A280 ratio of between 1.7–2.0.

63

Restriction digest (BamHI) of plasmid
In order to confirm that the plasmid was the pJM1 plasmid, plasmid digestion was
performed using BamHI restriction enzyme (New England Bioscience; R0136T), to
enable visualisation of the restriction fragment pattern. A reaction mix was made of
5 μl plasmid DNA, 5μl BamHI buffer, 1 μl BamHI digestion enzyme with dH2O in a
total reaction volume of 50 µl. The mixture was incubated at 37 °C for one hour. A
visual screening of the digested fragments was performed by 1% agarose gel
electrophoresis, staining with ethidium bromide and viewing on a UV transilluminator.
3.2.4 Extraction of genomic DNA
Broth cultures (LB + 1 % NaCL) were harvested once they reached an optical density
(OD600) of 0.5-0.6 (late exponential growth phase - approximately 5.0 x 108 cells mL1

) by centrifugation at 6000 ×g for 20 min (Microfuge 22r) and genomic DNA was

extracted from 1 ml of the cultures using a DNeasy Blood & Tissue Kit (Qiagen; cat
no. 69504) according to the manufacturer’s instructions (Fig. 3.5).

DNA was

quantified spectrophotometrically using a NanoDrop 2000 Spectrophotometer as
above.
3.2.5 Polymerase chain reaction (PCR)
PCR (Veriti® 96-Well Fast Thermal Cycler) was performed using plasmid or
chromosomal DNA as a template as appropriate by the following protocol: denaturing
5 min at 95°C; 30 cycles of amplification (30s at 95°C, 30s at 55°C, 2 min at 72°C);
final extension for 7 min at 72°C. BioMix premixed dNTP solution (BioLine) was
added in the PCR reaction. All primers used here are listed in Table 3.2.
3.2.6 Purification of DNA
The purification of DNA was performed using a kit (QIAquick; Qiagen) following the
manufacturer’s instructions. Images of the resulting DNA were produced using
ChemiDocTM XRS+ from BIO RAD Image lab Software.
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3.2.7 Sequencing
The samples were sequenced by Sanger Sequencing at Edinburgh Genomics
(University of Edinburgh, UK) using a BigDye reaction. Sequence visualisation and
quality assessment was made using MEGA 7.0 and resulting sequences were
compared to existing sequences in the National Center for Biotechnology Information
(NCBI)

GenBank

database

using

the

BLAST

tool

(http://www.ncbi.nlm.nih.gov/BLAST; Altschul et al., 1997).
Table 3.2: Primers used for PCR in this chapter.
Primer Name

Sequence

Reference

AngE F

GGATCCATGAGTTACTCACTGTATAAGGGAT

AngE R

GGGAAGCTTTATTTAAGTACTATATTCGGCTC

(Naka et al.
2008)

vabF tnp check CAA ATG CAT AGT GGA TTA ATG
(For)

(Naka et al.,
2008)

vabF tnp check
CCA AAT CAC CAG TGC GGT ACA T
(Rev)
p11(for sigma
factor) forward
F

ATGAGTATCAGCAATGCAGTAACG

p11 (for sigma
factor) reverse
R

TTAGTCGTATTCAACATTAAACAGC
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(Ma et
2009)

al.,

Bacteria culture
approximately 5.0 X 108 cells mL-1

PELLET

Binding DNA

Isopropanol

bacteria

wash elut

percipitate

alkalyne lysate

Exonuclease

Collect DNA by
centriguge

Clear lysate

isopropnol
percipitate

Genomic DNA
free- Ultra pure
plasmid DNA

Figure 3.3: Large construct kit main steps

Bacteria culture
Approx.. 5.0 X 108 cells mL-1

Pellet

Elute

Wash buffer

Lyse

AW2
Wash (buffer
AW1)

Bind

Figure 3.4: Extraction of chromosomal genomic DNA using Qiagen kit (main steps)
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Results
The production of both histamine and siderophore was directly linked with presence
of the pJM1 virulence plasmid (Table 3.2). All virulent strains produced histamine,
whether the strains had high or moderate levels of virulence (Table3.2). Conversely,
no histamine was produced from low virulence strains (Table 3.2).

Histamine

production was associated with siderophore production, with all histamine-producing
strains having high and moderate levels of virulence also being positive for
siderophore production, whereas no siderophore was produced from low virulence
strains. As expected, production of histamine and siderophore was associated with
presence of virulence plasmid and the RS1 transposon (Table 3.2).

Table 3.3: Relationship between production of histamine, siderophore and the
presence of pJM1 virulence plasmid.
Strain numbers

Virulence*

Histamine

Siderophore

pJM1

RS1

25,32,39,55,76,

A

+

+

+

+

B, C, D

+

+

+

+

E

-

-

-

+

67,79,129,131
28, 50,68,82,39(B)
84(D)
77, 83, 87, 94

*A= 100 % Mortality (High virulence); B= 75% % Mortality (Moderate virulence); C= 50% Mortality
rate (Moderate virulence); D = 25% Mortality rate (Moderate virulence); and E = 0% Mortality rate
(Low virulence).

3.3.1 Presence of the pJM1 virulence plasmid
The pJM1 plasmid was present in all virulent strains (Table 3.3). Restriction of the
plasmid using BamHI revealed eight bands as follows (Fig. 3.5): 1: 20.126 kb; 2:
11.233 kb; 3: 10.057 kb; 4: 9.268 kb; 5: 6.026 kb; 6: 3.380 kb; 7: 2.866 kb; 8: 2.075
kb. Together, these gave a total plasmid size of 65kb.
3.3.2 Presence of RS1 transposon
The presence of the RS1 gene was revealed by the PCR products for this gene, shown
in Figure 3.6, and was confirmed by sequencing.
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Figure 3.5: Virulence plasmid profile in Vibrio anguillarum after digestion
using BamHI. Lane 1 = Hind III digest of lambda DNA; Lanes 2 =
virulence plasmid digested by BamHI restriction enzyme and 3 control
positive (Vibrio anguillarum previous screen for their virulence
plasmid, two lines control negative one is blank and the second is
DH2O)
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Figure 3.6:

PCR product for the RS1 transposon in Vibrio anguillarum exemplar
strains. Lane 1 = strain 83 (plasmid-less strain); Lane 4 = strain 67
(plasmid-harbouring strain). Lane 6 = Molecular weight ladder (HindIII
digest of lambda DNA).

Figure 3.7: PCR product for AngE gene (this gene was present in all virulence
category A, B, C and D strains tested (this gene being encoded on the
virulence plasmid).
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Figure 3.8: Polymerase chain reaction to assess presence of sigma factor. Lane 1 =
HindIII digest of lambda DNA; Lane 2 = blank; Lanes 3, 4 & 5 = plasmid
positive V. anguillarum O1 strains 129, 76, 67; Lane 6 = plasmid
negative Vibrio anguillarum O1 strain 83.
3.3.3 The presence and absence of pJM1 plasmid and RS1 transposon
Virulence plasmid was present in all high and moderate virulence strains, whereas in
low virulence strains no plasmid was present. However, in all tested strains (all
virulence categories) RS1 transposon was present and detected even in low virulence
strains where pJM1 plasmid was absent (Fig. 3.7 and Table 3.3).
3.3.4 PCR screen for sigma factor
Sigma factor PCR product was found in all tested strains (Fig 3.8), regardless of their
virulence category.

Furthermore, all strains presented proteinase and lipidase

activities, as shown in Chapter 2 (Tables 2.9 and 2.11), indicating that these were
effectively expressed in all strains.
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Discussion
3.4.1 The stability and loss of pJM1 virulence plasmid in V. anguillarum O1 and
its effect on siderophore production and virulence in tested strains
The presence and loss of virulence plasmid is here confirmed to be one of the key
elements in the virulence system of V. anguillarum O1. Loss of the virulence plasmid
led to dramatic decrease in V. anguillrum O1 virulence from high virulence to low. It
has also previously been reported that loss of this virulence plasmid from V.
anguillarum O1 causes a marked decrease in virulence (Crosa et al., 1980). This is
likely because this plasmid encodes the majority of genes responsible for producing
siderophore, which contributes to the haemorrhagic character to V. anguillarum O1 in
the host, giving a mechanism by which to combat the host’s innate immune response
(Naka et al., 2013). Moreover, this plasmid also contains genes for production of
another crucial substance, namely histamine, which is both a precursor for the
anguibactin siderophore and also a direct cause of damage to the host tissue (Hocker
et al., 1996).
3.4.2 Histamine Production
Histamine production by V. anguillarum O1 is essential for the virulence of this
microorganism, because histamine is one of the precursors for biosynthesis of
anguibactin-type siderophore, necessary for its growth during the infection under ironlimited conditions (Hocker et al., 1996). Histamine and histamine receptors are
important in regulating many aspects of diseases (Kennedy et al., 2012). Histamine
is production by V. anguillarum O1 bacterium infecting fish is the consequence of the
existence and activities of a bacterial enzyme called histidine decarboxylase
(Tortorella et al., 2014). This enzyme converts L-histidine present in fish tissues to
histamine (Hocker et al.,. 1996). The virulence plasmid of V. anguillarum harbours a
histidine decarboxylase gene called AngH (Hocker et al., 1996) which is essential for
biosynthesis of anguibactin siderophore (Naka et al., 2013), as noted above.
Hocker et al. (1996) reported that only wild-type strains of V.anguillarum O1
expressed the AngH gene, while no AngH message was detected in mutants and
plasmid-less derivative strains (Barancin et al., 1998). Furthermore, a consequence of
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AngH mutation is an iron uptake-deficient phenotype (Hocker et al., 1996). Our
results are in agreement with this suggestion. These results indicate the significance
of the virulence plasmid and histamine biosynthesis for virulence of V. anguillarum
O1 and its iron uptake system in particular (Table 3.2; Hocker et al., 1996).
3.4.3

The effect presence of RS1 transposon on the vabF chromosomal gene in
producing Vanchrobactin type siderophore in V. anguillarum O1

Vanchrobactin is composed of the following residues: (i) DHBA; (ii) serine; and (iii)
an amino acid from the group ornithine/lysine/arginine/tryptophan, (since these amino
acids belong to the same specificity-pocket family) (Rausch et al., 2007). The recent
elucidation of vanchrobactin’s chemical structure (Soengas et al., 2007) showed that
this siderophore is a N-[N 9-(2,3-dihydroxybenzoyl)-arginyl]-serine.

Thus, the

structural chemical data are in complete agreement with the component prediction
based on the amino acid sequences of VabE and VabF (Balado et al., 2006; Naka et
al., 2008), which are the key enzymes involved in vanchrobactin biosynthesis (Balado
et al., 2006; 2008). Any disruption in vabF gene function will lead to failure to
complete this pathway (Naka et al., 2008). It is clear that the low virulence strains
reported here have similar characters to these. The presence of RS1 transposon in the
chromosome and loss of the virulence plasmid prevent these strains from producing
either type of siderophore (Balado et al., 2006). The presence of RS1 transposon also
indicates that the now low virulence strains previously harboured virulence plasmids
(Naka et al., 2008), accounting for their high virulene prior to storage, which were lost
at some point during storage or reculturing. It was reported that V. anguillarum can
lose their plasmid during the handling and passaging through fish. (Natrah, 2011). The
attenuation in virulence of V. aguillarum due to losing their plasmid and presence of
RS1 may be due to disruption in production of chromosomal type siderophore
vanchrobactin as well as plasmid type siderophore from in V. anguillarum O1 (Naka
et al., 2008). Consequently, this microorganism cannot compete with the host to get
the iron required for growth and establish the infection to take hold and to establish
septicaemia symptoms (Naka et al., 2008).
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3.4.4 Stability and loss of plasmid during storage time:
The link of chromosome stability with viability and survival is stronger than the link
between survival and plasmid stability (Tazzyman & Bonhoeffer, 2014). It is reported
from several researchers that bacteria can lose their plasmid and survive, whereas it is
not reported that bacterial cells can lose any of their chromosomes and still live
(Hacker & Carniel, 2001). The loss of the plasmid in Vibrio in general and V.
anguillarum in particular, as reported again here, has, under certain conditions such as
starvation, handling or other similar stress conditions, also been previously reported
(Caldwell et al., 1989; Pedersen & Larsen, 1995; Frans et al., 2013).
Regarding the stability of plasmid after long storage time, it is reported that there is an
increasing possibility of plasmid loss with increased storage time for B. anthracis
(Marston et al., 2005), although the mechanism of plasmid loss over 20 years storage
is still not fully understood (Marston et al. 2005).

On the other hand, some

explanations have been suggested for this process (Marston et al., 2005). It is, for
instance, possible that there may be some genetic injuries over time that may affect
plasmid replication or partitioning and lead to plasmid loss (Firshein & Kim, 1997).
It is also possible that in media (such as slants or stabs) there was low levels of
nutrients available for bacterial growth. There is in the media, amino acids and sugars
released during mother cell lysis which could produce stressful conditions (Marston
et al., 2005).

Under these stressful conditions, nonessential elements, such as

plasmids, could be broken down and used by the bacterial cell to balance its essential
components (Wegrzyn & Wegrzyn, 2002; Rice & Bayles, 2008). This was also
reported by Caldwell et al. (1989) in Vibrio sp. under stressful conditions, such as
starvation. Plasmid break-down products can be recycled into new cell products such
as proteins or catabolized for energy, as was the case with Escherichia aggloinier
(R388: Tn/ 721) and E. coli (R388:Tn/721) (Caldwell et al., 1989). The plasmid can
be subjected also to alteration partially or completely, resulting in the loss of plasmidcontrolled characters after recovery (Moyer & Morita, 1989 ; Samuel et al., 2015). It
was also reported that in the hosts under nutrient stress, the plasmid behaves
differently in relation to expression and maintenance (Caldwell et al., 1989). Stresses,
such as elevated temperatures (42°C) and the addition of novobiocin to the laboratory
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media, have been shown to cause loss of pXO1 and pXO2 plasmids in B. anthracis,
respectively (Marston et al., 2005).
Green et al. (1985) observed the spontaneous loss of pXO2 plasmid from colonies of
B. anthracis Pasteur strain when grown in agar for several days under conditions
contributing to capsule formation. In addition, Sinskey & Silverman (1970) reported
that lyophilisation damages the cell membrane, causing increased permeability and
loss of plasmid stability during the preservation process (Sinskey & Silverman, 1970;
Nimonkar et al., 2013). While this may not occur in B. anthracis plasmid loss, it is
another mechanism by which plasmids may be lost from the cell (Nimonkar et al.,
2013). When bacteria live under conditions of nutrient starvation, some strains have
been found to alter their cellular nucleic acid concentrations in addition to protein
concentration and composition (Bowen & Quinn, 1999, Breese & Sharp, 1980) and
because the plasmid DNA is relatively independent of the chromosomal genome, there
are several processes that starved bacterial cells can use to regulate their plasmids’
DNA and products (Wegrzyn & Wegrzyn, 2002). First, if the plasmid is sustained
intact, the products can either be present in an active form or be absent (Johnson &
Nolan, 2010). Otherwise, the bacteria can degrade their plasmid, either completely or
partially, and use it as a source of energy or use its nucleic acids for biosynthesis to
increase its cellular levels of RNA (Muñoz-Gómez et al., 2016; Yin & Stotzky, 1997).
These circumstances have been recorded during the starvation of a marine Vibrio sp.
(Moyer & Morita, 1989). This mechanism can lead to rapid protein synthesis in the
cell as it recovers from starvation (Caldwell et al., 1989; Pedersen, 1997). The natural
loss of the 50-MDa plasmid present in a highly virulent strain was also reported, and
this loss led to the production of less virulent V. anguillarum strains (Crosa et al.,
1977; Ma et al., 2009). Some cells harbour four plasmids with various sizes and were
reported to lose only some of their plasmids, mainly the larger sized ones. However,
in the other cases isolates lacked all four original plasmids, (Kim et al., 2001). The
low copy numbers of V. anguillarum O1 virulence plasmid (1-2 per cell) and its size
(65kb) may help in explaining this matter (Madhavi, 1999). It was noticed that there
was a genetic alteration from some strains of V. alginolyticus (Letchumanan et al.,
2015), in agreement also with the report by Gauthier et al. (1988) about the loss of
plasmid pCS1 from some E. coli strains in seawater. There are certain environmental
factors that can influence the frequency of conjugal gene transfer (Yin & Stotzky,
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1997, Stalder & Top, 2016). For example, geophysico-chemical factors such as soil
type, soil moisture, temperature, pH and water movement (Bengtsson-Palme et al.,
2018).

All these factors have been identified as factors that can influence the

frequency of plasmid transfer (Smalla et al,. 2015, Bengtsson-Palme et al., 2018).
Moreover, many biological factors such as nutrient alterations also can influence this
(Cairns et al., 2016). While some studies have suggested the effect of stimulatory
stresses, for example, metal stress, on conjugation rates, the available of data regarding
this issue is ambiguous (Cairns et al., 2016). Environmental factors can also influence
bacterial activity and, eventually, the density of the donor and recipient cells (Aminov,
2011). This may influence on the recorded plasmid-transfer rate (Aminov, 2011;
Balcázar, 2015).
3.4.5 Reduction of virulence from high to moderate
It is not clear after our investigation what the mechanism was for reduction in
virulence from high to moderate virulence. However, it should be noticed that in
previous studies some authors reported that there were some serogroup O1 isolates,
which were weakly pathogenic, despite containing the virulence plasmid (Austin et
al., 1995). The reason for this deficiency in virulence of these strains was unclear but
may result from lower expression of iron-sequestering mechanisms (Austin et al.,
1995; Crisafi et al., 2014). Therefore, further research in terms of the extent of gene
expression of iron uptake related components of the plasmid is crucial to understand
this further.
3.4.6 Presence of the sigma factor and its role in V. anguillarum O1 virulence
The sigma factor gene was present in all the tested strains, whatever the virulence level
was. This gene is significant for virulence, due to its role in stability of proteinase and
lipase enzyme activities during stress conditions. The sigma factor is reported to be
crucial for virulence in V. anguillarum O1 (Ma et al., 2009) as well as in another
microorganisms (Ma et al., 2009). Mutations in sigma factor have previously been
shown to lead to decreased virulence (Ma et al., 2009). However, it seems this factor
doesn’t play a role in either siderophore production and iron-sequestering processes
(Wang et al., 2002). When the virulence plasmid was lost and the the RS1 transposon
is present, possession of active sigma factor is not able to establish and maintain V.
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anguillarum O1 infection, indicating that, although it may be a necessary component
for full pathogenicity, it is insufficient on its own to achieve full virulence.
Conclusion
The stability of the multifunctional virulence system of fish pathogen V. anguillarum
O1 is dependent on several virulence factors, encoded both on the chromosomes as
well as the pJM1 virulence plasmid. The present work confirmed that loss of the pJM1
plasmid led to a dramatic decrease in the virulence of V.anguillarum O1and provided
evidence that this was due to loss of ability to produce plasmid-type siderophore
(anguibactin). Moreover, the presence of the RS1 transposon gene, which eliminates
production of chromosomal-type siderophore, is also seen in all of the O1 strains tested
here, so that loss of plasmid siderophore could not be compensated-for. The loss of
the virulence plasmid from V. anguillarum O1 during long-term storage results in a
change in the phenotype (virulence) of the affected isolates.
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The effects of virulence level, bacterial growth
phase and environmental factors on
siderophore production by V. anguillarum O1
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Introduction
The ability of V. anguillarum O1 to cause haemorrhagic septicaemia is closely linked
with possession of a highly effective iron (Fe) uptake system, which is based on
siderophores (Frans et al., 2011). The term siderophore is Greek for iron carrier,
bacterial siderophore being a low molecular weight peptide, that can sequester and
solubilise iron obtained from the host tissues.

This results in chronic or acute

haemorrhagic septicaemia, leading to liquefaction of host tissues and sudden death
(Munro & Hastings, 1993).
Consequently, study of V. anguillarum O1 siderophore production is crucial, because
it allows greater understanding of this important virulence factor and may suggest
methods for disease control. Parameters which might reasonably be expected to affect
siderophore production include: carbon sources; bacterial growth phase; temperature;
iron concentration and pH levels, as well as the virulence level (Di Lorenzo et al.,
2004; Cabaj & Kosakowska, 2009). Similar influencing factors have previously been
reported for the fish pathogen Aeromonas salmonicida (Chart & Trust 1983; Hirst et
al., 1991). Infections with Aeromonas salmonicida can increase rapidly in fish cells
due to a siderophore-mediated iron uptake system (Hirst et al., 1991). As noted in
previous chapters, by producing siderophore, bacteria obtain iron from iron-binding
host proteins such as ferritin, this enabling growth and establishment of the pathogenic
bacterium in the host (Cassat & Skaar, 2013). Siderophores have relatively low
molecular weights (500-1000 Daltons), and in environments where iron is limited,
they are secreted extracellularly by several micro-organisms (Ratledge & Dover,
2000). They have a high affinity for ferric iron (Li & Ma, 2017), although this can
vary between siderophore types. Nevertheless, this character is considered as one of
the main determinants of pathogenic virulence in V. anguillarum O1, amongat many
other microorganisms (Actis, 1986; Li & Ma, 2017).
4.1.1

Factors Affecting Siderophore Production

Several factors can affect the amount of siderophore produced by bacteria. These
factors include growth phase (Santos et al., 2014; Sasirekha & Srividya, 2016); pH
(Santos et al., 2014); agitation (Santos et al., 2014); plasmid and gene presence (Di
Lorenzo & Stork, 2014); temperature (Santos et al., 2014); iron concentration (Farrell
78

et al., 1990); type of carbon source (Santos et al., 2014); and carbon source
concentration (Santos et al., 2014).
4.1.2 Influence of plasmid and RS1 transposon presence on siderophore
production by Vibrio anguillarum
The ability of plasmid and RS1 presence to influence siderophore production depends
on the microorganism species. Some micro-organisms, such as some Escherichia coli
and Vibrio anguillarum strains have a plasmid-encoded iron uptake system (Di
Lorenzo & Stork, 2014), whereas others, for instance A. hydrophila, do not (Naidu &
Yadav, 1997).

Moreover, in some cases, both the plasmid and chromosomes

contribute to encoding the iron uptake system (Naka et al., 2008). In V. anguillarum
O1, the presence of a virulence plasmid is crucial for anguibactin-type siderophore
production; any loss or mutation in genes controlling plasmid siderophore production
will lead to reduced siderophore production and virulence in V. anguillarum O1, either
totally or partially (Di Lorenzo, et al., 2004). Regarding the chromosomal genes, the
presence of the vabF gene is necessary for production chromosomal siderophore in V.
anguillarum O1 (Naka et al., 2008). Any disruption in vabF, such as by insertion of
the RS1 transposon, results in elimination of chromosomal siderophore production
(Naka et al., 2008). In the case of Salmonella, the presence of a virulence plasmid is
essential for production of siderophore, similar to V. anguillarum O1. On the other
hand, in the case of A. hydrophila the presence of plasmid is not critical for siderophore
production (Naidu & Yadav, 1997). In some V. anguillarum O1 plasmid-less strains
and in V. anguillarum O2 there is a chromosomal encoded system available to produce
siderophore (Li & Ma 2017). Nevertheless, as shown in Chapter 3, in V. anguillarum
O1 strains where the plasmid is lost, chromosomal siderophore production remains
disrupted by the presence of RS1 in the vabF gene, resulting in a low virulence or
avirulent strain.
4.1.3 Effect Type of carbon source on siderophore production
Adequate carbon sources are necessary for biological processes and survival of the
bacterial cell (Cooper & Hausman, 2009; Passalacqua et al., 2016). Adequate carbon
sources are also needed for biosynthesis of other important compounds, such as
siderophores; the addition of carbon sources to the growth media can increase the
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growth capacity of bacteria and their ability to produce siderophores (Han et al., 2008).
Several carbon sources can be utilised by microorganisms, typically one or more of
glucose, galactose, sucrose, maltose, fructose or glycerol (Kiefer et al., 2002; Han et
al., 2008; Tailor & Joshi, 2012). However, microorganisms vary in their capacity to
use these different carbon sources for siderophore production (Tailor & Joshi, 2012).
For instance, Pseudomonas fluorescens produces a high amount of one siderophore
with sucrose in the growth medium, compared to glucose, mannitol, lactose or xylose
(Sasirekha & Srividya, 2016), whereas glucose promotes pyochelin production (Duffy
& Defago, 1999). Nevertheless, P. fluorescens can still use all of these carbon sources
just for growth, although not all are effective for siderophore production (Tailor &
Joshi, 2012). Calvente et al. (2001) also showed similar results for siderophore
production in Rhodotorula sp. with sucrose, whereas glycerol supported high
siderophore production in E. coli (Nissle, 1917; Valdebenito et al., 2006), Bacillus
megaterium (Santos et al., 2014) and Pseudomonas aeruginosa (King et al., 1954).
Given that sideophore production is shown to be related to virulence in V. anguillarum,
it is clearly important to understand the influence of carbon source on siderophore
production in this species, not least as a possible basis for control measures.
4.1.4

Siderophore production in relation to bacterial growth phase and rate

It has been shown by many studies that during the lag/log exponential phase of growth
in culture (normally the first twenty-four hours), many micro-organisms can
continuously produce siderophores (Sigel, 1982; Tailor & Joshi, 2012; Santos, 2014;
), although peak production is usually recorded in the early stationary phase (Santos,
2014).

Increasing cell growth rate during these growth phases leads to higher

siderophore production under iron-limited conditions, possibly due to several factors.
Firstly, increased cell growth limits the level of iron available from the environment,
which is a necessary condition for siderophore production (expression of iron uptake
system genes increases as iron limitation rises; Mackie & Birkbeck,1992; Wertheimer
et al., 1999; Li & Ma, 2017). Secondly, an increase in the number and size of the cells
during the later log-phase and beginning of the stationary phase leads to a higher
number of units synthesising siderophore (Suzanne & Payne, 1981),as seen for V.
cholerae, which reaches maximum siderophore production during its stationary phase
(Sigel, 1982; Navarro & Llorens, 2010). However, several microorganisms have
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shown an ability to produce siderophores in all growth phases (Santos, 2014). Once
in stationary phase, the bacteria will face starvation conditions, due to decreasing
levels of required nutrients. This condition usually leads to the death of the cell, and
a decline in cell metabolism products, include siderophore production (Caldwell et al.,
1989).
4.1.5 Effect of iron concentration on siderophore production
Iron concentration in the environment where the bacteria are living is one of the key
factors for microorganism survival and growth (Emerson et al., 2010). Furthermore,
because the siderophores are only produced under iron-limited conditions (Visca et
al., 1993; Budzikiewicz, 1997; Vasil & Ochsner, 1999), iron availability also affects
expression levels of several genes coding the iron uptake system (Walter et al., 1983,
Farrell et al., 1990). Therefore, modulating iron concentration in the growth medium
can be used to maximise siderophore production in various microorganisms (Farrell
et al., 1990), the maximum binding of available iron and provision of iron to the cell
through siderophores requiring certain iron concentration thresholds (Meyer &
Abdallah, 1978). As the concentration of environmental iron rose beyond a threshold
level (which varies in different micro-organisms), siderophore production declined
with the accumulation of iron, most likely due to negative transcriptional regulation
by the fur protein (Wertheimer et al., 1999, Naka et al, 2011; Tailor & Joshi 2012).
Based on these studies, different types of bacterium differ in their requirements for Fe
to reach maximum siderophore production and their threshold of iron for initiation of
siderophore production is also variable (Tailor & Joshi, 2012). Characterisation of
these variables in V. anguillarum is currently lacking and therefore needs investigation
to properly understand pathogenesis in this species.
4.1.6 Influence of growth temperature on siderophore production
Temperature affects siderophore production through its effect on bacterial metabolic
activity and hence on growth rate and the number of cells produced over time (Ismail,
1985). This influence on cell growth affects siderophore production depending on the
characteristics of the microorganism and the growth media used (Winkelmann, 2017).
) Some reports suggest that Pseudomonas aeruginosa produced most siderophore at a
temperature of 35°C compared to higher or lower temperatures (Sharma et al., 2003;
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Santos et al., 2014; Fazary et al., 2016), whereas other strains of P. aeruginosa
produced more siderophore at 27 °C (Sharma et al., 2003). In contrast, for Aeromonas
hydrophila, both growth temperatures of 27°C and 35°C did not affect siderophore
production (Kumar et al., 2017). Clearly, characterisation of the temperature response
of siderophore production is needed for different species and strains, and to date this
has not been done for V, anguillarum.
4.1.7 Influence of aerated agitation on siderophore production
In an intensively aerated liquid medium iron exists mainly in the form of Fe3+, which
is extremely insoluble at pH7 (Aisen et al., 2001). This means it is unavailable for
microbes to use for metabolism (Weber et al., 2006). Consequently, under such
conditions it is expected that the microorganism will produce siderophores in response
(Das et al. 2007; Varma & Chincholkar, 2007; Saha et al. 2013). Thus, differences in
oxygen tension in the culture medium affect iron availability and, hence, siderophore
production (Kim et al., 2003), whilst aeration also enhances cell growth independently
of iron availability (Kim et al., 2003; Santos et al., 2014).
4.1.8 Aims
This chapter study was designed to investigate the effect of several factors on
siderophore production in V, anguillarum O1, with the following key aims:

To determine any correlation between quantity of siderophores produced and
V. anguillarum O1 virulence level.



To investigate the potential of CAS medium to rapidly differentiate between
high- and low-virulence strains of V. anguillarum O1.



To investigate the influence on siderophore production by V. anguillarum O1
of the following factors: carbon source; carbon concentration; iron
concentration; growth temperature; and aeration (agitation).
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Material and methods
4.2.1 Media and bacterial growth
All strains (n = 20) were inoculated and grown in TNB medium, followed by transfer
of growth culture (5 ml) to 250 ml MM9 medium in 1000 ml flasks. CAS medium
consists of MM9 plus some supplements according to the method of Schwyn &
Neilands (1987). MM9, Minimal Salts, 5X (Sigma-Aldrich, Poole, UK, Cat No.
M6030). Five technical replicates (5 separate tests on the same day with the same
reagents) were performed for each experiment and the median value used for analysis.
Standard curves of cell number against optical density were prepared to enable
conversion from OD measurements to equivalent cell numbers, where necessary. Cell
counts at regular time-points through the growth curve were made using a Neubauer
haemocytometer on a compound microscope (Euromex Blue; magn. 100x oil
immersion).
4.2.2 Preparation of CAS solutions
All components were supplied from Sigma-Aldrich, except where stated otherwise.
The CAS assay (Schwyn & Neilands, 1987) was used to determine the amount of
siderophore (by unit %) produced by tested strains, indicated by a colour change from
blue to orange when siderophore was present. All glassware was cleaned with 6M
HCl (BDH) prior to use to remove any trace iron. Chrome azurol S liquid medium
was prepared exactly as described in Chapter 2 for CAS solid medium (Section
2.2.5.5), except that MM9 medium was substituted for TNA. Three concentrations of
FeCl3.6H2O were used in preparing these media: 0.5, 1.0 and 1.5 mM. Carbon sources
D-(+)-Glucose, Sucrose and D-(+)-Galactose were added in concentrations of either
20 %, 10%, or 5 % (w/v in final volume of medium) to evaluate their effect on
siderophore production, using casamino acid (acid-hydrolyzed; Difco) as the nitrogen
source, after removal of trace iron with 3% (w/w) 8-hydroxyquinoline in chloroform
and 99% 0.03 g/l ethylenediaminetetraacetic acid (EDTA). L-tryptophan (25mg l-1)
was also added in one experiment to evaluate the effect of this addition on siderophore
production, since casamino acid lacks tryptophan.
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Effect of iron-depletion on siderophore production
The effect of two iron chelators, EDTA and 8-hydroxyquinoline, were investigated for
their influence on the amount of siderophore produced. The strain was grown in
MM99 with addition of iron and in the presence of 0.03 mg/l of either EDTA or 8hydroxyquinoline.
Effect of growth temperatures
Two incubation temperatures 23 ºC and 30ºC, were used to evaluate siderophore
production under the growth conditions described above (Section 4.2.1).
Effect of agitation
A Thermo Scientific™ MaxQ™ 3000 Benchtop Orbital Shaker was used to obtain
agitation conditions of either 200 rpm or 100 rpm. Siderophore production under these
conditions was compared to that under static conditions, on the assumption that
aeration would be greater during agitation.
4.2.3 Monitoring siderophore production using the chrome azurol S (CAS)
assay
Bacterial isolates grown in MM99 broth culture using different growth conditions,
were centrifuged at 5000 rpm for 10 minutes and cell-free supernatant was analysed
using a CAS assay test by adding 1ml supernatant to the same amount of CAS shuttle
solution (usually 1 ml + 1 ml). The production of siderophores was measured
spectophotometrically at 630 nm (NovaspecII) after 20 mins of incubation. Necessary
blanks (minimal medium) & reference solutions used as a control standard (minimal
medium + CAS dye + shuttle solution without inoculation) were used during the
determination. When the tested microorganism produces siderophore, the normally
blue CAS medium turns to orange, indicating release of iron from the Fe-CAS
complex. Since this was a differential absorbance assay (i.e. samples were compared
each time against a control standard), standard curves were not required.
The amount of siderophore produced was calculated from Equation 1 (Chapter 2,
section 2.2.5.6) as Siderophore Units (%).
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4.2.4 Plasmid extraction
The presence or absence of plasmid in the tested strains of V. anguillarum was detected
using a Qiagen kit (QIAGEN Large-Construct Kit for plasmid extraction), as
described fully in Chapter 3. Extracted plasmid DNA was visualized by running
samples on 0.8% agarose gel electrophoresis after using the restriction enzyme BamHI
(New England Biolabs).
4.2.5 Statistical analyses
All statistical analyses were done using SPSS v, 22.0.0.1 (IBM-SPSS, Chicago, USA).
Comparisons of siderophore production between high and moderate virulence strains
were performed using a Mann-Whitney U test since normality of data could not be
adequately tested (percentage data over a limited range of values; Dytham (2011)).
Comparisons between more than two tested factors were made at the time-point at the
end of the log phase of growth (start of static phase) using non-parametric KruskalWallis tests, with post-hoc pairwise Mann-Whitney U tests (Bonferroni corrected)
used to detect differences between groups (Dytham, 2011). Significance was accepted
at p < 0.05.
Results
4.3.1 Relation between virulence and siderophore production
All virulent (high and moderate) strains produced siderophore, whereas no nonvirulent (low) strains produced any siderophore under the same conditions (Fig. 4.1).
There was no significant difference between the amount of siderophore produced by
different virulent strains (High vs. Moderate; Mann-Whitney U, p = 0.366; Fig. 4.1).
The colour change from blue to orange was a clear and effective indication for
siderophore production from tested strains.
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Figure 4.1: Siderophore production by V. anguillarum O1 strains with different
virulence characteristics (categories as in Chapter 2: High (category A,
n = 10); Mod = moderate, categories B, C & D, n = 6); Low (category
E, n = 4), detected using CAS liquid media. Data are means ± SEM.
SEM for “High” column = ± 0.03. There was no siderophore
production detected in low virulence strains. ns = not significantly
different (p > 0.05; Mann-Whitney U test).
4.3.2 Factors affecting V. anguillarum O1 growth
Bacterial growth characteristics in relation to culture media
Under normal growth conditions in TNB, all strains of V. anguillarum O1 grew easily
and quickly (Fig. 4.3c), taking only 14 h to reach their static phase. Both virulent
strains (high and moderate), which harbored virulence plasmids, and non-virulent
(low) strains, which had lost their plasmid, presented the same growth-time
characteristics. However, this was not the case for V. anguillarum O1 grown in CAS
media for purposes of detecting siderophore production. In this latter case, strains
lacking the virulence plasmid could not grow and failed to produce siderophore (Fig.
4.1). Siderophores were identified in the culture medium after 12 h of growth.
However, a large amount of siderophore production was detected at the end of the
exponential phase of growth (30–40 h), and it was noticed that the production of
siderophore continued even during the stationary phase (40–48 h) in all culture
conditions. This selective effect of CAS medium on growth of virulent strains meant
that it was rapidly able to differentiate those strains from low virulence strains (lacking
plasmid), as only virulent strains grew, and in doing so they also caused the medium
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to change colour, giving a double confirmation. In this way, CAS medium clearly
fulfils the aim to be able to rapidly (within a day) differentiate between high- and lowvirulence strains of V. anguillarum O1
Effect of temperature, agitation and iron chelators on growth
The more rapid growth rate was recorded when the temperature was 30ºC (Fig. 4.2a),
whereas, in contrast, at 23ºC, the growth occurred more slowly.
Agitation produced more rapid growth than static conditions (Fig. 4.2b), although no
significant difference was seen between 200 rpm and 100rpm. However, as the rate
was marginally faster at 200 rpm, this was selected as the standard agitation condition
for subsequent work.
EDTA gave better results in terms of slightly faster growth (although not significantly
– Kruskal-Wallis, n = 5, p > 0.05; Fig. 4.2c) compared with 8-Hydroxyquinoline under
the same culture conditions (MM9 medium; 20% glucose; 1 mM FeCl3.6H2O; 200
rpm and 30°C).
Effects of nutrient type and concentration on V. anguillarum growth
It was found that all cultures growing in 20 % carbon source reached the static phase
at 40 hours of culture, after which cell numbers declined as the cultures started to die
(Fig 4.3a). There was no significant difference in peak OD (equivalent to cell count)
between carbon sources (Fig. 4.3a; p > 0.05, Kruskal-Wallis, n = 5).
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Figure 4.2: Effect on bacterial growth of on a) temperature; b) agitation; and c) iron
chelators (EDTA and 8-hydroxyquinoline). Cultures were grown in MM9
medium with 1 mM FeCl3.6H2O. Data are means and SEM from 5
replicate assays (+SEM on EDTA, -SEM on Hydroxyquinoline). Peaks
not sharing a letter are significantly different in timing at p < 0.05;
Kruskal-Wallis test. ns = not significant. SEM in panels a) and b) are
within the marker symbols.
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Casamino acid as a nitrogen source and the effect of adding tryptophan on
siderophore production
The only nitrogen source used here was Casamino acid and this source does not
contain any tryptophan. The results indicate that casamino acid is adequate for V.
anguillarum O1 to produce siderophore and to grow in MM9 under iron-limited
conditions, and that tryptophan is not necessary.

Nevertheless, in case lack of

tryptophan was restricting siderophore production and/or growth of the plasmidnegative strains, tryptophan was added to the medium and the siderophore production
was tested. However, even after tryptophan addition, no siderophore was produced
from plasmid-negative strains.
4.3.3 Factors affecting siderophore production in V. anguillarum O1
Effect of growth rate and growth phase on siderophore production
Siderophore production was affected by both rate and amount of cell growth, except
in the case of high Fe concentration (1.5mM FeCl3 .6 H2O). Regarding growth phase,
all virulent strains of V. anguillarum O1 produced siderophore throughout the growth
cycle. However, in general the peak of siderophore production was at the end of the
exponential (log) phase of growth at cell densities of absorbance about 1.2 (OD600nm)
(Fig. 4.3 for growth cf. Fig. 4.5 for siderphore production). The time taken for growth
to reach this point (growth rate) was a key parameter which varied between the tested
factors: the time require to reach this point was 40 h for all carbon sources at a
concentration of 20 %, compared with 44h and 50 h, when carbon sources were used
at reduced concentrations of 10 % and 5% respectively (Fig 4.3b).
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Figure 4.3: Effects of different nutrient variables on growth in V. anguillarum O1. a)
three carbon sources (glucose, sucrose, galactose) all supplied at 20%
w/v; b) three concentrations of glucose; c) three concentrations of FeCl3
(black line TSB = growth of all 20 strains in TNB medium for
comparison with MM9). n = 20 strains for each point. Cultures were
grown in MM9 medium with 1 mM FeCl3.6H2O (except for panel (c)),
0.03 g/l EDTA with 200 rpm agitation at 30 ºC. Data are means from 5
replicate trials. SEM are so small they are within the marker symbols.
Peaks not sharing a letter are significantly different in timing (p < 0.05;
Kruskal-Wallis followed by Bonferroni-corrected Mann-Whitney tests).
ns = not significant across all peaks (too close to apply separate letters).
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Siderophore production under standard growth conditions
The maximum siderophore production was achieved under conditions of 20% glucose
as carbon source with1 mM FeCl3.6H2O, 0.03 g/l EDTA (as iron chelator) in MM9
medium, 200 rpm agitation and a temperature of 30ºC. Under these conditions the
exponential phase occurred from 20 to 40 hours of incubation (Fig. 4.3a), at the end
of which V. anguillarum O1 virulent strains had produced a mean of 77% siderophore
units (SU), this being the maximum siderophore production achieved (Fig. 4.5a).
Effect of temperature, agitation and iron chelators on siderophore
production
Peak siderophore production was reached significantly more quickly at 30ºC, with a
slower rate at 23ºC (Fig. 4.4a; p < 0.05). However, there was no difference in the peak
value achieved between the two temperatures (78 % SU in both cases).
Agitation at 200rpm produced a higher amount of siderophore (78 % SU) than 100rpm
or static conditions (both 76 % SU) (Fig. 4.4b). There was also a difference in the
time taken to reach these peak values, with 200 rpm taking 40 h, compared to 43 h
(100 rpm) and 51 h (static) under otherwise similar culture conditions (Fig. 4.4b). It
should be emphasised that a large amount of siderophore was still produced even under
static conditions.
EDTA supported significantly higher siderophore production (Kruskal-Wallis, n = 5,
p = 0.008; Fig. 4.4c), compared with 8-Hydroxyquinoline under the same culture
conditions (MM9 medium; 20% glucose; 1 mM FeCl3.6H2O; 200 rpm and 30°C).
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Figure 4.4: Effect on V. anguillarum siderophore production of: a) culture
temperature (23 or 30ºC with agitation 200 rpm); b) agitation (static,
100 or 200 rpm at 30ºC); c) iron chelators (EDTA or 8hydroxyquinoline at 200 rpm and 30ºC). n = 16 (pathogenic strains
only). Peaks not sharing a letter are significantly different in timing (p
< 0.05; Kruskal-Wallis followed by Bonferroni-corrected MannWhitney tests). * = significant p < 0.05 between peaks at the same time
point (Mann-Whitney test).
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Effect of carbon source and carbon concentration on siderophore
production
All three carbon sources tested for siderophore production in CAS media, gave most
siderophore production at a concentration of 20%. The carbon sources were ranked
in the order glucose > galactose > sucrose, with other conditions held the same (Fig.
4.4a).

At 40 h (end og log phase growth), glucose gave significantly higher

siderophore production than both galactose and sucrose (Kruskal-Wallis, n = 5, p <
0.002; post-hoc pairwise Mann-Whitney tests (Bonferroni corrected) p < 0.05).
Galactose was not significantly different to sucrose at this point (p > 0.05), these two
sugars supporting very similar siderophore production overall (Fig. 4.4a).
For all carbon sources tested, a concentration of 20% produced the greatest amount of
siderophore production (Fig. 4.4a). Any changes in the amount of carbon used below
this resulted in significantly less siderophore being produced (Fig. 4.4b for glucose; p
< 0.003, Kruskal-Wallis, n = 5), down to 60 % SU for 10 % glucose and to only 40 %
SU at 5 % glucose (Bonferroni-corrected Mann-Whitney U, p < 0.05 in both cases
compared to 20 % glucose), associated with slower growth rate and/or cell yield (Fig.
4.4b).
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Figure 4.5: Effects of different nutrient variables on siderophore production in V.
anguillarum O. a) three carbon sources (glucose, sucrose, galactose) all
supplied at 20% w/v; b) three concentrations of glucose; c) three
concentrations of FeCl3. Culture conditions were similar to those in Fig
4.2. Data are means ± SEM. SEM are generally very narrow. * = p <
0.05 comparing between peak production values (not necessarily at the
same time-point); Kruskal-Wallis test.
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Effect of varying iron concentration on siderophore production
Variation in FeCl3.6 H2O significantly affected the amount of siderophore produced
by virulent strains (Kruskal-Wallis, n = 5, p = 0.002; Fig. 4.4c), as well as affecting
growth rate, and hence the length of different growth phases (Kruskal-Wallis, n = 5, p
< 0.001; Fig. 4.3c). In general, decreased iron concentration led to reduced growth
rate compared to TNA, but without affecting the peak cell count at the end of the log
phase (Fig. 4.3c), indicating that lower iron concentrations were sub-optimal for rapid
growth, but did not constrain overall cell count. After applying 1 mM of FeCl3.6H2O,
it took 38 h for V. anguillarum O1 to grow and reach peak siderophore production (77
% SU) in MM9 medium (Fig. 4.4c). However, in more iron-limited conditions, with
only 0.5 mM of FeCl3.6H2O, 51 h was required for V. anguillarum O1 to reach their
stationary phase (Fig. 4.3c), whereas when 1.5mM of FeCl3.6 H2O was added growth
was faster, but this negatively affected siderophore production (Fig. 4.4c). All virulent
strains reached stationary phase after only 24h when grown on the nutrient-richer TNA
medium (Fig. 4.4c), as might be expected.
Discussion
There was no clear distinction between high and moderate virulence strain categories
in the amount of siderophore they produced, meaning that, although there is an obvious
distinction between low virulence strains and the others in whether or not siderophores
are produced, there is no difference between virulent strains which cause pathology to
differing degrees (high and moderate virulence), meaning there is no graded
relationship evident

between virulence level and siderophore production.

Consequently, this means that, although it is a very rapid way of distinguishing low
virulence from high virulence strains, the CAS medium siderophore assay cannot
distinguish at a finer scale between high and moderate levels of virulence. A further
conclusion from this must be that the variable levels of virulence seen in those
pathogenic strains must be caused by something other than variation in siderophore
production.
Following from this, it was also observed that the various factors investigated in
relation to effects on growth did not vary in their effects between strains or virulence
categories, again pointing to other factors not measured here or different mechanisms
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for the variation in virulence seen in pathogenic strains. Within the virulent strains, a
similar conclusion must be drawn in relation to siderophore production, since,
although the variables tested did affect siderophore production, there were again no
differences between strains in siderophore production under similar conditions.
Most of the parameters affecting siderophore production in this study also affected the
length and timing of the growth phase. Therefore, we will next focus on the effect
these factors have on the length, and time of the growth phase of the different tested
strains.
4.4.1 Factors affecting growth of V. anguillarum O1 in CAS media
Although extensively studied in relation to their role as pathogens, there is surprisingly
little information in the literature regarding the growth characteristics of V.
anguillarum in comparison to bacteria like E. coli, or even to other Vibrios (Thompson
et al., 2006), so the data provided here are of general interest in terms of comparative
studies. In considering a typical bacterial growth curve, the inflection between the log
phase and the stationary phase is referred to as the transition phase (Buchanan et al.,
1997; Himeoka & Kaneko, 2017). The time for which this lasts and the consequences
for cell survival during this transition phase and afterwards depends on the amount of
nutrients available in the surrounding medium (Kim et al., 2001). Where large
amounts of nutrient (e.g. glucose) are available this will support fast cell growth,
resulting in high cell densities leading to increased accretion of several secondary and
end metabolic products such as siderophores (Caldwell et al., 1989). In contrast, in
cultures containing minimal nutrients, the cells surviving at the end of the log-phase
face a rapid transition to stationary phase which restricts cell growth and gives less
opportunity for production of metabolic products (Caldwell et al., 1989; Kim et al.
2001). Increasing numbers of bacteria cells during the log and transition phases results
in increased cell mass, which reduces the availability of iron and other nutrients to the
microorganisms, and in turn increases in siderophore production levels (Caldwell et
al., 1989), implying not just accumulation over the growth phase, but increased
production in the transition phase. After the transition phase, the bacterial cells face
nutritional limitation, leading in theory to starvation during the stationary phase, where
the rate of protein degradation increases in starved cells, as they attempt to replace
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their carbon and/or nitrogen sources (Amy and Morita 1983; Moyer & Morita, 1989).
According to theoretical models (Himeoka & Kaneko, 2017) after some period of
starvation, the cells enter the death phase, where cell numbers decrease. However, the
data from the present work are somewhat at odds with this theoretical interpretation,
as in all cases reported here, cells appear to die-off very rapidly after the population
peak at the end of the transition phase, that is, the death phase appears to occur
immediately after the transition phase, with no appreciable stationary phase. This
would imply limitation of some critical nutrient for survival, and it seems most likely
that this is iron, given that this was deliberately limited to induce siderophore
production, although the possibility that other nutrients are involved cannot be ruled
out here. It has been reported for E. coli that, during the initial starvation phase, viable
cell numbers rise and then decline, associated with decreased microbial biomass
(Boyaval et al., 1985; Navarro-Llorens et al., 2010). However, such a phenomenon
was not observed here. It seems likely that in order to induce features of pathology
such as siderophores, the medium composition is sufficiently marginal that a
stationary phase is not supported, in contrast to bacteria grown in richer media, where
nutrients sufficient for maintenance (but not growth) are still present at the end of the
transition phase. It is also worth noting that the transition phase was much more
noticeable at lower nutrient (e.g. glucose) concentrations, where deceleration of
population growth occurred at an earlier time relative to peak cell counts compared to
higher nutrient conditions, where rapid growth continued more-or-less unchanged
until peak cell counts, followed by rapid transition to the death phase.

These

observations are again somewhat at odds with theoretical predictions, and further work
on the growth curve characteristics of pathogenic bacteria for comparison with more
general models is suggested.

Effect of Casamino acid as nitrogen source on siderophore production
While various nitrogen sources have been used experimentally in the past (Sasirekha
& Srividya, 2016), for the purposes of our analysis the only nitrogen source used was
casamino acid, which is known to lack tryptophan (Dunham (1944) cited in Wolf
(1945)). The production of siderophores by V. anguillarum O1 using casamino acid
as the nitrogen source, when grown in MM9 under iron limitation, is an indication that
tryptophan is not necessary for V. anguillarum O1 to produce siderophores. This is
97

supported by the plasmid siderophore biosynthesis pathway proposed by Naka et al.
(2013), which indicates that tryptophan is not a precursor for plasmid siderophore
production.

However, it is a precursor for the chromosomal siderophore

vanchrobactin (Balado et al., 2006). Therefore, the fact that no siderophores were
detected from non-virulent strains despite addition of tryptophan to MM9 media,
shows that the lack of production of both type of siderophores from those tested strains
is derived from a genetic defect in their iron uptake system (as explored in Chapter 3)
rather than nutritional limitation in minimal medium (Naka et al., 2013).
4.4.2 Factors affecting siderophore production of V. anguillarum O1 in CAS
media
Although limited in its ability to differentiate intermediate virulence levels, the CAS
assay was, nevertheless, successful for measurement of the amount of siderophores
produced under varying environmental conditions. Media components which affected
siderophore production included the identity and concentration of the carbon source
and the iron concentration. Growth temperatures and agitation also had an effect, but
this was limited to the rate of production, rather than the amount of siderophore
produced overall.

The study found that the conditions leading to maximum

siderophore production by virulent V. anguillarum O1 strains were provided by
medium containing 20% glucose, 1 mM Fecl3.6H2O and 0.03 g/l EDTA, with 200 rpm
agitation at 30°C.

Culture conditions diverging from these led to decreased

siderophore production to some extent in all virulent strains.
Effect of growth phase on the siderophore production by for V.
anguillarum O1
Siderophore production started after twelve hours of incubation and peaked at 24 to
40 h, depending on the medium and nutrient levels. This falls within a similar range
to values observed from some other microorganisms, for which a variety of timescales
for the onset of siderophore production have been reported in the literature. In
Pseudomonas spp. siderophore production began after six hours and peaked between
20 h and 36 h (Sayyed et al., 2005; Tailor & Joshi, 2012; Sasirekhaa & Srividya, 2016),
while Prashant et al. (2009) reported that Acinetobacter calcoaceticus siderophore
production also peaked at 36 h of incubation, whereas Santos et al. (2014) reported
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the timing of maximum growth in Bacillus megaterium was more rapid, being after
only 10 h.
Effect of growth temperature and agitation
Of the two growth temperatures investigated, 30°C led to a higher amount of
siderophore and accelerated the growth of V. anguillarum O1 compared to 23°C.. This
result is supported by the report of Li & Ma (2017) that the ideal temperature for V.
anguillarum O1 is 30°C. The effect of growth temperatures on siderophore production
was reported by Santos et al. (2014), who found the effect of growth temperature on
amount of siderophore produced by Bacillus megatherium.
4.4.3 Influence of Agitation on siderophore production by V. anguillarum O1
Agitation influences the amount of siderophore produced by V. anguillarum O1.
Greatest production was seen at 200 rpm agitation, followed by agitation by 100rpm,
both of which increased the yield of siderophore compared with static conditions.
These three conditions produced an amount of 77.842 % unit after 40h, 76.352 after
43 h and 76.11 after 51 h of siderophore respectively under identical conditions at
30ºC. This positive impact of agitation on siderophore production was associated with
the acceleration of cell growth. This may be a result of extra O 2 availability leading
to increased cellular energy charge. While, the incubation of V. anguillarum O1 in
iron-limitation condition, under in static conditions, resulted in low energy produced
lead to slow growth, associated with a lower in the amount of siderophore production
or the strains need extra time to reach the same amount produced under 200rpm
conditions (Fig.4.11,4.12), where with the accelerate growth and increase production
of amount of siderophore occurred compare with 100 rpm and 200 rpm agitation of
(Fig 4.11 and 4.12). This is like the case of Bacillus megatherium (Santos et al., 2014).
This microorganism can reach a maximum production under agitation conditions.
However, under static condition, their growth and siderophore production were
reduced (Santos et al., 2014). The siderophore production by tested strains still carried
out and did not stop in the absence of agitation (Figure 4.12). These results raise
attention to the significance of the agitation, and its subsequently, the possible of the
significance of the existence of oxygen to motivate V. anguillarum O1 growth and its
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amount of siderophore production. The effect of agitation on siderophore production
reported also in case of Bacillus megaterium (Santos et al. 2014).
Effects of iron chelation on siderophore production
Using 0.03g/l EDTA in MM99 medium gave a greater amount of siderophore
compared to using 8-hydroxyquinoline + 8% chloroform (8HQ) (77 vs. 50% SU)
under similar culture conditions, EDTA was also not damaging to the tested strains
compared with using 8-hydroxyquinoline, which was observed to cause cell death.
Reduces, so subsequently EDTA was used for all further study. The reason 8HQ was
initially considered here was that it had previously been used in several studies to
influence siderophore production (e.g. Totter & Mosley 1952; Meyer & Abdallah,
1978; Kolter et al., 1993; Manninen & Mattila-Sandholm, 1994; Rachid & Bensoltane
2005; Navarro-Llorens et al., 2010). Nevertheless, EDTA still exerts an antibiotic
effect, in part through its impact on the cell surface
Effect of carbon sources on siderophore production
Bacterial cells differ in their ability to use different carbon sources (Todar, 2006).
Some bacteria can use more than 150 different organic compounds as the carbon
source, for instance, some Pseudomonas species (Todar, 2006; Fairbrother, 2014;
Pérez-Pantoja et al., 2015). For the purposes of siderophore production, it is possible
for some microorganisms to use several organic substrates (Meyer & Abdallah, 1978).
The results presented here illustrate that V. anguillarum O1 can metabolize glucose,
galactose and sucrose to produce various metabolic products, including high
siderophore production.

It is known from genome and protein libraries (NCBI

Genbank; NCBI ProteinDatabase (PDB) that V. anguillarum O1 possesses
components of different metabolic pathways to breakdown these carbon sources, as
well as others including glycerol (Naka et al., 2011). Therefore, these sources can be
used to underpin siderophore biosynthesis (Stork et al., 2002; Naka et al. 2011; Singh
et al. 2017)
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Effect of variation in carbon source concentration
The production of secondary metabolites and extracellular products (such as
siderophores) by bacteria is affected by the amount of available nutrients (Singh et al.,
2017). The results of varying carbon source concentration between 5 % and 20 %
showed that the level of siderophore production was higher at the greater nutrient
concentrations.

Furthermore, the amount of siderophore production declined

proportionately as the concentration of all carbon sources used was reduced from 20%
towards 5%. The best carbon source for siderophore production was glucose at a
concentration of 20%. These conditions were also associated with the best growth
rate. The reduction of siderophore production at lower nutrient concentrations may be
the result of the cells effectively facing a type of starvation (Libby & O'Brien, 1984,
Broach, 2012).
4.4.4 Influence of iron concentration on siderophore production
The concentration of iron (as FeCl3.6H2O) strongly influenced the growth of V.
anguillarum O1. This strongly implies that iron is acting as the key limiting nutrient
at lower concentrations, and also implies that siderophore production should reflect
the same patter. A concentration of 1 mM of FeCl3.6H2O maximised siderophore
production, consistent with the previous suggestion of Schwyn & Neiland (1987). As
the iron concentration was increased from 1 to 1.5 mM, this led to increased cell
growth, but a repression in amount of siderophore production, presumably because at
the higher concentration, iron was no longer in limited supply, so that less
energetically costly, lower affinity transport mechanisms than siderophores could
come into play (Sasirekha & Srividya, 2016). This interpretation assumes there to be
a difference in energetic cost associated with different transport mechanisms, but this
has not been established in the literature, and would bear further study. However, it
seems likely that there are trade-offs associated with siderophore expression, given
that many other serogroups of V. anguillarum do not possess them (Austin et al., 1995;
Thompson et al., 2006).
Lowering of iron concentration to 0.5 mM resulted in a decrease both in bacterial
growth and siderophore production, suggesting that severe iron limitation at this level
was restricting general metabolism to the extent that siderophore production was also
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limited. The implication is that at this low iron concentration, insufficient could be
obtained from the environment even with the deployment of siderophores to maintain
cellular metabolic activity. This would inevitably feed-back into cell growth, limiting
both growth rate (as seen from the shallower slopes of the log phase of the growth
curves with 0.5 mM iron) as well as final cell biomass (lower final OD or cell count).
The iron concentration required to achieve maximum siderophore production is quite
variable across the micromolar to millimolar range among different microorganisms.
For example, some E. coli strains have maximum siderophore production at 10 mM
iron (Christina et al., 2015), whereas Pseudomonas fluorescens and P. putida both
produced maximum siderophore with only 1µM iron (Sayyed et al., 2005).
Micromolar iron concentrations (0.2 – 10 μM) were also shown to maximise
siderophore production in P. pseudomallei, M. luteus (Cabaj, 2009), B. silvestris, A.
calcoaceticus (Prashant et al., 2009), Frankia sp. (Arahou et al., 1997) S. hyicus
(Raaska & Mattila-Sandholm, 1995) and S. fulvissimus (Yang et al., 1991). The V.
anguillarum strains studied here fall in the middle part of this range, with iron
concentrations in the upper micromolar range giving maximum siderophore
production. This may reflect the pathogenic nature of V. anguillarum, meaning that it
will usually encounter iron limitation in the host, so that siderophore production is
required routinely, as opposed to free-living bacteria which may have access to and
ability to utilise other trace nutrients in the absence of adequate iron. According to
Schwyn & Neiland (1987) and Neiland (1995) all microorganisms can produce
siderophores by induction at Fe concentrations between 0μM to 1μM. This seems to
be a little low compared with most of the previous studies cited above, but is at odds
with the results presented here where millimolar iron concentrations maximise
siderophore production in V. anguillarum. However, it should be remembered that
the present study used EDTA in minimal medium (MM9) to chelate excess iron,
meaning that the bioavailability of iron could have been different here compared to
the richer media used in other studies (Cabaj, 2009; see also below), and that Schwyn
& Neilands (1987) themselves used 0.1 mM iron in their CAS medium (based on
MM9) for siderophore detection. Interestingly, in some strains of P. aeruginosa,
where the medium iron content was 80 μM, most of the clinical isolates continued to
synthesize a considerable amount of siderophores, suggesting an association between
pathogenic characteristics and reduced sensitivity of siderophore production to higher
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iron concentrations. There is clearly a need for more standardised studies across a
variety of micro-organisms to allow more direct and meaningful comparisons of the
conditions inducing siderophore production in different bacteria without the
confounding problems of variable medium composition. However, given the different
levels of fastidiousness of bacteria in culture, this might not be easily achievable.
Nevertheless, the inhibition of siderophore production at higher iron concentrations,
as seen here for V. anguillarum, is also a common feature across the microbes
previously studied. An iron concentration of 100μM is enough to completely inhibit
siderophore production by P. aeruginosa (Sasirekha & Srividya, 2016), while the
same concentration also reduced siderophore production in P. fluorescens and P.
putida (Atkin et al., 1970; Calvente et al., 1999), these concentrations being 10 to 100
times greater than those maximising siderophores. Frankia sp. showed a similar
pattern, although the inhibitory concentration was only 5 μM in this case (Arahou et
al., 1997). In summary, V. anguillarum shows similar general characteristics to other
siderophore producing bacteria in relation to the influence of iron on siderophore
production, although it seems to show the typical biphasic response (stimulation at
intermediate iron concentrations and inhibition at higher ones) at higher absolute
concentrations than in some other species.
Conclusion
In this study twenty strains of V. anguillarum O1 have different levels of virulence
from high to low virulence assessed for their quantity of siderophore production over
the different time of growth phases using CAS liquid media. In addition to, the effect
of several parameters including carbon sources, iron concentration, temperature, and
agitation on this quantity were also subject to evaluation.
Among the different growth conditions investigated the following ones gave a
maximum of 77 % SU of siderophore produce by V. anguillarum O1: temperature
30°C, 200 rpm agitation, glucose 20%, 1 mM FeCl3 .6H2O, and 0.03 g/l EDTA in MM9
medium. Any deviations from these growth conditions led to a decrease in the amount
of siderophore.
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Growth curves showed a typical lag and log phase, but the transition phase was
progressively flattened at lower carbon source concentrations (10 % and 5 %). No
prolonged stationary phase was seen, in contrast to typical bacterial growth models,
implying that growth was nutrient limited at the end of the log phase, consequently
leading rapidly into the death phase.
Carbon sources supporting siderophore production were ranked in the order glucose >
galactose > sucrose, although the last two were very similar. Siderophore production
was increased at higher temperature and with aeration (agitation), and showed a peak
at intermediate iron concentrations (1 mM) with reduced amounts of siderophore at
lower (0.5 mM) or higher (1.5 mM) concentrations. These findings were consistent
with those from other siderophore-producing bacteria.
This study provides important information, because siderophore production is one of
the key virulence determinants for V. anguillarum O1, which helps to evade the
defensive mechanisms of the host (Ellis, 1999). Therefore, understanding of factors
influencing siderophore production might lead to novel treatment and control of this
disease.
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Antibiotic susceptibility of V. anguillarum O1: is
there any relationship with virulence, virulence
components or iron limitation?
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Introduction
5.1.1 Virulence and antibiotic susceptibility
Virulence of pathogenic bacteria and their antibiotic resistance share some properties in
common from a biological perspective (Feldman & Laland, 1996: Martinez & Baquero,
2002). Both contribute to bacterial survival under antagonistic and difficult conditions
produced by the host or present in the surrounding environment (Martinez & Baquero,
2002). Moreover, both support the pathogenic ability of the microorganism to overcome
host defence systems and to survive in a competitive and demanding host environment
(Feldman & Laland, 1996; Martinez & Baquero, 2002; Schroeder et al., 2017). Virulence
and resistance factors can both be transferred horizontally (horizontal gene transfer –
HGT; Wen et al., 2019) between species or genera by movement of encoding genes as
mobile genetic elements (MGE), typically on plasmids (Schroeder et al., 2017), although
other mechanisms such as compensatory and adaptive mutations can also be involved
(Burrus & Waldor, 2004; Handel et al., 2006). Antibiotic resistance relates to the
infection process and it is therefore also related to virulence in cases such as biofilmproducing microorganisms and intracellular infections (Seral et al., 2003; Patel, 2005).
Other characteristics that are common in both virulence and resistance include the direct
involvement of efflux pumps (Barbosa & Levy, 2000), porins (Tsai et al., 2011) and cell
wall alterations (Moya et al., 2008). Moreover, both systems can activate or repress the
expression of various genes, such as those involved in resistance and virulence (Yeung et
al., 2011). As a result of these common features, we might expect that virulence and
antibiotic resistance would be correlated in pathogenic organisms, such that more virulent
strains also have more pronounced or more diverse antibiotic resistance.
5.1.2 Antimicrobial resistance genes and horizontal gene transfer
Development and spread of antimicrobial resistance arise because of release of
antimicrobial agents into the environment (Singer et al., 2016). The occurrence of
antimicrobial resistance is widely reported in both human and veterinary medicine
(Sørum, 2008). It is also well documented that fish pathogens and aquatic bacteria can
develop resistance because of antimicrobial exposure (Sørum, 2008; Heuer, et al., 2009;
Cabello et al, 2013).

Examples include Aeromonas salmonicida, A. hydrophila,

Edwardsiella tarda, Citrobacter freundii, Lactococcus garviae, Yersinia ruckeri,
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Photobacterium damselae subsp. piscicida, P. psychrophilum, Vibrio anguillarum, V.
salmonicida, and Pseudomonas fluorescens (Miller & Harbottle, 2018; Miranda et al.,
2018).
5.1.3 Emergence of antibiotic-resistance in V. anguillarum
Despite aquaculture being one of the fastest growing food-production sectors (BentzonTilia et al., 2016; Santos & Ramos, 2018), it nevertheless faces several key restrictions to
expansion (Bentzon-Tilia et al., 2016), one of the biggest being microbial infectious
diseases (Nguyen & Ford, 2010; Higuera et al., 2013). The most widespread of these in
marine systems are bacteria from the genus Vibrio, which are estimated to cause more
than 50% of such diseases (Frans et al., 2011), with V. anguillarum O1 known to infect
over 50 different fish species (Frans et al., 2011). A wide variety of antibiotics are used
for the treatment of bacterial infections, including V. anguillarum O1, particularly in
smaller aquaculture facilities in developing countries (Sørum, 2008). Such antibiotics
commonly include chloramphenicol, sulphonamides, streptomycin, tetracycline
ampicillin, and trimethoprim (Sørum, 2008), whose use has led to emergence of antibiotic
resistance, associated with risk to both aquaculture and public health (Santos & Ramos,
2018).
Antibiotic resistance has been detected in many V. anguillarum strains over the last 40
years (Aoki et al., 1974; Sørum, 2008), with some strains showing multiple drug
resistance to several antibiotic families, such as norfloxacin, oxytetracycline,
enrofloxacin and different sulphonamides (Aoki et al., 1974; Sørum, 2008). Such
resistance was associated with possession of transferable R plasmids, 65 among 68
randomly selected strains of V. anguillarum isolates from vibriosis outbreaks carrying
these (Aoki et al., 1974). These plasmids encode resistance factors to chloramphenicol,
sulphonamides, streptomycin and tetracycline (Aoki et al., 1981).

Further work

suggested that use of antibacterial drugs in ayu farming caused selective pressure for the
existence of transferable R plasmids in V. anguillarum, with 250 of 259 isolates taken
from infected ayu farms between 1974–77 found to be resistant to various combinations
of six drugs (Aoki et al., 1984). Moreover, transferable R plasmids were identified in
165 isolates (64%) and most of these R plasmids were found to carry resistance genes to
chloramphenicol, sulphonamides and tetracycline (Sørum, 2008).

Further studies

indicated that V. anguillarum had also developed a non-transferable resistance factor to
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furazolidone and nalidixic acid, with changes in the resistance patterns compared with
those observed earlier (Aoki et al., 1981; Sørum, 2008), with a change from resistance to
chloramphenicol, sulphonamides and tetracycline observed before 1978, towards
multiple resistance to ampicillin, streptomycin, sulphonamides and trimethoprim after
1980 (Aoki et al., 1981; 1985). The R plasmids of the latter strains contained genes

encoding resistance to various combinations of ampicillin, chloramphenicol,
streptomycin, sulphonamides and trimethoprim (Aoki et al., 1985; Sørum, 2008).
Finally, between 1989–91, a total of 114 isolates of V. anguillarum showed resistace to
combinations of 7 to 9 drugs (Sørum 2008), including kanamycin (Zhao et al., 1992;
Sørum 2008). Antibiotic resistance patterns have also been detected in Europe (Pederson,
1995), although is some parts, specifically Norway, resistance was not demonstrated
among any V. anguillarum isolates (Myhr et al., 1991).
There are several factors that can are contribute to an increase and development of
antibiotic resistance, the main risk factor being prophylactic use of antibiotics at subtherapeutic levels (American Academy of Microbiology, 1999; Wegener et al., 1999;
Inglis, 2000). Some antibiotics used in the highest amounts have a slow environmental
degradation rate as well as a high water solubility (Vijver et al. 2016), making them
bioavailable for long periods in aquatic environments (Thiele-Bruhn, 2003; Sarmah et al.,
2006). In addition, many also have a stable chemical structure that is not broken down in
the body of treated animals, so that they remain active when excreted and also persist for
a long time after being excreted (Kaczala & Blum, 2016). Consequently, excreted
antibiotics, in addition to those released directly into the environment (for example on
uneaten treated feed), can make a significant contribution to increasing the problem of
active medical substances circulating in the environment (Kaczala & Blum, 2016),
leading to development of antibiotic-resistance (Burridge et al., 2010) (see Tables 5.1 and
5.2) and potential human health problems (Gräslund et al., 2003).
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Table 5.1: Examples of antibiotic classes used in both environmental and human health
settings, with selected characteristics related to environmental persistence and
dispersal.

Antibiotic class

Degradation
Half-life(d)

Water-solubility
mgL-1

aminoglycosides

30

5-200

pencillins

5

5-200

cephalosporins

10-50

5-200

macrolides

2.21

0-20/>200d

na

>200

polyethers

>50

0-20

sulfonamides

8-30

5-200

tetracyclins

100

>200

10-50

5-200

glycopeptides

trimethoprim

Adapted from Chee-Sanford et al., (2012) and Vijver et al., (2016)
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Table 5.2: Genes and their products (proteins) responsible for antibiotic resistance characters in
V. anguillarum.
Strain

Gene name

Protein name

Reference

Vibrio anguillarum
(Listonella
anguillarum)

CK207_16395

Beta-lactamase

Hansen &
Dalsgaard
(2018)

V. anguillarum

macB
Macrolide export
CG015_18725 ATPbinding/permea.

Castillo et al.
(2017)

cat

Chloramphenicol
acetyltransferase

Zhao & Aoki
(1992a)

tetA

Tetracycline
resistance protein,
class.

Zhao & Aoki
(1992b)

tetR

Tetracycline
repressor protein
class

Zhao & Aoki
(1992a)

uppP

Undecaprenyldiphosphatase

Naka et al.
(2011)

(L. anguillarum)
V. anguillarum
(L. anguillarum)
V. anguillarum
(L. anguillarum)
V anguillarum
(L. anguillarum)
Vibrio anguillarum
(strain ATCC 68554
/ 775) (L.
anguillarum)

5.1.4 EDTA as an antimicrobial agent
Several ethylene-diamine-tetra-acetic acid (EDTA) salts have been used as antimicrobial
agents, particularly against bacteria (Finnegan & Percival, 2015). EDTA can release
several periplasmic enzymes, cell membrane-associated proteins, lipopolysaccharide, and
phospholipids in addition to divalent cations from the bacterial cell wall (MacGregor &
Elliker, 1958; Haque & Russell, 1974), which may account in part for its antimicrobial
properties.

EDTA can also be used to enhance the antimicrobial effect of some

antimicrobial agents, such as antibiotics, lysozyme and irradiation, due to its removal of
various cations from solution and fro the cell wall (MacGregor & Elliker, 1958; Haque
& Russell, 1974). Weiser et al. (1968) reported the reversal of antibiotic resistance in
strains of Pseudomonas aeruginosa through the combined use of EDTA with tetracycline,
penicillin or ampicillin. The enhancement by EDTA of the antibiotic effect was reported
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between

EDTA

and

gentamicin,

amikacin,

vancomycin,

oxytetracycline,

dihydrostreptomycin, penicillin and chloramphenicol across a wide spectrum of bacteria
including P. aeruginosa, E. coli and Proteus vulgaris (Wooley et al., 1984; Lebeaux et
al., 2015). This synergistic effect of EDTA was reported for both gram-negative and
gram-positive bacteria (Branen & Davidson, 2004), the mechanism possibly being
damage to bacterial cell surfaces, leading to increased permeability of the cell membrane
and cell wall to antibacterial solutions (Lambert et al., 2004). In general, Gram-positive
bacteria are generally found to be more resistance to the damaging effects of EDTA than
Gram-negative types (Branen & Davidson, 2004).
Although, the synergistic effect between EDTA and several antimicrobials has been
demonstrated (Lambert et al., 2004), it was reported that this synergism was most
effective with oxytetracycline (Wooley et al., 2004). This combination enhances the drug
action of oxytetracycline, which inhibits protein synthesis through binding to the 30S
ribosomal subunit, in addition to blocking access of aminoacyl-tRNA to the acceptor site
on the mRNA-ribosome complex (Wooley et al., 2004). This effect can be increased
further by combination of EDTA with Tris to change both cell wall penetrability and
ribosome stability (Farca et al., 1997).
No previous work is available, to the author’s knowledge, investigating the interaction
between EDTA and antibiotic susceptibility in V. anguillarum, although the studies cited
above suggest that this may be effective in reducing both the effective dose and
consequently the occurrence of antibiotic resistance.

This could have important

implications in the effective use of some broad-spectrum antibiotics, such as gentamicin,
where there is a narrow therapeutic margin in fish and higher doses cause nephrotoxicity
(Augusto et al., 1996) and kanamycin, which has also been shown to be toxic near to the
recommended therapeutic dose (McBride et al., 1975). A synergistic action of EDTA
with such antibiotics might give improved protection against such toxic effects, whilst
maintaining effective antibiotic action. This chapter addresses this information gap.
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5.1.5 Aims


To characterise the antibiotic susceptibility of V. anguillarum O1strains of
differinging virulence to determine any relationship between virulence and
susceptibility.



To assess the role of the presence of virulence plasmid on antibiotic
susceptibility in V. anguillarum O1.



To investigate the possibility of synergism between EDTA and selected
antibiotics in their effect on V. anguillarum O1.

Materials and Methods
5.2.1 Antibiotic susceptibility testing rings
MASTRING-S™ rings were used to rapidly assess antibiotic susceptibility. The growth
medium used was Mueller-Hinton agar (MHA) and this was first seeded with a ‘lawn’ of
the isolate of interest, using glass beads to spread a standard inoculum (approximately 1
to 2 x 108 colony forming units per ml) evenly across the plate. The antibiotic ring was
transferred (using forceps) to the culture plate. Good contact of the ring with the medium
was ensured by pressing down gently with the forceps. After an overnight incubation,
the bacterial growth around each disc was observed and recorded. If the strain was
susceptible to an antibiotic, a clear zone of inhibition was observed around that disc. The
diameter size of the clearing zone was measured in mm. It should be noted that the
minimum inhibitory concentration (MIC) cannot be determined from this method. Each
ring carried six or eight antibiotic impregnated tips, each of which acted as a single
susceptibility-testing disc. The M5 and M14 test rings included six antibiotics (Fig. 5.1;
Table 5.3), whilst the M45 test ring consisted of eight antibiotics (Table 5.3). Each
antibiotic was colour-coded and the antibiotic dose d was displayed on each ring. All
Mastring-s™ were stored at 2-8 °C in their container when not in use and were allowed
to equilibrate to room temperature before being opened.
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Figure 5.1: MASTRING M5 antibiotic- ring.

Table 5.3: Antibiotics on the two MASTRING-S™ tests used, along with the dose of
each antibiotic.
Antibiotic code

Mastring Kit type

Concentration on disk

PG Penicillin G

M5, M43

1 unit

CD Clindamycin

M43

2µg

GM Gentamicin

M14, M43

10µg

CO Colistin Sulphate

M14

25µg

AP Ampicillin

M14

10 µg

S Streptomycin

M5, M14

10µg

KF Cephalothin

M5, M14

5µg

E Erythromycin

M43

5µg

T Tetracycline

M43, M5

25µg

FC Fusidic acid

M43

10µg

TM Trimethoprim

M43

1.25µg

ST Sulphatriad

M14, M5

200µg

SMX Sulphamethoxazole

M43

25µg

C Chloramphenicol

M5

25µg
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5.2.2 Plate assay determination of MIC for gentamicin sulphate and kanamycin
sulphate
Solutions of either gentamicin sulphate or kanamycin sulphate (250 mg/2500µl in ddH 2O)
were filter sterilized (0.2 µm; Sartorius) and then 200µl added to 200 µl TSB. This
volume (400 µl) of antibiotic (each antibiotic on different plates separately) was added to
200 µl TSB already in the wells of a 96-well microdilution plate (Greiner; Fig. 5.2). Plate
rows F, G and H received only 400 μl of growth broth, as these were used as controls:
one negative control (H) and two positive controls (bacterial inoculum without antibiotic;
F and G). Serial dilutions were made down the plate to row E, leaving a final volume of
400 µl in each well. Four separate treatments were undertaken for each antibiotic
(gentamicin or kanamycin alone and each of these with 200 μl of EDTA at concentrations
of 0.6 g, 0.4 g, 0.3g and 0.2 g/l in the 200 µl of TSB initially in the well. Finally, 50μl of
culture was then added to each well (except row H; negative control) (Lambert et al.,
2004).
5.2.3 Preparation of bacterial inoculum
For inoculum preparation the CLSI (formerly NCCLS) micro-dilution method was
followed, which recommends an inoculum of 5 x 104 CFU/well. Briefly, bacteria were
suspended in 0.9% NaCl to achieve on optical density of 0.080 at 625 nm, giving a
concentration of 1 x 108 CFU/ml. The inoculum was then diluted 1:100 in TSB broth to
achieve a count of 1 x 106/ml. A volume of 50 µL from this 1x 106 CFU/ml suspension
was transferred into all wells of the plate (except for negative controls) to give 5 x 10 4
CFU/ well. The plate was then incubated for 24 h at 29 ºC, with OD measurements then
performed using a microplate reader (600nm; SpectraMax M5). In addition, 1ml of a 1:9
dilution of the culture in 0.9 % saline was transferred to Plate Count Agar (PCA; Oxoid)
plates to produce a standard curve of the number of CFU (corrected for the dilution factor)
corresponding to each OD value (Lambert & Pearson, 2000; Lambert et al., 2004).
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Figure 5.2: Microdilution plate procedure (after Lambert et al., 2004). Rows A-E = serial
dilution of antibiotic; Columns = different concentrations of antibiotic (either
gentamicin or kanamycin). Rows F and G = positive controls; Row H =
Negative control.
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5.2.4 Determination of Minimum Inhibitory Concentration (MIC) and Fractional
Inhibitory Concentration (FIC) for antibiotic combinations
A micro-dilution plate procedure was performed to determine the MIC and FIC for
EDTA, gentamicin sulphate and kanamycin, as well as combinations between EDTA,
gentamicin sulphate and kanamycin, in V. anguillarum O1. The results were determined
depending on the optical density of the wells, which were translated into cell counts.
When the result gave less than ten colonies, this was taken as the minimal inhibitory
concentration (MIC).
The FIC was used to assess whether the combinations of antibiotic with EDTA were
synergistic, additive, indifferent or antagonistic, being determined by the following
equation:-

FIC =

𝑀𝐼𝐶 𝑓𝑜𝑟 𝑎𝑛𝑡𝑖𝑏𝑖𝑜𝑡𝑖𝑐 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛
𝑀𝐼𝐶 𝑓𝑜𝑟 𝑎𝑛𝑡𝑖𝑏𝑖𝑜𝑡𝑖𝑐 𝑎𝑙𝑜𝑛𝑒

The nature of the interaction between EDTA and antibiotic was classified using the
following criteria as follows (after Koneman et al., 1992): FIC ≤0.5 = synergism; FIC 0.5
- <1= additive; FIC 1– <2 = indifference; FIC ≥2 = antagonism.
5.2.5 Determination of Fractional Inhibitory Effect (FIE) for antibiotic
combinations
The Fractional Inhibitory Effect (FIE) was defined as the fractional reduction in cell count
resulting from a particular combination of antibiotic and EDTA concentration,
determined from the following equation:-

FIE =

𝐶𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 𝑓𝑜𝑟 𝑎𝑛𝑡𝑖𝑏𝑖𝑜𝑡𝑖𝑐 𝑖𝑛 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛
𝐶𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 𝑓𝑜𝑟 𝑎𝑛𝑡𝑖𝑏𝑖𝑜𝑡𝑖𝑐 𝑎𝑙𝑜𝑛𝑒

The nature of the interaction between EDTA and antibiotic was classified using similar
criteria to those for FIC (above): FIC ≤0.5 = synergism; FIC 0.5 - <1= additive; FIC 1–
<2 = indifference; FIC ≥2 = antagonism.
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Results
5.3.1 Antibiotic susceptibility results using MASTRING-S™ ring on MHA
Twenty strains of V. anguillarum O1 (see Chapter 2 for details) were evaluated as to their
susceptibility to various antibiotics using MASTRING-S™ ring systems on MHA agar
(Fig. 5.3). Evaluated strains included both virulent strains, which harbour the virulence
plasmid (n = 16 strains) and non-virulent strains (n = 4 strains), which lack this plasmid.
From Table 5.4 all tested strains were sensitive to Gentamycin sulphate. On the other
hand, all tested strains showed resistance to PG Penicillin G, CD Clindamycin, CO
Colistin Sulphate, AP Ampicillin, KF Cephalothin, E Erythromycin, TM Trimethoprim
and SMX Sulphamethoxazole. Variable results were obtained in MHA regarding the
antibiotic susceptibility for T tetracycline, S Streptomycin, ST Sulphatriad and C
Chloramphenicol.
Table 5.4: Results of antibiotic susceptibility in Mayer-Hinton Agar (MHA) as measured
against the MASTRING-S™ ring system
Antibiotic

Susceptible

Resistant

V

NV

Gentamicin (GM)

16

4

5

0

0

NE

n/a

Streptomycin (S)

2

2

8

14

2

NE

0

Tetracycline (T)

14

2

10

2

2

NE

0

Sulphatriad (ST)

3

2

10

13

2

NE

0

Chloramphenicol (C)

1

1

5

15

3

NE

0

Penicillin G (PG )

0

0

0

16

4

NE

0

Ampicillin (AP)

0

0

0

16

4

NE

0

Erythromycin (E )

0

0

0

16

4

NE

0

Trimethoprim (TM )

0

0

0

16

4

NE

0

ColistinSulphate(CO)

0

0

0

16

4

Fusidic acid (FC)

0

0

0

16

4

V

+ EDTA
0.15 g/l

Diameter
of
inhibition
zone, mm

Diameter of
inhibition
zone, mm

NV

16V; 4NV
NE

0; 5
0

V= virulent strains harbouring virulence plasmid (n = 16), NV = non-virulent strains lacking
pJM1 virulence plasmid (n = 4), NE = no effect of addition of EDTA, n/a = not applicable
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5.3.2 Effect of the presence of virulence plasmid on antibiotic susceptibility
characters
There was no clear contribution or effect recorded for the presence virulence plasmid on
antibiotic susceptibility characters in V. anguillarum O1 in this work. Both virulent strains
and non-virulent strains presented similar characters for tested antibiotic (Table 5.4).

Figure 5.3: Antibiotic susceptibility of V. anguillarum O1 demonstrated against M5
Mastring ring for chloramphenicol (C), streptomycin (S), sulphatriad (ST)
and tetracyclin (T), and resistance with respect to ampicillin (A) and
penicillin G (PG).
5.3.3 Effect of EDTA addition in MHA medium
Adding EDTA (15 mg /100 ml MHA medium) gave a clearing zone of 0.5 cm around the
colistin sulphate tab (CO; Fig. 5.4) for strains lacking plasmid, suggesting a potentiating
effect of EDTA on CO susceptibility in non-virulent strains, whereas there was no
clearing zone recorded around the other antibiotics used.
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Figure 5.4: Antibiotic susceptibility of V. anguillarum O1 to CO after EDTA addition.

5.3.4 Micro-dilution plate results
The result of exposure to EDTA and both gentamycin and kanamycin alone and in
combination showed that EDTA had a dose-dependent antimicrobial response, and that
this was superimposed on the antimicrobial effect of each of the tested antibiotics also in
a progressive manner (Figs. 5.6 and 5.7).
5.3.5 Combined effect of EDTA with gentamicin
Gentamicin sulphate has an antimicrobial effect on 5 x 104 CFU of V. anguillarum O1,
40 mg/μl of this antibiotic reducing the cell count to 2 x 10 4. However, combination

between gentamycin and EDTA further enhanced this antimicrobial effect (Table 5.5).
Furthermore, gentamicin 40 mg/μl + 0.06 g EDTA reduced the MIC for gentamycin
sulphate from 40 mg/µl to 30 mg/µl, giving a FIC value of 0.75 (Table 5.7).
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Figure 5.5: Microdilution plate experimental results for effect of gentamicin sulphate,
EDTA and combinations of gentamicin sulphate and EDTA on an initial
inoculum of 5x104 CFU of V. anguillarum O1. Column 1 = gentamicin
alone (40mg/μl); stippled bars = EDTA alone at increasing concentrations
of 0.01, 0.02, 0.03, 0.04 and 0.06 g/100ml TSB, respectively; cross-hatched
bars = gentamicin (40mg/μl) plus increasing concentrations of EDTA (0.01,
0.02, 0.03, 0.04 and 0.06 g/100ml respectively). N = 20 strains per column.
Data are mean cell counts ± SEM.
Table 5.5: Cell counts of V. anguillarum O1 after 24 h culture with gentamicin alone
(40 mg/μl) or in combination with increasing concentrations of EDTA,
along with the Fractional Inhibitory Effect (FIE) and the categorisation of
the interaction.
Control Gentamicin EDTA (g/100ml) added to gentamicin (40 mg/μl):
(40 mg/μl)

5 x 104

2 x 104

0.01

0.02

0.03

0.04

0.06

1.6 x

1.5 x

1.4 x

1.3 x

0.9 x 104

104

104

104

104

FIE

n/a

0.4

0.32

0.3

0.28

0.26

0.18

FIE

n/a

syn

syn

syn

syn

syn

syn

cata
a

FIE cat = FIE category. Categories: syn = synergism; add = additive; ind = indifferent; ant = antagonism.
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5.3.6 Combined effect of EDTA with kanamycin
The combination of EDTA with kanamycin sulphate enhanced the effect of kanamycin
on V. anguillarum O1 at all concentrations of EDTA (Table 5.6), although the effect at
lower concentrations was marginally less strong than that seen for gentamicin (Table 5.5).
However, at higher EDTA concentrations, the effect was synergistic and very similar to
that seen for gentamicin.

Figure 5.6: Microdilution plate experimental results for effect of kanamycin sulphate,
EDTA and combinations of kanamycin sulphate and EDTA on an initial
inoculum of 5x104 CFU of V. anguillarum O1. Stippled bar = kanamycin
alone (40mg/μl); cross-hatched bars = EDTA alone at increasing
concentrations of 0.01, 0.02, 0.03, 0.04 and 0.06 g/100ml TSB, respectively;
diamond-hatched bars = kanamycin (40mg/μl) plus increasing
concentrations of EDTA (0.01, 0.02, 0.03, 0.04 and 0.06 g/100ml
respectively). N = 20 strains per column. Data are mean cell counts ± SEM.
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Table 5.6: Cell counts of V. anguillarum O1 after 24 h culture with kanamycin alone (40
mg/μl) or in combination with increasing concentrations of EDTA, along with
the Fractional Inhibitory Effect (FIE) and the categorisation of the interaction.
Control

Kanamycin EDTA (g/100ml) added to kanamycin (40 mg/μl):
(40 mg/μl)
0.01

5 x 104

2.5 x 104

0.02

1.7 x 104

0.03

0.04

0.06

1.6

x 1.5

x 1.4

x 0.9

104

104

104

104

FIE

n/a

0.5

0.34

0.32

0.3

0.28

0.18

FIE

n/a

add

syn

syn

syn

syn

syn

x

cata
a

FIE cat = FIE category. Categories: syn = synergism; add = additive; ind = indifferent; ant = antagonism.

Table 5.7: Fractional Inhibitory Concentration (FIC) values for combination between
gentamycin (Genta) and kanamycin (Kana) with the highest EDTA
concentration applied (0.06 g/100ml medium).
Antibiotic

MIC of

combination

antibiotic alone
(mg/μl)

MIC of
antibiotic in
combination
(mg/μl)

FIC

Type of effect *

Genta + EDTA
(0.06 g/100 ml)

40

30

0. 75

Additive or weak
synergism

Kana + EDTA
(0.06 g/100 ml)

40

32

0. 80

Additive or weak
synergism

* after Hall et al. (1983), additive or weak synergism FIC ranged from 0.5 to 1
Moreover, 0.0611 gm EDTA reduced the MIC for kanamycin sulphate from 40 mg/µl to
32 mg/µl, giving an FIC value of 0.80 (Table 5.7), indicating an additive effect of the
interaction on effective concentration.
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Discussion
No relationship was found between possession of the pJM1 virulence plasmid and
susceptibility to antibiotics, suggesting that antibiotic resistance mechanisms in V.
anguillarum O1 are not encoded on this plasmid. Nevertheless, possession of this plasmid
was associated with marginally better survival in the face of the antibiotic action of
EDTA, probably because this would be more directly related to the acquisition of
essential metals (especially iron) from the growth medium, which activity is supported
by plasmid-encoded genes for siderophore production, as shown and discussed in
previous chapters of this thesis. However, this advantage was removed when EDTA was
applied in combination with antibiotics, since there was a synergistic effect between the
two compounds which increased the effectiveness of the antibiotic against both plasmidpositive and negative strains.
5.4.1 Antibiotic susceptibility
All tested V. anguillarum O1 strains were similar in their responses to gentamicin (all
susceptible) and to penicillin G, clindamycin, colistin sulphate, ampicillin, cephalothin,
erythromycin, trimethoprim and sulphamethoxazole (all resistant).
Variation in response between strains was only observed in relation to four antibiotics
(streptomycin, tetracycline, sulphatriad and chloramphenicol).

Most strains were

resistant to streptomycin, sulphatriad and chloramphenicol. In contrast, most strains were
susceptible to tetracycline, only four out of 20 (two plasmid-positive and two plasmidnegative) being resistant. Thus, gentamicin and tetracycline were the most effective of
the eleven antibiotics tested, implying widespread antibiotic resistance amongst the V.
anguillarum strains dating back to the time of original storage in the mid 1990s. Such
variation in susceptibility to antibiotics can arise from environmental exposure to
antibiotics, for example as a result of mishandling (Daughton & Ruhoy, 2013), such
factors leading to selective pressure for development and transfer of anti-microbial
resistance (AMR) genes (Cantas et al., 2013; Grenni, 2018). The resistance of a microbial
population can also be assisted by production of extracellular antibiotic-degrading
enzymes (Martínez, 2017; Tan & Zhang, 2012). Additional investigation on causes and
consequences of these types of effects for other antibiotics is required (Nicoloff &
Andersson, 2015), but was beyond the scope of the present work.
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Vibrio anguillarum has several proteins responsible for antibiotic resistance relevant to
the

resistance

profiles

found

here,

such

as

macrolide

export

ATP-

binding/permease.macB CG015_18725 (responsible for macrolide resistance; Castillo et
al., 2017), chloramphenicol acetyltransferase (CAT) (responsible for chloramphenicol
resistance; Zhao & Aoki, 1992), tetracycline resistance protein, tetA and tetracycline
repressor protein class tetR (both responsible for tetracycline resistance; Zhao & Aoki,
1992),

undecaprenyl-diphosphatase (uppP) (Naka et al., 2011) and protein

CK207_16395 and beta-lactamase (both inhibitors of ampicillin, penicillin G and
cephalothin; Srinivas & Rivard, 2017). Other resistance mechanisms are also known in
V. anguillarum, the most common basis for colistin sulphate resistance, for instance,
being modification of the outer membrane lipopolysaccharide (Srinivas & Rivard, 2017).
Antibiotic resistance arose rapidly in V. anguillarum in Japanese ayu culture during the
early 1970s (Aoki et al., 1974) because of indiscriminate use of these agents and has
persisted since. Similarly, antibiotic resistant V. anguillarum also arose in Europe during
the 1980s (Pedersen et al., 1995), R factors (R plasmid pJA7324) were identified in many
V. anguillarum strains from ayu, these being linked with resistance to several types of
antibiotic, such as sulphonamides, streptomycin, chloramphenicol, and tetracycline (Aoki
et al., 1974; Wooley et al., 1984; Zhao & Aoki, 1992).
One surprising result which was recorded in the results here was evidence for the
development of resistance to streptomycin, despite this antibiotic not being applied in
aquaculture and fish farms. The homologous nature and similarity of streptomycin
resistance genes with some others already existing may be play a role in this, through
cross- and/or side-resistance.
Some results obtained here conflicted with those of Pederson et al. (1995), who found
that European strains of V. anguillarum were susceptible to both penicillin and ampicillin
antibiotics, and these differences indicate that there were rapidly changing resistance
profiles in the mid 1990s around the time the strains studied here were stored. On the
other hand, our results agreed with those of several other authors (Aoki et al., 1974;
Gillespie, 2001; Petersen et al., 2002; Sørum, 2008; Miranda et al., 2013; Grenni, 2018)
who studied strains from a. wider geographical spread. This implies local heterogeneity
in acquisition of antibiotic resistance, probably reflecting differences in licencing and use
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of specific antibiotics between countries within a European context, whilst at the same
time showing the importance of common mechanisms of AMR at the global scale.
Regarding gentamicin susceptibility in relation to the test rings, all strains tested here
were sensitive to 10µg gentamicin antibiotic in MHA medium. This was the only
antibiotic which gave susceptibility across all tested strains, which was one reason for
using this antibiotic in the further assessment of the effects of EDTA (see discussion
below). However, this was somewhat at odds with the findings of Vaseeharan et al.
(2004), who isolated numerous V. anguillarum strains in India, albeit from penaeid
prawns, and found that 40% of them (16/40 strains) were resistant to gentamicin
(Vaseeharan et al., 2004). However, geographical variation in AMR is to be expected, as
a result of regional variations in the types of antimicrobials used in aquaculture.
Unfortunately, reliable information on the frequency of use of specific antibiotics in some
areas is scarce or absent, complicated by off-label and unregulated use in many parts of
the world (Akinbowale et al., 2006; Romero et al., 2012; Ibrahim et al., 2020). However,
gentamicin is not authorised for use in aquaculture in Europe (Costello et al., 2001),
which would explain the general susceptibility of the strains tested here from European
origins, whereas gentamicin is known to be used either officially or off-label in both India
(Vaseeharan et al., 2004) and Australia (Akinbowale et al., 2006).
The dose of antibiotic used can also affect test results (Thakur et al., 2003). It should,
therefore, be considered that V. anguillarum can be sensitive to erythromycin,
chloramphenicol and ampicillin, but at doses of 20 µg, 30 µg and 10 µg, respectively.
These strains were isolated from shrimp (Davies & Davies, 2010). That means that
exposure of some microorganisms to antibiotics provides selective pressure making the
surviving bacteria more likely to be resistant to a certain dose of antibiotic and this effect
can be reduced if the dose of antibiotic is increased (Levy & Marshall, 2004; Ventura et
al., 2007; Davies & Davies, 2010).
5.4.2 Antibiotic resistance in relation to virulence level and possession of pJM1
plasmid
No relationship between antibiotic resistance and either the level of virulence or the
presence of virulence plasmid was recorded in this work. Both virulent and non-virulent
strains gave similar results for antibiotic susceptibility in both MHA and TSB media.
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This was consistent with the results of Pederson et al. (1995), who also reported no effect
of the presence of the pJM1 virulence plasmid on antibiotic sensitivity or resistance
characters in V. anguillarum O1.
5.4.3

Synergism between EDTA and colistin sulphate in MHA

It has previously been reported that EDTA can increase the antimicrobial effect of several
antibiotics against human pathogens (Lambert et al., 2004; Hussein & Amara, 2006; Field
et al., 2017). Furthermore, this effect was reported against both gram-negative and grampositive bacteria (Lambert et al., 2004). This study is the first to look at this interaction
in V. anguillarum, and the results showed that addition of 0.15 g EDTA/l in MHA
medium increases the inhibition zone for colistin sulphate (CO), where in the absence of
EDTA this antibiotic was ineffective. No further synergism effect was recorded with
other antibiotics on solid media. However, further effects were evident using the more
sensitive microdilution method with broth cultures (see below).
5.4.4 Synergistic effect between EDTA, gentamicin and kanamycin
Gentamicin and kanamycin were selected for further study here because both showed low
levels of resistance in the strains tested, and neither had been previously approved for use
in European aquaculture, so minimising the possibility that strains had previously
encountered them. This resulted in a conservative experimental design, where effects of
EDTA would be expected to be small (since the effect of antibiotic would already be
large). Nevertheless, synergistic effects were recorded against V. anguillarum O1 in
microdilution plates after combination of EDTA with both gentamycin (GM) sulphate
and kanamycin sulphate in TSB. These combinations resulted in increased activities of
these antibiotics against all V. anguillarum O1 strains tested, when compared against
using these antibiotics alone. GM alone more than halved cell counts, but this effect was
further increased by adding 0.6 g EDTA/l, resulting in reduction by 1 log (103 from 104
CFU/ml). The FIC of gentamicin sulphate was 0.75, which was considered as an additive
or weak synergistic effect. Similar results were found for Kanamycin sulphate, where the
FIC was found to be 0.80.
The synergistic effect between EDTA and antibiotics against P. aeruginosa was
previously reported particularly when there was combination between EDTA and
aminoglycoside antibiotics, such as gentamicin, ceftazidime and amikacin (Lambert et
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al., 2004; Hussein & Amara, 2006; Abd et al., 2011). It was established that EDTA had
a synergistic effect with aminoglycoside antibiotics (amikacin and gentamicin) against P.
aeruginosa in agreement with that achieved by Sparks (1994), who found that EDTA can
increase the antimicrobial activities of aminoglycoside antibiotics by binding with metal
ions which compete with aminoglycoside for a cell wall receptor. Furthermore, it was
reported that EDTA can reduce the MIC of ciprofloxacin against P. aeruginosa (Vaara,
1992). Similar synergistic effects between gentamycin and EDTA were also reported
against a wide range of antibiotic-tolerant bacteria such as S. aureus, E. faecalis, and
various Enterobacteriaceae (Voss, 1967; Weiser et al., 1968; Winstanley & Hastings,
1990; Lebeaux et al., 2015), in addition to causing quick and long-lasting suppression of
biofilms formed in vitro by S. aureus, Staphylococcus epidermidis, E. coli and P.
aeruginosa (Lebeaux et al., 2015). Furthermore, the reversal of antibiotic resistance in
strains of P. aeruginosa through combined use of EDTA with tetracycline, penicillin or
ampicillin was reported (MacGregor & Elliker, 1958; Voss, 1967; Haque & Russell,
1974). However, the detailed mechanisms need further clarification, as there were
differences between studies in media ingredients.
The antimicrobial effect of EDTA is most likely because this chelating agent can
destabilize the outer membrane of gram-negative bacteria by sequestering the stabilizing
divalent cations (MacGregor & Elliker, 1958; Vaara, 1992). Such destabilization leads to
the release of substantial (up to 40%) quantities of lipopolysaccharides, periplasmic
enzymes and cell membrane-associated proteins and phospholipids (MacGregor &
Elliker, 1958; Vaara, 1992). Thus, an EDTA-treated bacterium becomes susceptible to
agents that do not normally penetrate the outer membrane and therefore these agents can
affect the bacteria and increase their potentiating action. If this is taken further, the action
of EDTA can cause degradation to the peptidoglycan layer resulting in the production of
spheroplasts and loss of the protection of the bacterial cell wall (MacGregor & Elliker,
1958; Vaara, 1992).
This improvement of antibacterial effect of these antibiotics open the door to use iron
chelators as antimicrobial enhancement in future. This is a potential additional use to
EDTA in addition to its use on the partitioning of heavy metals in sediments and water
(Kowalik &Einax (2000) and in industrial detergents (Wolf & Gilbert (1992). However,
EDTA did not use internally in fish (or other animals) until now. It has been used only
for treatment of external skin infections. Therefore, further investigation study dealing
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with the mobility of EDTA as a metal complex is necessary, to evaluate and avoid, any
potential risks may associate with applied these substances for humans as well as for the
environment including aquaculture used. We should emphasis here that use microdilution
plate methods is more accurate in term of determination of MIC and FIC as well.

Conclusion
Neither the presence of virulence plasmid, RS1 transposon and siderophore production,
nor virulence level affected the antibiotic susceptibility of V. anguillarum O1. All
virulent and non-virulent strains of V. anguillarum O1 presented similar characters
against the antibiotics tested in both MHA and TNA/TNB media. Nevertheless, there
was variability in the results amongst different tested strains to some antibiotics, with
gentamicin and tetracycline being the most effective of those tested, the others largely
being resisted by all or most of the investigated V. anguillarum strains. Addition of
EDTA as an ion chelator in the growth media had an enhancing effect on the antimicrobial
activity of some antibiotics, including colistin sulphate, gentamycin and kanamycin. This
enhancement indicated the potential in exploring methods for increasing effectiveness of
antibiotic treatment of V. anguillarum O1, although direct use of EDTA for internal
treatment in vivo need to evaluate the risk assessment of using this substance before
applying. The characterisation of the effect of EDTA alone assists in the study of the
interaction between iron limitation conditions induced by EDTA and the effects of
exposure to copper ions, explored next.
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Role of an environmental contaminant in V.
anguillarum O1 growth: can copper enhance
growth under iron-limited conditions?
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Introduction
Disease in fishes occurs generally when susceptible hosts are living under stressful
environmental circumstances and are exposed to virulent pathogens (Snieszko, 1974).
Pollutants have often been suggested to be involved in occurrence of fish diseases
through either increasing host susceptibility to infection (Zelikoff, 1993; Arkoosh et
al., 1998) or through reactivation of quiescent pathogens (i.e. changing the host from
a symptom-free carrier to a diseased state; Snieszko, 1974). This has also been
suggested for V. anguillarum, where laboratory experiments with copper exposure
under controlled conditions have given a more precise demonstration of this
interaction (e.g. Baker et al., 1983). In general, pollution is thought to trigger the
outbreak of infectious disease in two ways. Firstly, pollutants, may cause
physiological stress or immunosuppression in fish, thereby reducing disease resistance
(Zelikoff, 1993; Arkoosh et al., 1998; Austin, 1998; Holmstrup et al., 2010).
Secondly, certain pollutants can contribute to increased activity and abundance of
infectious organisms in the environment, causing a higher infection pressure (Grinwis
et al., 2000; Holmstrup et al., 2010).

Nevertheless, the relationship between

environmental contamination and disease is not a simple one, and other possible links
remain to be explored (Bucke, 1997), such as the possibility that raised contaminant
levels inside the host provide necessary nutrients for pathogen growth, in addition to
compromising host functioning (Fig. 6.1).

Figure 6.1: The interaction between host, disease and contaminants (toxicant)
(modified from Austin, 1998).
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6.1.1 Potential role of copper pollution in immunity and infectious disease
Copper sulphate (CuSO4) is recognised as an immunotoxin in mammals (Straus &
Tucker, 1993). It is used in fish farms as an anti-parasitic treatment and many studies
are thus available in the literature demonstrating its anti-infectious effect (Straus &
Tucker, 1993; Harms, 1996; Heo, 1997; Mitchell et al., 2008; Bebak et al., 2012; Liu
et al., 2013; Nouh & Selim, 2013; Marcussen et al., 2014; Lasienė et al., 2016). There
are several reports on the effects of Cu exposure in infection. Hetrick et al. (1979)
reported that exposure of rainbow trout to sub-lethal amounts of copper resulted in a
significant increase in susceptibility to infection with haematopoietic necrosis virus
(HPNV), a finding confirmed by Knittel (1981) for Yersinia ruckeri infection in the
same host, whilst, as noted above, Baker et al. (1983) showed a similar effect of copper
exposure on V. anguillarum in Pacific salmonids.
Copper, in the form of chloride (CuCl2), also impedes fish leukocyte function in vitro,
suppressing phagocytosis and lymphocyte activity various species including carp
(Dunier & Siwicki, 1993), rainbow trout (Elsasser et al., 1986; Anderson et al., 1989)
and blue gourami (Trichogaster trichopterus; Roales & Perlmutter, 1977). In general,
the literature suggests that exposure to soluble copper tends to reduce the fish immune
response, thus tending to support the immunosuppression hypothesis for pollutantassociated disease.
6.1.2 Effect of metal contaminants on V. anguillarum infection
Sugatt (1980) reported that coho salmon (Oncorhynchus kisutch (Walbaum) became
more susceptible to subcutaneously injected infection by V. anguillarum after
exposure to sublethal concentrations of both sodium and dichromium. Furthermore,
Stevens (1977) observed that CuCl2 exposure for 1 month reduced humoral response
against V. anguillarum in juvenile coho salmon, whilst Baker et al. (1983) showed that
sublethal copper chloride exposure in both Chinook salmon (O. tshawytscha) and
rainbow trout enhanced V. anguillarum infection, in terms of both cell numbers
required for patent infection and the time taken to develop clinical signs. Juvenile
salmon appear to be the most sensitive to the effects of dissolved copper, most likely
due to physiological changes related to growth (Hecht et al., 2007). The mechanism
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by which metals increase susceptibility is usually viewed from the perspective of the
host, considering only impairment of host immune and physiological functions which
could allow increased growth of pathogens. However, the alternative view that the
metals may have a direct enhancing effect on bacterial growth has not previously been
explored.
6.1.3 Interactions between Cu, Fe and metal ion chelators
Interactions between chelators of metal ions and both Cu and Fe have been studied
previously (Furia, 1973; Waska et al., 2016; Table 6.1), as has the interaction of metal
ions with the iron-binding protein ferritin, to better understand their interference with
iron uptake and release processes (Carmona et al., 2013). Different studies provide
evidence that metal cations are bound by ferritin in two separate types of sites which
have very different binding constants (Pead et al., 1995). These binding sites are
localized either within an internal cavity in the ferritin molecule or on the exterior of
the molecule’s shell (McKnight et al., 1997), the largest number of binding sites being
for divalent metal cations, although some of these are non-specific and so don’t
contribute to ferritin’s biological functions (Carmona et al., 2013). Among the metals
studied in the literature, we have selected here those with a well-described role in
ferritin function, as well as biological relevance (Carmona et al., 2013).

Table 6.1: Interactions between Cu and Fe with selected ligands (citric acid; EDTA).
Ligand

Citric acid

EDTA

Logk

Logk

Functional

complex

Cu (II)

Fe (III)

Groups

stoichiometry

6.1

11.85

3 carboxylate

1:2 1:3 (Fe)

1 hydroxyl

1:2 1:3 (Cu)

4 carboxylates

1:1 (Fe)

2 amines

1:1 (Cu)

18.8

25.7

Reference

Furia (1973)

Furia(1973)

Adapted from (Furia, 1973; Waska et al., 2016).

The interaction of copper with ferritin and Fe has also been investigated (McKnight et
al., 1997). Copper (II) was shown to bind relatively tightly to horse spleen ferritin
(Carmona et al., 2013). Once bound, copper (II) has a catalytic effect on the aerobic
oxidative uptake of iron (III) by ferritin, explained by Moore et al. (1992) in terms of
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the ability of copper (II) to take part in redox reactions (McKnight et al., 1997). In the
absence of any other metal ions, two iron (II) atoms bind at this site and are oxidized
by O2 to form the diferric-peroxo complex (DFC; Carmona et al., 2013). It is plausible
to consider that if this ion is bound in a way that it occupies just one end of the site,
an incoming iron (II) occupying the other end might be oxidized by copper (II)
(Carmona et al., 2013). The iron (III) produced could then migrate from the site to
allow another iron (II) to take its place alongside the reduced copper(I) (Carmona et
al., 2013). At this point a two-electron reduction of O2 would generate copper (II) and
iron (III) and, with the migration of iron (III) away from the site, the cycle could be
reinitiated (Carmona et al., 2013; McKnight et al., 1997). The binding of alternative
metals to transferrin is also possible, as evidenced by the observation that they may
have therapeutic and toxicological significance (Vincent & Love, 2012).

The hypothesis tested here is that, on the basis of the interactions between copper and
iron in relation to ferritin noted above, copper may be able to substitute for iron in
binding to bacterial siderophores as well as ferritin, and that copper might substitute
for iron in promoting bacterial growth, offering an alternative stimulant-contaminant
explanation for enhanced bacterial growth in copper polluted conditions to the
conventional host-immunosuppression hypothesis.
6.1.4 Aims
The aims of the work in this chapter were three folds:

Firstly, to study the influence of environmental iron limitation on the growth
of plasmid-positive strains of V. anguillarum O1 (virulent) compared to
plasmid-negative (low virulence) strains under controlled conditions.



Secondly, to investigate the potential role of CuCl2 in rescuing growth of both
plasmid-positive and negative strains of V. anguillarum iron limited
conditions.



Thirdly, to determine the minimum inhibitory concentrations (MIC) of
selected EDTA necessary to inhibit growth in plasmid-positive and negative
strains of V. anguillarum O1.
133

Materials and methods
6.2.1 Tested Strains
The same twenty strains of V. anguillarum O1 as outlined in Chapter 2 (16 plasmidpositive strains; 4 plasmid-negative strains) were used in the following experiments.
All growing strains were confirmed as to their identity by phenotypic testing as
described in chapter 2. Positive controls were a Vibrio anguillarum strain (HWU
VIB1) previously used routinely in the laboratory, grown in unmodified media and
negative controls were blank plates. All experiments were performed on least five
separate occasions.
6.2.2 Growth media and chemicals used
All chemicals were obtained from Sigma Aldrich, UK, except for growth media which
were from Oxoid, UK. All tested strains were grown in following growth media:
tryptone soya broth (TSB) + 1.5 % sodium chloride (referred to as TNB), LuriaBertani broth (LBB) +1.5% sodium chloride; tryptone soya agar (TSA) + 1.5 %
sodium chloride (TNA), un-supplemented LB agar-plates (LBA) and Mueller-Hinton
Agar (MHA). Different amounts of three iron chelators were added to these growth
media, specifically ethylene-diamine-tetra-acetic acid (EDTA), N-2-Hydroxyethyldiamine-tetra-aceticacid

(HEDTA)

and

diethylene-triamine-penta-acetic

acid

(DTPA). Note that all these compounds were only added to growth media after filter
sterilization (0.22 µm membrane; millexGP, Millipore).
6.2.3 Growth inhibition by iron limitation
Increasing concentrations of EDTA, HEDTA or DTPA, to remove free iron, were
tested to determine the concentration of each at which the growth of tested strains over
24 hours at 25ºC was completely inhibited. After the inhibition concentration was
determined the experiment was repeated with that chelator concentration and addition
of ferric chloride (2 mM), to confirm that the inhibition of growth was due to a lack
of iron, through demonstration of rescue of growth. After initial testing, it was found
that all 3 chelators gave similar results, so subsequent experimentation was confined
to EDTA only.
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6.2.4 Rescue of growth by addition of copper
Under similar conditions of growth inhibition as above, cupric chloride (anhydrous)
was added in graded amounts (from 0.2- 0.8 gm/l of TNB) to investigate whether
copper can compensate for absence of iron and support bacterial growth.
Results
All V. anguillarum O1 strains showed a clear dose-response, with progressive
inhibition of growth with increasing EDTA concentration, in both broth (TNB; Figure
6.2) and agar media (TNA and MHA; Table 6.2). However, strains harbouring a
virulence plasmid (pJM1) grew better at all concentrations of EDTA (Figure 6.2) and
had higher minimum inhibitory concentrations of EDTA (Table 6.2) than plasmidnegative strains. After growth inhibition conditions were established, the addition of
FeCl3 led to recovery of growth in both plasmid-positive and negative strains under
similar inhibition conditions, indicating that growth inhibition resulted from a lack of
iron. Furthermore, under the same growth inhibition conditions, the addition of CuCl2
instead of FeCl3 led also to growth of both strain types (Fig. 6.2 and Table 6.2).
6.3.1 Comparison of growth and viability of V. anguillarum O1 under ironstress induced by the chelator EDTA.
V. anguillarum O1 strains were grown in two types of agar cultures (TNA and
LBA).and stressful conditions were achieved by adding EDTA, DTPA and HEDTA at
different concentrations. Incubation temperature was 30°C. No different effect was
recorded between all these chelator compounds despite their having three different
molecular weights.
6.3.2 Effect of different media on growth limitation by iron-chelation
Although TNA and LBA gave similar results, as did TSB compared to LBB, between
TNA and MHA there were clear differences. When MHA was used as growth medium
for V. anguillarum O1 lower amounts of iron chelators were required to inhibit
bacterial growth. For instance, only 0.04 gm/l of EDTA inhibited growth of virulent
V. anguillarum O1 strains compared with 0.088 gm/l in TSA. In the case of plasmid-

135

less strains these needed only 0.066 g/l EDTA in TSA and just 0.02 g/l for MHA to
inhibit growth (Table 6.2).
6.3.3 Influence of the virulence plasmid on survival and growth under iron
limitation conditions
The inhibition concentration of EDTA on V. anguillarum O1 in TNA and TNB media
was determined. It was clear that plasmid-positive strains survived and grew under
iron-depleted conditions better than the plasmid-negative strains, which required just
0.066 g EDTA/l TNA to inhibit their growth. In contrast, plasmid-harbouring strains
grew at EDTA concentrations up to 0.088 gm/l TNB. To confirm that iron limitation
was the most likely cause of the inhibition of Vibrio growth two iron compounds
(ferric chloride (FeCl3 ⋅6H2O) and ferric citrate (C6H5FeO7) were added to TNB media
(1 mM). The results showed that V. anguillarum O1 strains recovered their growth
after addition of both these ferric compounds to growth media (Table 6.3).
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Figure 6.2: Effect of addition of EDTA on the median growth of V. anguillarum O1
tested strains (inoculum = 9 x 109 CFU) in TNB medium. Hatched bars =
plasmid-positive strains (n = 16 strains); stippled bars = plasmid-negative
strains (n = 4 strains). EDTA concentrations (g/l):- 0 (control) – bars A,
B; 0. 02 – bars C, D; 0. 03 – bars E, F; 0. 04 – bars G, H; 0.06 – bars I, J;
0.07 – bars K, L; 0.088 – bars M, N; 0.099 – bars O, P; 0.17 – bars Q, R.
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Figure 6.3: Effect of addition of EDTA and CuCl2 on the growth of V. anguillarum
O1 tested strains (inoculum = 9 x 109 CFU) in TNB medium. Hatched
bars = plasmid-positive strains (n = 16 strains); stippled bars = plasmidnegative strains (n = 4 strains). Bars I – R: without CuCl2 (taken from Fig.
6.2 for comparison). Bars A1-J1: with CuCl2 (0.2 g/l). EDTA
concentration (g/l):- 0.06 – bars I, J, A1, B1; 0.07 – bars K, L C1, D1;
0.088 – bars M, N, E1, F1; 0.099 – bars O, P, G1, H1; 0.17 – bars Q, R,
I1, J1.
Table 6.2: Critical concentrations of EDTA (g/l) for growth inhibition of plasmidpositive and plasmid-negative V. anguillarum O1 strains on two different
solid growth media (Tryptone Soy Agar + 1.5 % NaCl (TNA) and
Mueller-Hinton Agar (MHA)) with and without additional copper
chloride.
Treatment

Medium
TNA

MHA

Plasmid +ve

Plasmid -ve

Plasmid +ve

Plasmid ve

EDTA alone

0.07

0.05

0.03

<0.02

EDTA + CuCl2
(0.7mg/ml)

>0.17

<0.02

>0.17

<0.02
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Discussion
The plasmid-positive strains all showed better growth than plasmid-negative ones
under induced iron-limitation conditions, as expected from previous studies. This
work showed for the first time that substitution of copper in the growth medium could
recover growth limited by iron, but it was still evident that plasmid-positive strains
grew more rapidly, indicating that they were better able to access the copper as a result
of having active siderophores.
6.4.1 Effect of iron chelators on growth inhibition and the significance of the
presence of virulence plasmid in stress made by iron chelators
All three of the tested chelating agents progressively inhibited the growth of both
plasmid-positive and negative strains of V. anguillarum O1 with increasing
concentration in both broth and solid media. That growth was rescued by addition of
iron, confirmed that iron limitation was the key element of the interaction of these
chelators with the bacteria. However, the plasmid-positive strains grew better at any
given concentration of chelating agent compared with plasmid-less strains,
highlighting the significance of the siderophore produced by the virulence plasmid for
growth under iron limitation conditions, as suggested by previous authors (Di Lorenzo
et al., 2003; Symeonidis & Marangos, 2012; Li & Ma, 2017).
That addition of CuCl2 also led to recovery of growth in both plasmid-positive and
negative strains in the presence of EDTA suggests that this metal can substitute for,
and possibly augment, the role of iron in supporting V. anguillarum growth. This is
important, because it implies that previous assumptions about the mechanism of
copper contamination in disease might only be partially correct. It has previously been
supposed that the effect of copper is mediated entirely through the host, as a
consequence of compromised physiology and/or immune functions (Baker et
al.,1983). The data presented here suggest that, although these mechanisms might
well apply, there is an additional one, which is that excess copper in the host can
enhance bacterial growth and circumvent host systems (e.g. ferritin) aimed at
restricting access of pathogens to iron.
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Nevertheless, when higher amounts of CuCl2 were (>0.77 g/l), this was associated
with inhibition of growth, with plasmid-less strains being more sensitive than plasmidpositive ones, the latter maintaining growth up to copper concentrations of 0.88 g/l
CuCl2.
6.4.2 Interaction between Cu, Fe and host iron ligands
The mechanism of growth recovery of V. anguillarum O1 strains after substitution of
copper for iron is not fully understood, although some suggestions can be made based
on interactions between Cu and iron ligands (Carmona et al., 2013).
Iron and copper have a complex interactive relationship with several iron binding
molecules (Waska et al., 2016), including ferritin, EDTA and citric acid, to which
copper binds in the same ratio as that of Fe. Moreover, copper is also known to bind
to horse spleen ferritin (Fisher et al., 2007), which normally binds iron.

The

suggestion that copper (II) has a catalytic effect on the uptake of iron (III) by ferritin
(McKnight et al., 1997), implies that copper at some concentrations might also
enhance iron binding by ferritin, making both metals less available to pathogenic
bacteria, such that the binding of alternative metals by transferrin may have therapeutic
and toxicological significance (Vincent & Love, 2012). Moreover, there is emerging
evidence that same interaction between Cu and Fe also occurs in intestinal ferritin,
where some components of the intestinal Fe transport pathway are also Cu sensitive
(Sharp, 2004), disruption of ferritin function in iron uptake or iron release being
influenced by the presence of Cu (Macara et al., 1973; Juan et al., 1997). This might
have implications for the intestinal route for establishment of pathogen infections.
Similarly, transferrin, which is involved in iron transport across the gut (mucosal
transferrin) and around the body (plasma transferrin) also binds to metals other than
iron, such as copper, manganese, cobalt, nickel, and zinc (Crichton, 2001; Yang et al.,
2002), indicating possible influence of copper on metal availability in the host across
various tissues.
Copper itself also participates directly in iron metabolism either by competing with
iron for binding ligands or through the action of various cupro-enzymes (Dognin &
Crichton, 1975; Rademacher & Masepohl, 2012).
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Depending on the site of

interaction, the effect of copper can be inhibitory or enhancing (Chan & Rennert, 1980;
Crisponi et al., 2010). However, even when copper has an enhancing effect on iron
metabolism, only a very narrow range of copper concentration is effective (Collins et
al., 2010), which is consistent with the effect seen on bacterial growth seen here. Like
many essential trace elements, there is a biphasic biological response to increasing
concentrations, with initial increase in activity followed by inhibition at higher, toxic
levels.
The result of this interaction is that presence of Cu at certain concentrations can
stimulate the uptake by ferritin of iron and after that the siderophore can scavenge the
iron from ferritin and make extra iron available to the bacterium to use. Alternatively,
the copper can compete with the iron ligands such as EDTA and ferritin, leaving some
iron free for use by microorganism (Waska et al., 2016). It is known that iron usually
needs to be present in the microorganism’s environment to support their growth and it
is generally assumed that no other element can replace the iron for this purpose.
However, the observed recovery growth in the presence of copper might represent
some substitution of copper in iron-requiring metabolic pathways, given the degree to
which they interact and have similar chemistries. Nevertheless, it is also possible that
the added copper interacts with and displaces a small residual amount of iron
complexed in the growth medium which is then released and becomes available for
growth by the bacterium. This growth recovery under iron limitation conditions may
give an indication that CuCl2 pollution might play an additional role during the
infections in addition to its role in increasing host susceptibility to infectious bacteria.
The amount of chelators required to completely inhibit growth of tested strains varied
between the two different types of agar media tested, with both strains being more
sensitive to EDTA on MHA medium compared to TNA, and least sensitive in liquid
medium (TNB) where 0.12 g/l was needed to prevent growth of plasmid-positive
strains, compared to 0.7 g/l on TNA and 0.03 g/l on MHA. The reason for lesser
sensitivity of bacteria in broth culture is probably related to the replenishment of
surrounding nutrients through mixing and diffusion, whereas in solid agar culture,
local depletion of critical nutrients, such as iron, likely occurs more rapidly as there is
less ability for them to diffuse from other parts of the plate. Likewise, nutrient uptake
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is likely to be restricted to the underside of the colony, whereas suspended cells will
all have access to growth medium equally on all their external surfaces. The difference
between TNA and MHA plate cultures is harder to explain, but may be attributable to
MHA being a ‘loose’ agar, which tends to assist diffusion of larger molecules such as
EDTA, and so might be expected to support more effective chelation of metals from
the medium compared to a ‘tighter’ agar such as TNA. The lack of additional salt in
the MHA might also reduce the growth potential of V. anguillarum, and so make it
more susceptible to the action of EDTA, so needing a lower concentration to inhibit
growth.
6.4.3 Copper contamination and vibriosis
The potential for copper to stimulate bacterial growth, as observed here, has
implications for disease development in copper-contaminated environments. Copper
is one of the most abundant contaminants in marine environments (e.g. Morrisey et
al., 1996) and has previously also been an important pollutant in many freshwater
systems as a result of mining or industrial discharges, e.g. the River Tees in the UK
(Saunders & Sprague, 1967; Wilson & Taylor, 1993). Copper contamination has long
been identified as a predisposing factor in vibriosis of fish (e.g. RØdsæther et al., 1977;
Baker et al., 1983; Arkoosh et al., 1998) but it has always been presumed that the
reason for this is entirely down to compromising of the host, through negative impacts
on immune function (Roales & Perlmutter, 1977; Baker et al., 1983; Anderson et al.,
1989; Dautremepuits et al., 2004). The present data challenge that assumption and
suggest that, although immune suppression is a plausible and measurable effect of
copper exposure in many potential host species, copper can also, at least at moderate
concentrations, stimulate V. anguillarum growth directly.

This means that the

influence of copper directly on the pathogen may also be important for disease
development in polluted areas.

The interactions between copper concentration,

bioavailability and effect on bacterial growth are likely to be complex, however. It is
also shown here that higher concentrations of copper are bacteriostatic, a finding in
agreement with previous work on copper as a potential anti-bacterial treatment
(Sharan et al., 2011; Nguyen et al., 2020), and in line with the effects of copper
compounds (especially CuSO4) on other pest species such as the oomycete
Saprolegnia spp. (Sun et al. 2014; Hu et al., 2016), formerly treated effectively with
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the copper-containing Malachite Green.

Thus, it seems at low to moderate

concentrations in the fish, copper will enhance bacterial growth, as well as potentially
reducing the effective immune response, leading to a double enhancement of bacterial
growth which would be expected to make disease worse through a combination of
higher bacterial cell numbers over a shorter time, as well as a reduced ability of the
host to attack and kill these cells. This depends critically on the ability of the host to
control internal copper concentrations, which can be affected in the longer term by
induction of metallothioneins (circulating metal-binding proteins; Hamilton &
Mehrle, 1986; De Boeck et al., 2003) and by absorption via the intestine (Glover &
Wood, 2008), which itself can be modulated by other pathogens such as
acanthocephalan worms (Sures & Siddall, 1999). Nevertheless, the finding that
copper can promote V. anguillarum growth even in iron-limited conditions indicates
that further studies are warranted to explore what effects there might be on disease
susceptibility of factors such as copper leaching from anti-foulants on marine
aquaculture installations (Simpson et al., 2013; Kalantzi et al., 2016), particularly
since V. anguillarum is a significant marine pathogen, and there is evidence of its
being carried by wild fish populations (Shaw, 2014; Nurliyana et al., 2019) and of the
spread of Vibrio spp. under the influence of climate change (Baker-Austin et al.,
2012).
6.4.4 Conclusion
Adding iron chelators to growth media inhibits the growth of both plasmid-less and
plasmid-harbouring V. anguillarum O1 strains. However, the plasmid-harbouring
strains can survive higher amounts of EDTA, suggesting the significance of the
virulence plasmid under iron-limitation conditions. This plasmid encodes
siderophores which can chelate iron from the surrounding environment and make it
available to the bacterium for its growth.
After adding CuCl2, both plasmid-positive and negative strains recovered their ability
to grow under iron limited conditions. However, at higher copper concentrations
growth inhibition was once again observed, suggesting a biphasic response, with
initial growth being affected by toxicity/anti-bacterial activity at higher levels.
Nevertheless, plasmid-positive strains were more tolerant of high copper
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concentration than plasmid-negative strains (0.88 vs. 0.77 g/l CuCl2), suggesting that
possession of siderophores was also important in resistance to these higher levels.
These strains may be can compete and overcome with the limitation of iron and
establish the infections inside the host when CuCl2 is present at raised levels in host
tissues. This effect is probably due to the interaction between Cu, Fe, EDTA and
ferritin. Given the apparently key role of siderophores in mediating the ability of V.
anguillarum O1 to utilise CuCl2 for growth (as well as iron), this provides a focus for
study of siderophore production as a drug target, to establish a direction for design of
new treatment strategies to help overcome concerns of antibiotic resistance.
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Bioinformatic approach to identification of
candidate drugs targeting the V. anguillarum
O1 iron uptake system
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Introduction
The improvement of bioinformatics tools has transformed the standard of research in basic, as
well as in applied, biological sciences, as illustrated by several recent papers (Huang et al.,
2008; Ghosh et al., 2011). These tools support scientists to increase their knowledge of
complex biological systems, as well as allowing improved visualisation of results towards the
exploitation of novel improvements in biomedical applications (Sousa et al., 2016).
Post-genomic period alongside with introduction of the novel sequencing technologies such as.
(Next-generation Sequencing Service) NGS sequencing technologies, Nanopore and
Pyrosequencing (Singh et al., 2019). provided a platform for researchers to sequence new
protein and nucleotide sequences in a faster and more efficient manner (Gupta et al., 2004).
The essential biological concept of “Sequence suggests Structure and Structure implies
Function” is fundamental to understanding the functions associated with a particular amino
acid sequence. Increasing knowledge in the form of deposited protein sequences does not
reveal any biological significance until the tertiary structure of the protein is identified, as the
biological function of a protein is completely dependent on its native 3D structure (Fiser, 2010;
Das et al., 2015). The application of protein structure determination techniques such as. X-ray
diffraction (XRD) or nucleo-magnetic resonance (NMR) are quite accurate, but, on the other
hand, these techniques are very costly and labour- and resource-intensive (Schmidt & Lamzin,
2002). Consequently, the prediction of protein structures computationally (in silico) can give
a significant aid in this matter (Aloy & Russell, 2006).
Different methods can be used for predicting the 3D structures of proteins. These methods can
be categorised as a) homology modelling b) threading or fold recognition and c) ab initio
methods (Floudas, 2007; Zhang, 2008). Homology modelling, also designated as comparative
modelling, constructs the unknown structure of the target protein by comparing and utilizing
the available information with homologues showing ≥ 50 % homologous protein sequence (Sail
& Blundell, 1993). The method is highly reliant on the sequence similarity with limited errors
inside chains and loop positioning. Homology built structures are often analogous to typically
resolved structures by NMR (Wu et al, 2007). Threading based methods employ the sequence
– structure alignment strategy and fold assignment methods when the sequence similarity falls
below the desired range of the homology modelling technique (Wu et al., 2007).

145

7.1.1 Bioinformatics tools for drug design
For drug identification against a specific target, the targeting must follow four processes.
Firstly, the modelling of the target protein, followed by discovery of the active site and then
the druggability of this protein, before finally, assessment of possible ligands for their binding
and interaction with binding site.
7.1.2 Modulation and extraction of 3D protein structures
Among over of 80 million protein sequences deposited in The UniProtKB/TrEMBL protein
database in September 2014, just over 100,000 had had their 3D structures determined
experimentally (Kelley et al., 2015). This gap was 181,787,788 in UniProtKB and 158180
Biological Macromolecular Structure in PDB databank in December 2019(www PDB
consortium. (2019). This wide gap between the knowledge of sequence and structure produces
serious challenges for researchers looking for the structure and function of a certain sequence
of a particular protein (Kelley et al., 2015). Fortuitously, advances in computational methods
for the prediction of protein structures, as well as their function, can significantly reduce this
gap (Xiang., 2006). About 50-70% of a typical genome can be modelled for their structure
using these methods (Koonin et al., 2002). The basic principles for the working of these
techniques are that the proteins’ structures are more conservative in evolution compared with
the protein sequence (Kelley et al., 2015). Moreover, there is evidence that there is only a small
number (1000-10000) of unique protein folds in nature (Sillitoe et al., 2014). These principles
permit the protein structure prediction problem to be considered as a problem of matching a
sequence of interest to a library of known structures, rather than the more complex and errorprone approach of simulated folding (Kelley et al., 2015). The most extensively used and
reliable methods for protein structure prediction depend on comparison methods between a
protein sequence of interest to a large known database of protein sequences (Kelley et al.,
2009). This produces an evolutionary and statistical profile for a protein sequence of interest,
which is subject to study, and then scans this profile against a database of profiles for known
structures (Bordoli, & Schwede, 2011). An alignment suggests similar information between
those two sequences, one of unknown structure and one of known structure (Kelley et al.,
2009). Using this alignment and the set of equivalences, a model of one sequence can be built
based on the structure of another. However, if the similarity between the sequence of the known
protein (database protein) and the protein of interest is low, then the detection of any
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relationship in addition to the consequent alignment can be enhanced if structural information
also used in the sequence analysis (Kelley et al., 2015). These methods use physics-based or
empirically derived energy functions in the building of the new model from small fragments
of known structure, using these functions, helping to determine the compatibility of a sequence
with an experimentally derived fold (Fiser., 2010).

Moreover, several strategies, called

homology modelling, comparative modelling and fold recognition, became the most reliable
and widely used methods by both the wider bioscience and modelling communities (Raman et
al, 2009; Kelley et al., 2015). The success of using template-based modelling compared with
other methods is because of the following factors: the extraction of evolutionary relationships
from homologous sequences by using powerful statistical techniques; secondly, enormous
growth in the number of sequences deposited, extending the availability of raw information;
and thirdly, the development in computing power, thus massively increasing the processing
power of large databases with a fast turn-around (Kelley et al., 2015).
7.1.3 The detection of potential binding pockets in 3D structure of targeted protein
The detection of potential pockets in 3 D of targeting protein. Is crucial in drug design, because
several drug projects failed due to no draggability of targeting protein. Moreover, the server
provides druggability and pocket prediction can provide an analysis of physico-chemical and
the geometric characteristics of these pockets in addition to s the estimation of
the draggability of targeting proteins, (Volkamer et al. 2012). This saves both time and money
which might otherwise be expended investigating undruggable targets.

7.1.4 Using in silico docking models for studying protein interaction
An increase in the availability of protein structures led to increase used of docking process in
purpose of studying the orientation predicting the formation and understanding the interactions
between the target binding sit protein and regained addition to study some assumptions. Two
purposes can be targeting by using docking studies: micro-structural modelling and correct
prediction of activity (Kitchen et al., 2004). The available data indicate that numerous robust
and accurate docking algorithms are available, although some imperfections of scoring
functions continue to be a major limiting factor (Kitchen et al., 2004). Despite there are
many software kits developed such as GEMDOCK, DOCK AutoDock (Morris et al., 1996),
and GOLD. They have been designed for virtual screening (VS). They used successfully for
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identification of some lead compounds fit for certain target proteins. Nevertheless, still there is
non-reach to incomplete understandings of the mechanism of ligand protein binding site
(Morris et al., 1996). Furthermore, many of the scoring functions are less significant in
pharmacological interactions, which are vital for ligand binding as well as biological functions.
7.1.5 Role of chorismate in siderophore production in V. anguillarum O1
The function of VabC is isochorismate synthase activity. This catalyses the reaction of
chorismite to form isochorismate.

This function control by vabC gene encoded on

chromosome of V. anguillarum O1. The usual name is isochorismate synthase and there are
synonyms such as isochorismate mutase, isochorismate synthetase and isochorismate
hydroxymutase.

There are proteins similar to the isochorismate synthetase of Vibrio

anguillarum in other Vibrio species (see Table 7.1).

Table 7.1: Similar isochorismate synthetase proteins in V. anguillarum and other Vibrio
species
Protein

Similar proteins

Species

Q5DK18

Isochorismate synthase

VIBAN

Isochorismate synthase

Vibrio qinghaiensis

Vibriobactin-specific

VIBA7

isochorismate synthase
Isochorismate synthase

Vibrio sp.
V03_P4A6T1

Isochorismate synthase

Vibrio sp.
V02_P2A34T1

7.1.6 Aims


To explore the possibility of preparing a 3-dimensional model of VabC protein tertiary
structure using in silico bioinformatic-based methods.



To use the best model possible to characterise the any pocket structures and potential
binding sites in the model



To use information on these pocket structures to enable modelling of ligand-docking
using a range of relevant ligands to suggest possible novel candidate drug classes.
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Material and Methods:
7.2.1 Modelling VabC tertiary structure using Protein Data-Base information
Phyre2 software (Protein Homology/analogY Recognition Engine V 2.0; http://www.sbg.
bio.ic.ac.uk/phyre2), accessed through an open server, was used to extract 3D structures by
submitting fasta format files of the VabC protein amino acid sequence, obtained from the
Protein DataBase (PDB). The VabC protein was deposited in the PDB with the following
information: protein name = isochorismate synthase; Uniprot Code = UniProtKB-Q5DK18
(Q5DK18_VIBA7); Organism name = Vibrio anguillarum (strain ATCC 68554/775;
Listonella anguillarum). The Phyre2 software made sequence alignments between the VabC
sequence and known protein structures derived from similar sequences and predicted a model
for the tertiary structure of the VabC protein. For fuller information about Phyre2 see Kelley
et al. (2015).

The model design was based on several templates such as c3hwoB from E.coli (enterobactinspecific2 isochorismate synthase, entc) in complex with isochorismate, c4penA (anthranilate
synthase component of anthranilate synthase component, (trpe) from Mycobacterium
tuberculosis, c3gseA (structure of menaquinone-specific from 2 isochorismate synthase
Yersinia pestis) and c3os6A (100.0% confidence and 49 % id; isochorismate synthase dhbc;
putative 2,3-dihydroxybenzoate-specific2 isochorismate synthase, dhbc from Bacillus
anthracis) (see Appendix 2 Fig. A2.1).
After extraction of the best model, the modelled tertiary structure was subjected to further
analysis to refine the model and to identify key features of the tertiary structure for targeting
with putative drugs.
7.2.2 ProQ2 quality assessment
Quality assessment of the model was performed using the ProQ2 quality assessment algorithm.
This assessment was used to predict the quality of all residues in the protein models (Ray et
al., 2012) in relation to their likely contribution to tertiary structuring, as well as specific
residues of interest, especially in the area of any identified pockets in the structure (see below).

149

7.2.3 Conservation Analysis
Not all residues in a protein are equally important. Some are essential for the proper structure
and function of the protein, whereas others can be readily replaced. Phyre2 conservation
analysis tested the protein sequence using an information-theoretic approach based on JensenShannon divergence (Capra & Singh, 2007; Figure 7.19).
7.2.4 Pocket detection
Large pockets are frequently found to be the location of active sites. The pockets were detected
using three servers. Firstly, the largest pocket was detected by the fpocket2 tool (in the Phyre2
software). This tool displayed the pocket in wireframe mode, coloured red (Schmidtke et al.,
2011). Further binding pocket analyses were conducted using two other software packages,
namely DoGSiteScorer and PockDrug-Server, which were used in order to independently
assess consistency of the results using varying model assumptions and to thus increase
confidence in the outputs.

DoGSiteScorer
DoGSiteScorer

(University

of

Hamburg,

Germany;

http://proteinsplus.zbh.uni-

hamburg.de/#dogsite) is a web server used to detect potential pockets in the 3-D protein
structure. This server used a Gaussian Difference filter to identify potential binding pockets in
the 3-D structure of the specified protein and classified them into sub-pockets as well.
Furthermore, it provided analysis of physico-chemical and geometric characteristics of the
pockets, as well as an estimate of the druggability of the targetted sites, with support from a
vector machine (SVM). The accuracy of DoGSiteScorer was assessed on a large dataset
including 1069 structures and the results showed its accuracy to reach about 88%.
Consequently, this software can provide valuable information for protein target assessment and
can easily be used through a web server (Volkamer et al., 2012).

PockDrug-Server
The prediction of protein pockets is a key step in drug design, because such pockets are often
active binding sites and, therefore, have the ability to bind to drug-like molecules with high
affinity. This property of pockets makes a protein a druggable (i.e. able to interact with a
proposed drug compound) and consequently is one of the most interesting issues in the target
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identification phase of drug discovery (Volkamer et al., 2012). Therefore, pocket druggability
investigations represent a key step in the clinical progression of compound identification and
development projects. The software “PockDrug-Server” (University of Paris-Diderot, France;
http://pockdrug.rpbs.univ-paris-diderot.fr/cgi-bin/index.py?page=home) was selected as the
platform for prediction of pocket druggability in this study, because it is efficient in combining
two different approaches to achieve this: firstly, estimation of pockets guided by ligand
proximity (extracted by proximity to a ligand from a holo-protein structure using several
thresholds); and secondly, pocket estimation not guided by ligand proximity, but instead based
on amino acid residues that form the surface of potential binding cavities (Hussein et al., 2015).
PockDrug-Server provides consistent druggability results using these contrasting pocket
estimation methods. It is robust with respect to pocket boundary and estimation uncertainties
and is thus efficient using apo pockets that are challenging to estimate (Hussein et al., 2015).
It clearly distinguishes more druggable from less druggable pockets using different estimation
methods and has outperformed recent druggability models for apo-pockets. It can be carried
out from one or a set of apo/holo proteins using different pocket estimation methods or from
any pocket previously estimated by the user (Figs. 7.1 & 7.2). For further details see Hussein
et al. (2015).

Figure 7.1: Pock Drug-Server- a) fpocket estimation method; b) prox estimation method
(Hussein et al., 2015).
7.2.5 Mutation sensitivity
The SuSPect tool was used to predict if missense mutations in the targeting protein are likely
to have any functional or phenotypic effects. The resulting residues are coloured according to
the average effect (see Kelley et al., 2015).
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Figure 7.2: Pock Drug-Server workflow; 3 main phases: (a) identifying protein pocket (s)
(Input & Pocket estimation methods), (b) Pock Drug: fast computation of
physico-chemical and geometry descriptors to characterize pocket(s) (c) Output:
pocket(s) druggability.
7.2.6 Virtual screening for potential ligands
Selection of ligands for in silico screening
The 32 ligands used were selected from the Available Chemicals Database (ACD; Physical
Sciences Data-Science Service, https://www.psds.ac.uk) on the basis of their relative similarity
to chorismite, the presumed natural ligand of the identified VabC binding-site (Table 7.2),
representing both organic and inorganic compounds. Throughout the rest of this chapter all
ligands are referred-to using the three-letter abbreviations indicated in Table 7.2.
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Virtual screen using iGEMDOCK (2.1) software
Virtual screening using iGEMDOCK (Hsu et al., 2011) consists of several steps, as follows: 1.
docking and virtual screening (GEMDOCK); 2. post-screening analysis methods; and 3.
visualization tools (Yang & Chen, 2004). The result of iGEMDOCK docking analysis is the
generation of protein- and compound interaction profiles involving electrostatic (E), hydrogenbonding (H), and van der Waals (V) interactions (Yang & Chen, 2005). Furthermore, this
system can establish, based on these profiles, compound structures and conclude from these
the pharmacological interactions. The compounds being screened are then clustered for postscreening analysis followed by ranking and visualization of the screened compounds by
combination of their pharmacological interactions and an energy-based scoring function.
GEMDOCK interaction profiles include a detailed energy table for each ligand, giving detail
of the energy in both iGEMDOCK and GEMDOCK scoring functions (Figs. 7.8 and 7.9). In
this case docking studies were performed between the VabC model designed by the Phyre2
software and candidate ligands suggested by the Protein Data Bank (PDB) and other relevant
articles.
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Table 7.2: Identity of potential ligand structures (n = 36) used for in silico docking interactions
with VabC. Ligands are arranged alphabetically by abbreviation code (last
column).
Name

Chemical Formula

Abbreviation

Acetate ion

C2 H3 O2

ACT

Benzofuran

BEF

Benzoic acid

C7 H6 O2

BEZ

Carbonate ion

CO3

CO3

Chlorogenic acid

CHL

Cimetine

CIM

Cinnamic acid

CIN

Citric acid

C6 H8 O7

3-[(3-holamidopropyl)dimethylammonio]-1-propanesulfonate
S-hydroxycysteine

CIT
CPS

C3 H7 N O3 S

2-amino-4-(amino-3-oxo-propylsulfanylcarbonyl)-butyric acid

CSO
CYG

Formic acid

C H2 O2

FMT

Glutamic acid

C5 H9 N O4

GLU

Glycerol

C3 H8 O3

GOL

Heme D

C34 H32 O4 N4 Fe

DHE

(2R,3S)-1,4-dimercaptobutane-2,3-diol

DTU

Imidazole

C3 H5 N2

IMD

carboxylic acid

S2 C10 H10 O6

ISC

(1-carboxyethenyl)oxy]-4-hydroxycyclohexa-1,5-diene-1-carboxylic acid

C10 H10 O6

ISJ

Selenomethionine

C5 H11 N O2 Se

MSE

Di(hydroxyethyl)ether

C4 H10 O3

PEG

Triethylene glycol

C6 H14 O4

PGE

Phosphate ion

PO4

PO4

Pyruvic acid

C3 H4 O3

PYR

(5S,6S)-5-[(1-carboxyethenyl)oxy]-6-hydroxycyclohexa-1,3-diene-1-

3-{[(Z)-1-carboxy-2-phenylethenyl]oxy}-2-hydroxybenzoic acid

RVA

3-{[(1Z)-1-carboxy-3-methylbut-1-en-1-yl]oxy}-2-hydroxybenzoic acid

C13 H14 O6

RVB

3-{[(Z)-1-carboxy-2-cyclopropylethenyl]oxy}-2-hydroxybenzoic acid

C13 H12 O6

RVC

3-{[(1Z)-1-carboxybut-1-en-1-yl]oxy}-2-hydroxybenzoic acid

C12 H12 O6

RVD

3-[(1-carboxyethenyl)oxy]-2-hydroxybenzoic acid

C10 H8 O6

RVE

2-hydroxybenzoic acid

C7 H6 O3

SAL

Thiocyanate ion

CNS

SCN

Succinic acid

C4 H6 O4

SIN

Sulphate ion

SO4

SO4

D-Tartaric acid

C4 H6 O6

TAR

Tryptophan

C11 H12 N2 O2

TRP

3-{[(E)-1-carboxy-2-cyclopropylethenyl]oxy}-2-hydroxybenzoic acid
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VCE

Results
7.3.1 Tertiary structure model for VabC protein
Phyre2 produced a tertiary structure model for the VabC protein with very high levels of both
Coverage (100%) and Confidence (100.0%), all 254 residues (100% of the sequence) being
modelled with 100.0% confidence as to their position and orientation by the single highest
scoring template (Figure 7.3). Details of the template information used to modulate the VabC
protein are given in Appendix 2.

Figure 7.3: Schematic image of VabC protein from V. anguillarum based on template
c3hwoB_Top template information (See Appendix 2, Table A2.1), rainbow
coloured from N (red) → C (indigo) terminus. Model dimensions (Å): X: 56.849;
Y: 53.761; Z: 47.003.
7.3.2 Quality assessment for important residues
After modelling using Phyre2, the PoQ2 quality assessment tool assessed the quality of
modelling of the protein’s secondary structure using the entire sequence as well as assessing
various important residues (see Appendix Table A2.2), such as Arg222 and His150 (Fig. 7.4).
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Figure 7.4: ProQ2 quality assessment for a) Leu 36; b) Arg 222; c) His 150.
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7.3.3 Prediction of pocket structure of the VabC binding site
fpocket tool of Phyre2 software
The results showed a large pocket (Fig. 7.5) formed by the following residues [3 letter code (1
letter code) position]: LYS (K) 21, VAL (V) 23 V, SER (S) 25, PRO 70, GLU (E) 71, LEU (L)
86, ALA (A) 87, GLY (G) 88, SER (S) 89, GLU (E) 115, HIS (H) 150, ALA (A) 178, VAL
(V) 179, ARG (R ) 199, THR (T) 203, VAL (V) 219, ILE (I) 221, ARG (R ) 222, PHE (F) 234,
ALA (A) 235, GLY (G) 236, ALA (A) 237, GLY (G) 238, GLU (E ) 251, LYS (K) 255 (see
Appendix Table A2.3 for full output).

Figure 7.5: The largest pocket as detected by the fpocket2 program are shown in wireframe
mode, with red colour indicating the pocket area (likely to be the enzymatic active
site).
PockDrug
Pocket identification and druggability scoring in the VabC protein by the PockDrug server
showed there to be nine pockets with druggability ranging from 0.18 to 0.93. Of these, 4 were
large (containing >14 amino acid residues), whereas 5 were small (9-12 residues). The larger
pockets were ranked in their druggability scores in the order P3 (0.87) > P0 (0.66) > P2 (0.42).
Neverhteless, the highest druggability score was for one of the smaller pockets (P4, 10 residues,
druggability = 0.93). 3D space-filling cloud representations of the four larger pockets are
shown in Fig. 7.6. Druggability scores and other characteristics are given in full in Appendix
Table A2.4.
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Figure 7.6 : Large (> 14 amino acid residues) pockets P0, P1, P2 and P3 predicted in the VabC
binding site by PockDrug software.
DoGSiteScorer
This server predicted eight pockets in similar areas of the molecule to the other two tools, with
druggability ranging between 0.23 and 0.88 (Table 7.3). The position of the pockets are shown
in Appendix Fig. A2.2.
Table 7.3: Druggability of pockets predicted in the VabC binding site by DoGSiteScorer
software
Pocket
P-0
P-1
P-2
P-3
P-4
P-5
P-6
P-7

Drug score
0.81
0.88
0.66
0.49
0.4
0.27
0.27
0.23

159

7.3.4 Conservation analysis of important residues
After Phyre2 modelling and quality assessment, residues associated with the identified binding
site pocket were further subjected to Conservation Analysis assessed using the PoQ2 tool in
Phyre2, with the aim of investigating the significance of certain residues to the function of the
VabC protein. The results revealed that 12 residues were very conserved (Fig. 7.7), with Leu
255 being the most highly conserved. As well as Leu 255, His 150, Pro 175 and Arg 222 were
also very conserved as well as being placed in parts of the molecule where secondary structure
confidence was high (Fig. 7.7; see also Appendix Fig. A2.3), suggesting they are more likely
be key to its normal functioning, than conserved residues in areas where secondary structure
was less certain (reflecting less likelihood of a fixed structure conducive to binding activity).
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Figure 7.7: Relative conservation analysis of all residues in VabC, using the PoQ2 tool in Phyre2 software, with residues around the active site
scoring highly for conservation (n = 12) (P70, E71, G88, S89, K111, E115, H150, P175, F202, R222, G236, K255) highlighted.
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7.3.5 Mutational sensitivity of residues
The results showed a large number of residues around the binding site were sensitive to
mutation. These residues included: LYS 21 K, VAL 23 V, SER 25 S, PRO 70,GLU 71 E,LEU
86 L, ALA 87 A, GLY 88 G, SER 89 S, GLU 115 E, HIS 150 H, ALA 178 A, VAL 179 V,
ARG 199 R, THR 203 T, VAL 219 V, ILE 221 I, ARG 222(R), PHE 234(F), ALA 235 A,
GLY 236 G, ALA 237 A, GLY 238 G, GLU 251 E, 255 LYS K (Figure 7.8; see also Appendix
Fig. A2.4). However, of the highly conserved residues (Section 7.3.4), only His 150, Pro 175
and Arg 222 were also found to be sensitive to mutation, suggesting that these are key residues
in the structure and, therefore, the functioning of the pocket (presumed binding site).
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Figure 7.8: Mutation sensitivity analysis for all residues in VabC, with His 150, Pro 175 and Arg 222 highlighted.
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7.3.6 Ligand docking results
Docking results obtained from iGEMDOCK revealed interaction between all the
tested ligands and the VabC binding site. Moreover, these interactions represented all
three types examined, that is, VDW, hydrogen bonds and electrostatic (for raw data
see Appendix 2 Tables A2.5 – A2.7). The interactions between the tested ligands and
the VabC binding site can be classified into three categories: firstly, ligands binding
in the same way as chorismite residues (n = 14; Table 7.4; see Figs. 7.9a & b);
secondly, those ligands binding to the pockets, but to different residues than chorismite
(n = 19; Table 7.4; example in Fig. 7.9c); and finally a few ligands which showed a
mixture of these binding characteristics (n = 3; Table 7.4; Fig. 7.9d). Regarding the
interaction energy score, the most stable energy dispositions were produced by CS (119.75), RVA (-118.9), VCE (-118.17) and RVE (-109.66) relative to the natural
ligand, chorismate (-105.2) (Table 7.5).
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Table 7.4 : Binding of tested ligands to VabC binding site in comparison to binding
of chorismite (natural ligand), in terms of which amino acid residues they
interact with.
Similar binding to
chorismate

Different binding from
chorismate

ACT
BEF
CIN
CIT
FMT
GOL
ISC
ISJ
RVC
RVD
RVE
TAR
TRP
VCE

BEZ
CHL
CO3
CPS
CYG
DHE
DTU
GLU
IMD
MSE
OGA
PEG
PO4
PYR
RVA
RVB
SAL
SO4
SIN

Table 7.5 : Ranked predicted energy scores for the top tested ligands (free energy 95 kcal/mol and less) binding with the VabC binding site. The top 4
ligands (above dashed line) bind more avidly than the natural ligand,
chorismate (top row).
Ligand a

Chorismate

a

Predicted interaction
energy of VabC
bound complex,
kcal/mol
- 105.2

Contribution
from:
VDW

Type of
bindingb
H-bond

ES

-68.07

-33.54

-3.59

CSO

-119.75

-84.84

-29

-6.27

M

RVA

-118.9

-87.4

- 25.12

-6.3

D

VCE

-118.74

-74.7

-37.99

-6.05

S

RVE

- 109.66

- 75.22

- 29.65

-4.78

S

CHL

- 104.76

-91.1

-13.66

0

D

VAE

- 97.9

-84.02

-15.13

1.24

S

CIT

-96.72

- 49.68

-38.63

-8.41

S

TRP

- 95.75

-71.75

-20.8

-3.36

S

Three letter codes as in Table 7.2. VDW = Van der Waals; ES = electrostatic interactions.
from Tab. 7.4 S = similar; D = dissimilar; M = mixed

b
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a

c

b

d

b

d

c

Figure 7.9: Schematic representations of interactions between selected ligands and the
modelled VabC binding site. Ligands are a) Chorismate (natural ligand); b)
RVE (ligand interacting in similar way to chorismate); c) BEZ (ligand
interacting in different way to chorismate); d) CSO (ligand interacting in a
combined way (both chorismate-like and non-chorismate-like interactions).
Colour coding of interactions: Green = hydrogen bond; red = electrostatic
interaction; grey = Van der Waals forces. Similar schematics for all the tested
ligands are in Appendix 2, Figs. A2.5A – A2.5PP)
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Discussion
Using the iron-uptake system as a drug target represents a promising strategy to avoid
antibiotic resistance problems in V. anguillarum O1, through the generation of novel
and specific drug candidates possessing different modes of action to existing
antibiotics. Among several genes and proteins involved in siderophore biosynthesis,
the VabC protein is particularly attractive as a target, since this enzyme is responsible
for the synthesis of chorismite, which in turn is a precursor of both siderophore types
(anguibactin or vanchrobactin) produced by all pathogenic strains of V. anguillarum,
regardless of their serotype. Unil now, the tertiary protein structure for VabC was not,
in common with many other proteins, available from the PDB, thus hampering the
putative drug discovery pipeline. Fortunately, recent advances in design of PDB
computing tools has allowed us, for the first time, to obtain the tertiary structure of
this protein through in silico analysis, providing an important proof-of-principle for
future similar studies.
7.4.1 Tertiary structure model for VabC protein
In this study the VabC protein was modelled using the PHYRE2 software system. The
model gave an excellent percentage of confidence along with a good level of
assessment quality for all binding site residues. These results gave the opportunity to
study this protein in new ways, as no structural information or model was previously
available for this protein in the PDB database. The level of quality and confidence of
the extracted model meant it could be used for further studies including binding site
assessment, druggability prediction and drug candidate identification and design. The
high confidence of the model is an indication of its robustness, without the need for
the labour- and time-intensive laboratory analyses previously needed to obtain a
structural model of this quality, which highlights the benefits of using this system.
Advantages of using PHYRE2 software include its ease of use, providing a userfriendly interface to cutting-edge bioinformatics methods, enabling biologists inexpert
in bioinformatics to use state-of-the-art techniques without the very steep learning
curve typical of many online modelling tools. Through using this system, the key
regions of a sequence can rapidly be assessed and matched to known structures, while
several further assessments are easily performed on the PHYRE2 model, including
ProQ2 quality assessment, Conservation Analysis, Mutational Sensitivity and pocket
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detection. Another benefit is that the model produced can be used directly by other
software for further analysis without any need for further processing (Kelley et al.
2015).
7.4.2 Druggability and pocket prediction
This step is crucial, as previously many drug discovery projects failed because the
underlying target was ultimately found to be undruggable (Hussein et al., 2015),
meaning simply that the targeted protein lacks appropriate active sites necessary for
drugs to bind (Sievers, 2018). In silico analysis of reliable tertiary structures, as
produced here for VabC, facilitates rapid and extensive screening of a wide range of
potential ligands. Therefore, the resulting druggability score is a good sign and
indication of the utility of the protein as a viable drug target (Sievers, 2018). Here,
application of the PockDrug and DoGSiteScorer softwares led to prediction of pockets
with druggability scores from 0.18 to 0.93. These results strongly suggest the high
potential for targeting VabC by numerous compounds and ligands, as well as enabling
evaluation of those with the best chance of working (nominally druggability scores
over 0.8; Michel et al., 2019). The identified pockets covered the majority of the
VabC binding site and the pocket predictions indicated the residues there to have a
high affinity for ligand binding, indicating a high likelihood of an effect on the activity
of the binding site due to alteration of its shape and structure (Alberts et al., 2002).
7.4.3 Docking results
Analysis of docking between VabC and numerous ligands indicated good possibilities
for using many of these ligands as inhibitors of chorismate metabolism in V.
anguillarum O1. The interaction of chorismate and the active site of VabC protein
was also investigated, showing that there are numerous common residues between the
active site of VabC protein and both chorismate and several of the tested ligands. This
reflects high affinity and specificity of these ligands with the VabC active site,
indicating high effectiveness in inhibiting chorismite interaction with VabC.
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Interaction of ligand candidates with VabC
Evaluation of the energy scores indicated that four candidate ligands bound the VabC
pocket more stable than the natural ligand (chorismate), suggesting that these could
represent potential antagonists to chorismite binding. The best of these candidates
from an energy perspective was S-hydroxycysteine (CSO), which is perhaps not
surprising, given the propensity of this amino acid to form disulphide bonds with
appropriate amino acid residues, and reflected in its mixed mode of binding. However,
being an amino acid poses challenges to its use as a drug, as amino acid concentrations
are tightly controlled in the fish host (e.g. Lyndon et al., 1993; Carter et al, 1995) and
interactions with other proteins would be likely.

The other candidate ligands binding more avidly than chorismite were RVA (3-{[(Z)1-carboxy-2-phenylethenyl]oxy}-2-hydroxybenzoic
carboxyethenyl)oxy]-2-hydroxybenzoic

acid)

acid),

and VCE

RVE

(3-[(1-

(3-{[(E)-1-carboxy-2-

cyclopropylethenyl]oxy}-2-hydroxybenzoic acid), all of these being derivatives of
benzoic acid which vary in their binding configuration as a result of different
substituent groups. This finding is interesting, as several existing drugs extracted
from,for example, plant compounds are also derivatives of benzoic acid (Aldred,
2009), implying that this could represent a useful class of compounds to further
investigate for novel V. anguillarum treatments.

These ligands represent both similar binding to chorismate (RVE and VCE) as well as
different (RVA) binding, but all interact with the active binding site of VabC in the
pocket and importantly with the more highly conserved residues, which indicates the
possibility for conformational alteration by these ligands on the VabC binding site
(Burley & Petsko, 1985; Mohammadi, 2019). Moreover, the docking scores represent
the binding affinity and diversity of interactions that can be achieved between the
pocket residues in VabC active site and candidate ligands (Ramírez, 2018), indicating
the capability of using the docking score function to predict crystallographic binding
orientations as well as being used to predict interactions (Ramírez, 2018).

The predictive results revealed from these type of interactions generally suggest the
association between this type of interaction and some effect occurred in the enzyme’s
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activity (Lavecchia et al., 2006) because these amino acids included in the pockets
that are closely involved in the fit between the certain substrate and the specific
enzyme surface (Babtie et al., 2010).

The properties of the active site of the enzyme determine and controlled by amino
acids involved in this enzyme (Babtie et al., 2010). This can control and decide
whether the certain substrate molecule will be fitting adequately into the site of the
enzyme or not (Knox & Greengard, 1965; Suckling, 2012). A molecule in the wrong
structure cannot be fitting appropriately into the active site and thus cannot react with
the enzyme (Kudo et al., 2008). This is maybe because a molecule became lacking in
essential attractive forces or maybe because of disruption in the substrate enzyme
binding due to an appropriate substrate charge (Suckling, 2012). Therefore, this may
cause inhibition and not active binding between the binding of the substrate and the
enzyme (Cornish and Bowden. 2012).
The benefit of designing VabC inhibiting compounds is that this target can also be
transferred to targeting chorismate production in human pathogenic bacteria, such as
M. tuberculosis, where the shikimate pathway has also been shown to be essential for
pathogenicity (Reichau, et al., 2011). Moreover, chorismate has also been reported to
play an important role in siderophore production in other bacteria important in human
disease, such as E. coli (Lemaître et al., 2014) and Salmonella enterica serovar
typhimurium, where enterobactin and salmochelins are produced from chorismate
(Williams et al., 2006), as well as in fungi, plants and apicomplexan parasites.
However, this pathway is absent in mammals and humans, making chorismateutilizing enzymes highly attractive antimicrobial drug targets due both to the lack of
deleterious effects of their blocking in humans, and their central role in bacterial
survival and virulence (Fernandes, 2005). There is also the possibility that similar
drug classes could also be useful against other very important pathogens such as
malaria or intractible infections such as fungus in aquaculture situations.

We should emphasize that the present study was merely for prediction and assessment
of the possibility of using VabC as a drug target, rather than dealing with the ligand
candidates’ drug efficiency, as this latter step will requires focussed input of the drug
industry. The majority of ligand candidates can get progress in their drug activity and
it need handle in a certain way. For instance, benzoic acid-derived ligands need to be
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taken as sodium benzoate because benzoic acid is not soluble in the water (Dos Santos
et al., 2015). The other benefits of this study are to use the propionic or plant
substance, which includes these ligands, is possible to get success in the treatment of
V. anguillarum O1. Strawberries have been reported as being a natural source of
benzoic acid (Del Olmo et al., 2017), suggesting that strawberry might be used in food
additives to treat some infections (Del Olmo et al., 2017). There is also a broadspectrum antimicrobial effect reported about cinnamic acids (Yilmaz & Ergün., 2018;
Forero-Doria et al., 2019). Antimicrobial activity of trans‐cinnamic acid was reported
against many pathogenic microorganisms such as M. tuberculosis and Y. ruckeri
(Guzman, 2014). Cinnamic acid compounds gave good interaction with the VabC
model here. In addition, this interaction was in the active site. Several additional drug
compounds might also be derived from ligands which showed good interaction with
the VabC binding site, including derivatives of cinnamic acid, including propyl 4chlorocinnamate, isopropyl 4-chlorocinnamate, 2-methoxyethyl 4-chlorocinnamate,
decila 4-chlorocinnamate and pentyl 4-chlorocinnamate (Silva et al., 2019), while,
from

imidazole,

there

are

1-Ethylimidazole,

1-Propylimidazoleand

1-

Heptylimidazole (Khabnadideh et al., 2003). In addition, from benzoic acid there are
p-carboxyphenyl acrylate, 3-acryloxypropyl o-carboxybenzoate and propenoxyphenol. Another property that is evident is that there are many organic acids among
the candidate ligands, such as citric acid, cinnamic acid, tartaric acid and benzoic acid,
which highlights the possible effectiveness of such acid residues in binding to the
VabC active site. Other benefits, the possible to use these ligands in combination
should be considered to get more active against bacterial (In et al., 2013). Moreover,
some of these acids are naturally antimicrobial and, being free of artificial additives
(Cho & Park 2004), lend themselves to the current trend for the use of natural products,
particularly plant extracts, to combat fish diseases more generally (Awad et al. 2013;
Awad & Awaad, 2017). Interestingly, some of these compounds when purified, such
as quercetin, are based on aromatic ring structures including benzene and benzoic acid
derivatives (Awad et al. 2013), suggesting that further focus in this area may be
beneficial in identifying specific compounds, rather than crude extracts, associated
with such plant-based remedies. Finally, based on the interaction of the majority of
ligands selected here with VabC active sites and pockets, it can be seen that the in
silico approach offers a rapid, high throughput approach to identifying ligands which
can be considered as potential inhibitors of chorismate synthesis.
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Conclusion
The bioinformatics tool PHYRE2 enabled rapid production of a high confidence
tertiary structure model of the VabC protein based only on primary sequence
information. This enabled in silico evaluation of this protein as a potential drug target
in V. anguillarum O1. The active site of this protein gave encouraging results in terms
of binding site structure, druggability and docking results with a relatively limited
selection of ligands, indicating that targeting this part of the iron uptake system of V.
anguillarum O1 potentially opens a new door for treatment strategies to combat his
commercially significant, pathogenic microorganism.
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General Discussion
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Overview of findings
The present study has shown that after frozen storage over around 20 years (19952016) using 15 % glycerol, the virulence of V. anguillarum O1 was subject to
alteration and reduction, either sharply or gradually. The main cause for sharp
decreases in virulence was strongly linked with the iron uptake system, particularly
associated with the loss of the virulence plasmid, presence of the RS1 transposon, and
resulting elimination of siderophore production. This reduction in virulence was not
associated with the stability of culturability or general phenotypic characters of tested
strains, which were maintained. The presence of the virulence plasmid was shown to
be crucial to surviving in iron limitation conditions, although it was not linked to
antibiotic resistance. Addition of EDTA, however, was able to synergistically increase
the antibacterial effect of several antibiotics including gentamicin and kanamycin,
whilst iron chelators such as EDTA were also shown to restrict growth of V.
anguillarum O1 partially or completely. Another key finding was that the presence of
CuCl2 in iron limited conditions was able to stimulate growth of V. anguillarum O1.
This effect might be due to the interaction between divalent species of Cu and Fe,
where Cu may at least partially substitute for the role of iron as an element supporting
growth or alternatively it might competitively release iron from ferritin binding. The
significant contribution of the virulence plasmid and its encoded iron uptake system
in the virulence system of V. anguillarum O1 gave an indication that the iron uptake
system could represent a drug target for control of V. anguillarum O1. This was
supported by in silico investigation of the structure of the VabC protein responsible
for chorismate biosynthesis, a precursor of siderophores. This investigation gave
strong evidence that VabC has a good druggability score and that its active site can be
targeted with numerous readily available ligands.

Virulence stability and long-term storage of V. anguillarum O1
Although long-term storage, and particularly frozen storage (cryo-storage) is
commonly used to maintain bacterial strains for research and diagnostics, there is
surprisingly little published work assessing the effects of such storage methods on the
phenotypic and genetic integrity of the stored bacteria. Indeed, there is only one
previous study addressing this topic in V. anguillarum (Pederson 1997). In relation to
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bacterial pathogens, virulence stability is of primary importance since it underpins the
use of stored cultures for diagnostics and therapeutic testing (Austin, 2016). Again,
however, there is limited work in the literature on this topic, and that is scattered across
taxonomic groups, including Shigella sp. (Chosa et al., 1989), Salmonella spp. (Simon
et al., 1963; Yurchenko et al., 1972), Bacillus spp. (Yurchenko et al., 1972; Marston
et al., 1985), Vibrio spp. (Yurchenko et al., 1972; Pedersen 1997) and Flavobacterium
(Michel & Garcia, 2003). It should also be noted that most of these studies addressed
storage periods of only up to 18 months, so that longer-term effects are largely
unknown. Hence the work presented here is important in consolidating and extending
our knowledge of the effects of cryo-storage of V. anguillarum, suggesting as it does
that there is a general attenuation of virulence during long-term storage in agreement
with Austin (2016), as well as providing the basis for similar studies in other
commonly stored bacteria. This is particularly relevant since culture storage times
potentially become longer, as a result of the rising costs associated with regular reculture of the increasing number of stored specimens, re-culture and passage having
previously been the main means of maintaining culture viability and phenotypic
character. Notably, the present study confirmed that preservation using 15% glycerol
was completely successful in maintaining the viability and culturability of all the
tested strains after long term (twenty years) storage, in agreement with previous
research (Malik, 1987; Pederson 1997; Gorman & Adley, 2004; Smith et al., 2008).
However, despite this, virulence was lost entirely in several cases, associated with loss
of the virulence plasmid which codes for, amongst others, siderophores and histamine
production, and reduced in most others. Therefore, our results highlight several points
which need to be considered. The first point is that the viability and culturability of
storage stock cultures are not always associated with the stability of virulence (Austin.,
2016). The second point is that V. anguillarum O1 depend on the pJM1 plasmid to
express their virulence, and this may be subject to alteration after long-time
preservation (see also Marston et al., 2005). The suggestion from the present work
would be that the plasmid is less stable during long-term storage than the
chromosomes, so that virulence factors encoded on the plasmid are more likely to be
lost than chromosomally encoded factors.
The two previous points guide us to suggest some steps regarding quality control
procedures for culture collections which should be followed for each bacterium to
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ensure all desired characteristics are maintained after storage. For more clarification,
three examples will be mentioned. Firstly, for V. anguillarum O1, as studied here,
the virulence system depends on their plasmid which encodes certain desired
characteristics (Crosa et al., 1980; Li & Ma., 2017). Therefore, the assessment of the
value of a storage culture should go beyond assessment of viability and culturability
to also assess plasmid stability, and associated with this histamine and siderophore
production (Prakash, 2013), which provide proxy measures of tetention of virulence
(although not distinguishing high from moderate virulence). Secondly, to extend the
concept beyond V. anguillarum O1, in V. harveyi post-storage assessment beyond
simple viability needs to include evaluation of double haemolysin genes (Zhang &
Austin, 2000; Austin, 2016). Thirdly, in the case of B. anthracis, the assessment of
changes in their signature characters such as capsulation and plasmid presence is also
necessary to confirm maintenance of virulence (Marston et al., 2005). Therefore, to
meet the highest standards of culture collection integrity and to ensure stability of
desired characteristics for stored specimens, more evaluation assays are required than
simple phenotyping or biochemical analyses on reculture for each isolate (Prakash,
2013). Such extended analyses of recultured isolates should lead to more reliable
maintenance of economic value in culture collections (Austin, 2016), and will focus
attention on the most successful preservation methods, since these are usually judged
through their ability to maintain significant properties of the culture, in addition to
ensuring viability over long periods of storage (Prakash, 2013).
The significance of screening for the virulence plasmid in V. anguillarum O1
and some other microorganisms
The evaluation of virulence stability in V. anguillarum O1 confirmed that this is
strongly linked with the stability of the iron uptake system and the production of
siderophore (Lemos et al., 2010). The present study also confirmed that correct
functioning of the iron uptake system is entirely dependent on the pJM1 virulence
plasmid in O1 serotype strains, where chromosomal siderophore production is blocked
by presence of the RS1 transposon (Walter, 1983; Crosa et al., 1980; Li & Ma, 2017).
This dependence entirely explained the cases of complete loss of virulence after longterm preservation. In contrast, those virulence characteristics of V. anguillarum
controlled from chromosomes 1 and 2 were entirely stable during long-term storage.
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Therefore, screening for the stability of the virulence plasmid after retrieval of a strain
from storage is critical to determining the virulence status of recultured isolates of V.
anguillarum O1 (Tolmasky et al., 1995; Di Lorenzo et al., 2003).

Moreover,

evaluation of post-preservation virulence status of bacteria using a plasmid extraction
protocol in quality control applicable to species beyond V. anguillarum, but can also
be used with other microorganisms which encode important virulence characteristics
on their plasmids, for example, E. coli, B. anthracis and Salmonella enterica (Marston
et al., 2005; Rychlik et al., 2006; Di Lorenzo et al., 2014). Therefore, the post-storage
monitoring system for these types of microorganism should include plasmid screening
as an essential part of their laboratory quality control (Smith & Ryan, 2012).
Because the plasmid and gene extraction may be economically costly (Smith & Ryan,
2012), screening instead for the properties encoded by virulence genes, whether from
plasmid or chromosome, may solve this problem (Prakash, 2013). Both histamine and
siderophore production can be used as indicators for presence of the virulence plasmid
in V. anguillarum O1 (Tolmasky et al., 1995; Di Lorenzo et al., 2003). Therefore,
using media such as CAS and Niven’s agar are effective to evaluate the virulence
status of V. anguillarum O1 (Tolmasky et al., 1995; Schwyn & Neilands, 1987). In
more general terms, production of siderophores, histamine, and haemolysin can be
used as indicators for the stability of plasmids in various microorganisms (Meyer et
al., 1996; Bearden et al., 1997; Di Lorenzo et al., 2004; Lawlor et al., 2007; Johnson
& Nolan, 2010; Cassat & Skaar, 2013; Di Lorenzo et al., 2014).
The evaluation of siderophore production in liquid media
Because the siderophore production is significantly expressed in virulent V.
anguillarum O1 (Li & Ma, 2017), fish kidney and spleen tissues infected with V.
anguillarum O1 showed measurable detection of siderophore (Mackie & Birkbeck,
1992). There have been previous efforts to link the level of virulence with the amount
of siderophore produced (De Lorenzo et al., 2004; Stork et al., 2004). Therefore, all
strains tested here were subjected to evaluation of the quantity of siderophore
produced in CAS liquid media. Moreover, the effect of various factors on the quantity
of siderophore were investigated.
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Although these investigations showed that all virulent strains of V. anguillarum O1
produced siderophore under iron limitation conditions in CAS media, it was not
possible to classify the relative virulence (e.g. high versus moderate) of V. anguillarum
O1 strains based on the amount of siderophore production. All virulent strains,
whether highly or moderately virulent, produced similar amounts of siderophore,
suggesting the need for a more refined assay to assess more subtle differences in
virulence between strains, and to underpin further research into what the determinants
of different levels of virulence are.
The significance of siderophore production by virulent strains of V. anguillarum O1
highlights the potential importance of controlling its expression through targeting of
the siderophore biosynthesis pathway (Miethke & Marahie, 2007), either by drug
targeting or by modulating various nutrient ingredients (Caldwell, 1989) which affect
siderophore production by V. anguillarum O1, as shown here. Starvation, as indicated
in vitro, might lead to loss of the plasmid and/or some important parts of the virulence
system (Marston et al., 2005), whilst other benefits of starvation, especially limitation
of Fe in the growth media, are the possibility of making the bacterium more sensitive
to antimicrobial agents (Gray et al., 2019). However, the practicality of this strategy
in vivo would appear to be limited, partly because such strategies are already part of
the host defence system, although the potential for development of specific blockers
of bacterial nutrient uptake would be of interest.
Effect of the iron uptake system and iron chelators on antibiotic
susceptibility
The presence of virulence plasmid and siderophore production did not affect antibiotic
susceptibility characteristics of V. anguillarum O1, both plasmid-positive and negative
strains having similar antibiotic susceptibilities, in agreement with.

The results

revealed widespread antibiotic resistance in V. anguillarum O1, representing the state
of affairs around 20 years ago, reflecting the widespread problems seen in aquaculture
at this time (Pedersen et al., 1995), as well as total sensitivity to gentamicin. The
origin of strains and environmental stress may play a vital role in the presence of
antibiotic susceptibility characters where varied responses for some antibiotics tested
have been recorded (Davies & Davie, 2010). The existence of such diverse resistance
to antibiotics in V. anguillarum raises attention to the importance of using other
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strategies for its control so as to circumvent the antibiotic-resistant characteristics of
this microorganism. One possibility was that of synergic effects of EDTA, which was
confirmed to have an antibiotic effect itself (Lambert et al., 2004), with certain
antibiotics and indeed an enhancement of the antimicrobial effect of gentamicin
sulphate and kanamycin sulphate was achieved by combination of these antibiotics
with EDTA. Antimicrobial effect can, therefore, be increased, at least for some
antibiotics, by using iron chelating substances such as EDTA. However, a practical
means of using this method in vivo is more difficult to see, as EDTA will have effects
on other metals within the host, potentially leading to undesirable side-effects. In
addition, iron is already tightly controlled in fish hosts, so although a useful tool for
research use in vivo, this method is of limited application in practice.
One clear result of using EDTA in growth media was the inhibition of growth in V.
anguillarum O1, where virulent strains were found to survive better compared with
non-virulent strains, giving an indication about the significance of the presence of the
virulence plasmid in iron limitation conditions (Di Lorenzo et al., 2003; Symeonidis
& Marangos, 2012; Li, & Ma, 2017).
Effect of copper on the growth of V. anguillarum O1 under iron-limited
conditions
This experiment produced the novel finding that copper (in the form of CuCl2) in the
growth media can support V. anguillarum O1 growth under iron limitation conditions.
Previous studies on the effect of copper pollution on bacterial infections such as
vibriosis and Yersinia ruckeri have concentrated on the effect on host susceptibility
(e.g. Baker et al., 1983). The results obtained here indicate that there is a significant
interaction of copper with V. anguillarum growth when iron is scarce, both in plasmidpositive and negative strains. However, as would be expected for an effect centred on
metal availability, plasmid-positive (and therefore siderophore producing) strains
grew better under these conditions. These results indicate an additional possible role
of CuCl2 during V. anguillarum O1 infection, suggesting that copper can stimulate the
growth of V. anguillarum O1 strains in the absence of iron and that this could
contribute to establishment of infection during the exposure of the host to copper
(Waska et al., 2016). This is possibly an additional role for copper during infection in
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contaminated environments which has not previously been considered and which is
different to that of host susceptibility reported by Baker et al., (1983). This ability of
copper to enhance growth of V. anguillarum O1 when iron is limiting, and so possibly
increasing virulence and infection independent of the immune system, may be a result
of copper having an interactive relationship with iron which can also increase the
uptake of Fe by its ligands in vivo (Sharp, 2004), through interactions with ferritin,
EDTA and citric acid (Waska et al., 2016). Copper has been shown to bind tightly to
horse spleen ferritin, having a catalytic effect on iron uptake (Collins et al., 2010
Waska et al., 2016). Such interactions of copper have been reported in host cells
mediating dietary assimilation (enterocytes), storage, and distribution (hepatocytes)
suggesting a role of these metals in dietary processing (Collins et al., 2010), whilst
copper can also play an essential role in mobilization of Fe from storage tissues (Sharp,
2004). More study is clearly needed to investigate the effects of pollution on infectious
diseases by characterising the interaction between metal binding proteins in fish, such
as ferritin and lactoferritin, and important metals such as Fe and Cu (Waska et al.,
2016). This would give much needed understanding of the interactive relationship
between ferritin, Fe and Cu in supporting V. anguillarum infections, as most available
studies to date concentrate on mammalian cells and tissues (Waska et al., 2016).
Moreover, the characterisation of binding between ferritin and different metals is
crucial to understanding metals’ circulation in the fish body during infection, both in
normal and polluted situations (Durand et al., 2002; Wood, 2011), as well as giving
the possibility of using indicators in the immune system or circulatory system as
physiological indicators for marginal copper, ferric and metal pollution status (Carter
et al., 2014). Such improved selection and application of fish biomarkers would start
to address the potentially harmful impact of pollution with single elements, such as
copper or zinc, which are common components of effluents (Authman et al., 2015), as
well as allowing study of the interactions between metal groups.
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Using bioinformatics tools to identify drug targets in the siderophore
production pathway
The results on antibiotic susceptibility illustrated the point that V. anguillarum O1 can
be resistant to several antibiotics commonly used in aquaculture or distributed in the
environment. This raises attention and concern for effective disease control and
highlights the need to make efforts to choose different strategies for treatment and
control of this and other microorganisms (Wencewicz & Miller, 2017). Among the
advances and new strategies for fighting infectious bacteria, targeting of the iron
uptake system has been considered as a promising and attractive one for many
microorganisms (Kornreich-Leshem et al., 2005; Monfeli & Beeson, 2007; Skaar,
2010; Ji et al., 2012; Kelson & Truong, 2013; Zheng & Nolan, 2014; Wencewicz &
Miller, 2017). There is the possibility of targeting the siderophore pathway in V.
anguillarum O1 at several points, because it includes several precursors that can be
targeted. However, one of the most attractive ones among these precursors is the
chorismite synthase step (Li & Ma, 2017). By targeting chorismite synthesis, both
types of siderophores produced by V. anguillarum O1 can be inhibited at the same
time (Li & Ma, 2017). Moreover, this can be an improvement over the broad-spectrum
antimicrobial compounds against numerous infectious diseases, because of the
significance of chorismate in many microorganisms (Fernandes, 2005). Chorismate is
not only important in the siderophore pathway in V. anguillarum O1, where it works
as a precursor to both types of siderophore (anguibactin and vancrobactin;( Li & Ma,
2017), but also makes another important contribution in the shikimate pathway, where
it catalyses the conversion of phosphorene pyruvate to chorismate in most prokaryotic
bacteria. This step is essential for bacterial growth, because chorismate acts as a
precursor molecule for the synthesis of aromatic amino acids (Pitchandi et al., 2013).
Using VabC as a specific target
The focus on the chorismate pathway suggested the targeting of the VabC enzyme
protein active site (isochorismate synthase; Li & Ma, 2017). The modelling here, for
the first time, of the VabC protein amino acid sequence produced a tertiary structure
protein with 100% confidence, showing the value of recent bioinformatic methods in
characterising proteins for which traditional structural information (e.g. X-ray
diffraction data) is lacking, often because of cost. The model gave good results in
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terms of druggability and binding pocket prediction, enabling progress past the biggest
step of concern for any putative drug design, namely the so-called ‘druggability gap’,
which is normally the main issue in selection of candidates from various ligands
targeting a protein with promising disease linkage. This is a consequence of the high
financial and time costs of assessing putative drug interactions with a target molecule
using laboratory-based high-throughput screening methodologies, making it difficult
to target them by traditional approaches of medicinal chemists using small molecules.
The use of in silico modelling and ligand-binding assessments make possible the
assessment of drug targets which would not previously been prioritised owing to the
lack of a viable market to offset the costs of drug development.
Use of bioinformatic methods, as used here, allows rapid screening of large numbers
of possible ligands, consequently identifying the most suitable compounds which can
be used for further development (chorismate inhibitors here). This approach can also
be used in other microorganisms and parasites of medical concern such as
Pneumocysti carinii, Mycobacterium tuberculosis, Cryptosporidium parvum and
Toxoplasma gondii (De Voss et al., 2000; Roberts et al., 2002), because of the
similarity between the VabC model investigated here and other proteins responsible
for chorismate synthesis in other pathogens (Pitchandi et al., 2013). The information
obtained using the CSDB database suggested that chorismate synthase contributes to
pathogenicity in about forty bacterial species (Pitchandi et al., 2013).
The information obtained here is useful for designing a chorismate synthase drug
target in terms of both suitable ligands as well as the structure of the target protein
(Tzin & Galili, 2010), confirming the utility of the databases and software used here
to provide good results in the prediction of active site residues, in addition to indication
of relevant druggability scores. Success in obtaining an inhibitor of chorismate
synthase in V. anguillarum would open the door to obtaining inhibitors for chorismate
synthases in other pathogenic microorganisms, such as M. tuberculosis, where
chorismate also plays role in the shikimate metabolic pathway, shown to be essential
for pathogenicity of this microorganism (Reichau et al., 2011). The significance of
these results may also be extended to E. coli, where chorismate also plays an important
role in siderophore production by this pathogenic bacterium (Lemaître et al., 2014)
and Salmonella enterica serovar typhimurium, where chorismate contributes to
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enterobactin and salmochelin production (Williams et al., 2006). Furthermore, it
should not be forgotten that this pathway also has important roles reported in fungi,
plants and apicomplexan parasites (Fernandes et al., 2005), but is absent in mammals,
including humans (Fernandes et al., 2005), therefore making chorismate-utilizing
enzymes attractive antimicrobial drug targets due to their central role in bacterial
survival and virulence, alongside the absence of negative interactions in vertebrate
hosts (Fernandes et al., 2005). This makes the chorismate biosynthesis pathway an
excellent target for the design of new antibacterial agents (Belete et al., 2019).
Conclusions
There was loss in virulence of most V. anguillarum O1 high virulence strains after
long-term preservation in 15% glycerol between 1995 and 2016. This loss in virulence
was both from high virulence to low virulence, as well as from high virulence to
moderate virulence. Some strains also maintained their high virulence, but with an
extended time needed to reach high mortality levels in host fish compared to prestorage. The main distinction between those strains which lost their virulence and
those which maintained their virulence, was that no siderophore was produced from
low virulence strains, related with loss of the virulence plasmid, whereas all virulent
strains retained the plasmid and produced siderophores. V.anguillarum O1 was shown
to use several types of carbon source to produce siderophores. All these assessments
were performed using CAS media which was shown to be useful to differentiate
between high and low virulence strains, as long as the low virulence is caused by
disruption in siderophore production.

However, CAS media cannot be used

differentiate between high and moderate virulence strains, as both produce similar
results.
The presence of the virulence plasmid was not linked with antibiotic resistance. Both
virulent and non-virulent strains presented similar results regarding antibiotic
susceptibility tests. Using iron chelators can, however, increase the effects of some
antibiotics against V. anguillarum O1. For instance, EDTA has an antimicrobial effect
against V.anguillarum O1. However, the strains harbouring the virulence plasmid can
survive more dose of iron chelators due to their ability to produce siderophores. The
exposure of V. anguillarum O1 strains to CuCl2 can motivate their growth under iron
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limitation conditions made by EDTA. This is an indication of the possibility for copper
to support the growth of V. anguillarum O1 and help establish the infection inside the
host. This is a previously undescribed effect of copper, particularly relevant in
contaminated environments, in addition to its effect on host susceptibility to V.
anguillarum O1.
A promising strategy to overcome increasing antibiotic resistance in V. anguillarum
O1 may be to target the iron uptake system encoded siderophore production. There is
an enzyme forming a part of the iron uptake system called VabC responsible for
chorismate biosynthesis. This protein was shown, through in silico bioinformatic
analysis, to have an active binding pocket and good druggability score in the binding
site and it looks an attractive and promising drug target for several reasons. Firstly,
this single protein represents a critical point in the siderophore biosynthesis pathway.
Secondly, by interrupting this point of the siderophore pathway, both types of
siderophore produced by different V. anguillarum serotypes (plasmid-encoded
anguibactin and chromosome-encoded vanchrobactin) can be inhibited. Thirdly, the
VabC protein itself showed encouraging results in terms of pocket prediction,
druggability and docking interaction with several ligands. Control of this pathway
might, therefore, also open the door to controlling other microorganisms and parasites
which use the same strategy in their pathogenicity.
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Future work
1-The quality control of certain microorganisms stock culture should include screen
some particular characters or the gene encodes these characters.not only screen the
availability of the culture.
2- Improve quantification methods to support more aquert results for the quantity
amount of siderophore produce by bacteria. This helps to outline the relationship
between the level of mortality and the amount of siderophore production by bacteria.in
front of this produces a pure standard for both types of siderophores produce by
v.anguillarum to use in chromatography instruments such as GC and GC-MS.
3- Apply iron and metal chelators on aquacultural to improve the antimicrobial effect
for some antibiotics and overcome the antibiotic resistance issue. This requires more
study to understand the interaction between iron chelators and fish to avoid the
potentially harmful interactions between these substances and different fish tissues.
4-Targeting the iron uptake system encoded siderophore production is a promising
strategy to control pathogenic microorganisms. This strategy needs to model and
produce PDB files for several proteins, which play a key role in the siderophore
production pathway. This is will supply more information about the mechanism of
biosynthesis of this molecule and gave further opportunities to control this virulence
factor by producing siderophore pathway inhibitors. Furthermore, another door that
needs to be investigated is the delivery of the antibiotic and vaccine by using the
siderophore receptor inside the cell.
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Appendix 1: Morphological and biochemical characteristics of V. anguillarum
O1
Table A1.1: The morphological and biochemical characteristics for tested isolates of
V.anguillarum O1
V.anguillarum O1 strains

Virulence*

Test

Result

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

ONPG

+

28,50,68,82(B),39(C),84(D) (B), (C), (D)

ONPG

+

77, 83,87,94

(E)

ONPG

+

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Lysine
decarboxylase

_

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Lysine
decarboxylase

_

77, 83,87,94

(E)

Lysine
decarboxylase

_

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Argininedehydrolase +

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Argininedehydrolase +

77, 83,87,94

(E)

Argininedehydrolase +

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Ornithine
decarboxylase

_

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Ornithine
decarboxylase

_

77, 83,87,94

Ornithine
decarboxylase

_

(E)
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Table. A1.1 (continued)

V. anguillarum strains

Virulence

Test

Result

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Simmons’ citrate

v

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Simmons’ citrate

_

77, 83,87,94

(E)

Simmons’ citrate

v

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Catalase

+

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Catalase

+

77, 83,87,94

(E)

Catalase

+

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Indole

+

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Indole

+

77, 83,87,94

(E)

Indole

+

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

H2S production

_

28,50,68,82(B),39(C),84(D) (B), (C), (D)

H2S production

_

77, 83,87,94

(E)

H2S production

_

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Urease

_

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Urease

-

77, 83,87,94

(E)

Urease

_

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Nitratereduction _

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Nitratereduction _

77, 83,87,94

Nitratereduction _

(E)
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Table. A1.1 (continued)
V. anguillarum strains

Virulence

Test

Result

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Gelatinase

+

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Gelatinase

+

77, 83,87,94

(E)

Gelatinase

+

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Methyl Red

_

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Methyl Red

_

77, 83,87,94

(E)

Methyl Red

_

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

VogesProskauer +

28,50,68,82(B),39(C),84(D) (B), (C), (D)

VogesProskauer +

77, 83,87,94

(E)

VogesProskauer +

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Glucose

+

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Glucose

+

77, 83,87,94

(E)

Glucose

+

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Sorbitol

+

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Sorbitol

+

77, 83,87,94

Sorbitol

+

(E)
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Table. A1.1 (continued)
V. anguillarum strains

Virulence

Test

Result

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Saccarose

+

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Saccarose

+

77, 83,87,94

(E)

Saccarose

+

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Mannitol

+

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Mannitol

+

77, 83,87,94

(E)

Mannitol

+

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Arabinose

+

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Arabinose

+

77, 83,87,94

(E)

Arabinose

+

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

TryptophanDeaminase -

28,50,68,82(B),39(C),84(D) (B), (C), (D)

TryptophanDeaminase -

77, 83,87,94

(E)

TryptophanDeaminase -

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Amygdalin

v

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Amygdalin

v

77, 83,87,94

(E)

Amygdalin

v

25, 32, 39, 55, 76, 67, 79,
89, 129, 131

(A)

Rhamnose

-

28,50,68,82(B),39(C),84(D) (B), (C), (D)

Rhamnose

-

77, 83,87,94

Rhamnose

-

(E)

*A= 100 % Mortality rate (High virulence); B= 75% (Moderate); C= 50% (Moderate); D= 25%
(Moderate); and E= 0% Mortality (Low virulence).
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Appendix 2: DNA sequences of RS1 transposon checking point of vabF gene :

>F1_Sadegh_Dec15 Sample_Name=569103 Chromat_id=479072 Read_id=466332
Version=1 Length=914
GTATTCGTATCTCCAAACATTAGTTTGATTGGTAGTGAAGCCATACCACAAAAG
CTTTGGTCCCGTGTGAGTGAGTTTCCCGAACTGCTGATGGAAAACTTTTATGG
ACTAACAGAATTTACGGTTGATGCGATCAGCGCTTCGCTTGATGGTTAGGAATT
TCAATCCTAACCATCAAGTTTGGCAGGCGAAGTAAATCTCCTGTTTGAGTCGTG
AGCGTTTGCTGAAAGTGAGATAATTAGGTCGTTTTACCAGCAGTTTGGGTATTT
TTTCCACTCATTTACTAAATTTAGACGGACTTATCCTACGCAGCTACGCTTAATC
GCCGCGCTTCGCGCATGCTCATTCGACGACTATCCAATAGTTCATCATTTTTCG
GACCTTTCATAAAACCTGTAAATTCCATTCTGCCTCCGCATAGCACACACTGGT
ACGGGTCATTGCCTGTAAAACCTTTGTATTGTTTGGCATACGTGAGCGGCTCA
GCCTGTTCCAGACTCTTCTTTTCTAACGCTAAATACACCAAAGGAAGTAGGCG
CCCTCGTTTTCTGTTGGACAGAAAACCATAGTAACGCACCATTTTAAAATGGTG
CTGCGGGATATGACTCACGTACCGTAATATCATCTCTTCCTGCGTCAACGTCTT
CGTTTTATGGGTTCCGTCTCGATGGTCTAGATACTTAAAGACTACCGTTCCCCC
GCTATAATGACGCAGCCTCGATGCGGATATCGGTGGGCGCTTCAAGTAACGA
CACAGATAATTCACCGTTTGCTTTAGCACTTTCGTTTTTTTTTGCAAAGTGAATA
TTCCAGTAGCGCTGATATTGACGCTCTAAGAAGAATTCCATTGACGGTAACAAT
AGAATGTGAAGGGTGGTCGACGCGGAAAAATAAAGAATATCCCATCTTGATAT

>F2_Sadegh_Dec15 Sample_Name=569107 Chromat_id=479050 Read_id=466147
Version=1 Length=875
ACGTCGCATCACACATTAGTTTTGATTGGTAGTGAAGCCATACCACAAAAGCTT
TGGTCCCGTGTGAGTGAGTTTCCCGAACTGCTGATGGAAAACTTTTATGGACT
AACAGAATTTACGGTTGATGCGATCAGCGCTTCGCTTGATGGTTAGGAATTTCA
ATCCTAACCATCAAGTTTGGCAGGCGAAGTAAATCTCCTGTTTGAGTCGTGAG
CGTTTGCTGAAAGTGAGATAATTAGGTCGTTTTACCAGCAGTTTGGGTATTTTT
TCCACTCATTTACTAAATTTAGACGGACTTATCCTACGCAGCTACGCTTAATCG
CCGCGCTTCGCGCATGCTCATTCGACGACTATCCAATAGTTCATCATTTTTCGG
ACCTTTCATAAAACCTGTAAATTCCATTCTGCCTCCGCATAGCACACACTGGTA
CGGGTCATTGCCTGTAAAACCTTTGTATTGTTTGGCATACGTGAGCGGCTCAG
CCTGTTCCAGACTCTTCTTTTCTAACGCTAAATACACCAAAGGAAGTAGGCGCC
CTCGTTTTCTGTTGGACAGAAAACCATAGTAACGCACCATTTTAAAATGGTGCT
GCGGGATATGACTCACGTACCGTAATATCATCTCTTCCTGCGTCAACGTCTTC
GTTTTATGGGTTCCGTCTCGATGGTCTAGATACTTAAAGACTACCGTTCCCCCC
GCTATAATGACGCAGCCTCGATGCGGATATCGGTGGGCGCTTCAGGTAACGA
CCCAAATAATTCACCGATTGCTTTAGCACTTCTATTTTTTTCGCAAAGTGAATAT
TCCATCGCCGCTGATACCGACTCCTCTAACAAGAAATCCTCACTGACCGCAAA
TATCACTTCTGATGGGC
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>F3_Sadegh_Dec15 Sample_Name=569109 Chromat_id=479046 Read_id=466189
Version=1 Length=879
CACTTTATAGTCCACACATTAGTTTTGATTGGTAGTGAAGCCATACCACAAAAG
CTTTGGTCCCGTGTGAGTGAGTTTCCCGAACTGCTGATGGAAAACTTTTATGG
ACTAACAGAATTTACGGTTGATGCGATCAGCGCTTCGCTTGATGGTTAGGAATT
TCAATCCTAACCATCAAGTTTGGCAGGCGAAGTAAATCTCCTGTTTGAGTCGTG
AGCGTTTGCTGAAAGTGAGATAATTAGGTCGTTTTACCAGCAGTTTGGGTATTT
TTTCCACTCATTTACTAAATTTAGACGGACTTATCCTACGCAGCTACGCTTAATC
GCCGCGCTTCGCGCATGCTCATTCGACGACTATCCAATAGTTCATCATTTTTCG
GACCTTTCATAAAACCTGTAAATTCCATTCTGCCTCCGCATAGCACACACTGGT
ACGGGTCATTGCCTGTAAAACCTTTGTATTGTTTGGCATACGTGAGCGGCTCA
GCCTGTTCCAGACTCTTCTTTTCTAACGCTAAATACACCAAAGGAAGTAGGCG
CCCTCGTTTTCTGTTGGACAGAAAACCATAGTAACGCACCATTTTAAAATGGTG
CTGCGGGATATGACTCACGTACCGTAATATCATCTCTTCCTGCGTCAACGTCTT
CGTTTTATGGGTTCCGTCTCGATGGTCTAAATACTTAAAGACTACCGTTCCCCC
GCTATAATGACGCAGCCTCGATGCGGATATCGGTGGGGCGCTTTCAGGTAAC
GACACCAGATAAATTCACCGTTTGCTTTAGCACTTTCTTTTTTTTTGCAAGAGAA
TATTCCAGCCACCGCTGATAGTGACCCTCTAATAAGAAGCTCCATCGACGGTA
ATTATTGAATGTGCAGGGG
>R1_Sadegh_Dec15 Sample_Name=569104 Chromat_id=479057 Read_id=466170
Version=1 Length=1244
AACAATCGGGAATTGCGACTTTAACGACGACACAAACGTTCTGCTGTCATACTT
GGCTGGTTGAGGTAGCCCTTTGCTAACCCCGCACCCGATAAATAAAGCTCACC
CACCTCACCAATAGCAACAGGCTCTAAATTTTCATCAAGCACGTAAACACAAGC
ACCGGCAATTGGTCGACCAATGACAGGCGATGCATCTGCATCAAGTTAGCGAT
GCTACGCATCGAGCTAGGGCGCTGTTAATTCATTAATATTCTTATTATTCATAGT
GCGTTATCCTATCCTTACATTACCTTCCTCTAGATTTTTACGTGGTTCAATACTC
AGGTCGTAGACGTCGCCACCACACACTAAAAGAATTTGTTCCCCGCGCAACGA
AACTCCTATTTGAAAAAGACAACGCTTGGGAAAAAGTGCTTTGGAAACACGCT
CAGACCTTCAGCCTTTGGCAAATCACTTGCGTGGAACGCATGCTCGCGTGCG
GCACCAATATGATGGGCGCCAAACACTACGATTGCGGAACATCTAATTGCCCG
CACACTAAGGTCGTCTGTCAAAGCTGCAAGACGAAGGCTTGCAGCTCTTGTGG
TACGAAATCCACCGAGCAATGGATACACACTCAGCTCGATGTCATGCCTGATT
GTGAGCACCAGCACATCACCTTCACTATGCCGAGCGAGCTATGGCCCATCTTC
GAAGCCAATCCTACATTACTCAATGATTTGTTCTCTCTTGCAGCCGACACGCTG
TTAGAGTGGGCAAAAAAGCATGGACTTGAAGTGGGGATATTCGGTGCCCTTCA
TACTTATGGCCGAGCCCTCAACTGGCATCCACACATCCATTTATCGGTTACCC
GTGGAGGGTTAGATAAACACAATAACTTGGAAGCTTATCTATTTTAAAAAGAAA
CTGTCGAGTATCACTGGCGGCGCACTCTCATCTAGGCTTTCTTAAAACAAAAAT
AACGACGACCTCAACTTATCCACATCGACCACCCCATCCCCATTCAATAATTAA
CCGGTCAATGGAAACTTCCTTCTTAGATCGTCATTATCAGCGCTACGGGCAAA
TACTCCATCTTTGCAAAAAAAAACCGAAACGTGCTAATATCAAACCGGGGGAAT
TACTTGGGTCCGTTACTCTGCAACGCCCCCACCCGACATATCCGCACTGCGTA
GGGCGTGCGCGGTTACTTATTTATAGAGCCGGGGCGGGTACCTGGCTACGG
GCTCTTCTTTGAAGGAA
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>R2_Sadegh_Dec15 Sample_Name=569108 Chromat_id=479048 Read_id=466171
Version=1 Length=867
TACAGATCGGCTGTAGACGCTCCGTCGACCAAACGTTCTGCTGTCATACTTGG
CTGGTTGAGGTAGCCCTTTGCTAACCCCGCACCCGATAAATAAAGCTCACCCA
CCTCACCAATAGCAACAGGCTCTAAATTTTCATCAAGCACGTAAACACAAGCAC
CGGCAATTGGTCGACCAATGACAGGCGATGCATCTGCATCAAGTTAGCGATG
CTACGCATCGAGCTAGGGCGCTGTTAATTCATTAATATTCTTATTATTCATAGTG
CGTTATCCTATCCTTACATTACCTTCCTCTAGATTTTTACGTGGTTCAATACTCA
GGTCGTAGACGTCGCCACCACACACTAAAAGAATTTGTTCCCCGCGCAACGAA
ACTCCTATTTGAAAAAGACAACGCTTGGGAAAAAGTGCTTTGGAAACACGCTC
AGACCTTCAGCCTTTGGCAAATCACTTGCGTGGAACGCATGCTCGCGTGCGG
CACCAATATGATGGGCGCCAAACACTACGATTGCGGAACATCTAATTGCCCGC
ACACTAAGGTCGTCTGTCAAAGCTGCAAGACGAAGGCTTGCAGCTCTTGTGGT
ACGAAATCCACCGAGCAATGGATACACACTCAGCTCGATGTCATGCCTGATTG
TGAGCACCAGCACATCACCTTCACTATGCCGAGCGAGCTATGGCCCATCTTCA
AAGCCAATCCTACATTACTCAATGATTTGTTCTCTCTTGCAGCCGACACGCTGT
TAGAGTGGGCAAAAAAGCATGGACTTGAAGTGGGGATATTCGGTGCCCTTCAT
ACTTATGGCCGAGCCCTCAACCTGGCATCCACACATCCATTTATTGGTTACCC
GTGGAGGTTTAGCTA
>R3_Sadegh_Dec15 Sample_Name=569110 Chromat_id=479044 Read_id=466178
Version=1 Length=1178
ACGGATCTAGGATGCGACTGCCTTCGCCACGTTCTGCTGTCATACTTGGCTGG
TTGAGGTAGCCCTTTGCTAACCCCGCACCCGATAAATAAAGCTCACCCACCTC
ACCAATAGCAACAGGCTCTAAATTTTCATCAAGCACGTAAACACAAGCACCGG
CAATTGGTCGACCAATGACAGGCGATGCATCTGCATCAAGTTAGCGATGCTAC
GCATCGAGCTAGGGCGCTGTTAATTCATTAATATTCTTATTATTCATAGTGCGTT
ATCCTATCCTTACATTACCTTCCTCTAGATTTTTACGTGGTTCAATACTCAGGTC
GTAGACGTCGCCACCACACACTAAAAGAATTTGTTCCCCGCGCAACGAAACTC
CTATTTGAAAAAGACAACGCTTGGGAAAAAGTGCTTTGGAAACACGCTCAGAC
CTTCAGCCTTTGGCAAATCACTTGCGTGGAACGCATGCTCGCGTGCGGCACC
AATATGATGGGCGCCAAACACTACGATTGCGGAACATCTAATTGCCCGCACAC
TAAGGTCGTCTGTCAAAGCTGCAAGACGAAGGCTTGCAGCTCTTGTGGTACGA
AATCCACCGAGCAATGGATACACACTCAGCTCGATGTCATGCCTGATTGTGAG
CACCAGCACATCACCTTCACTATGCCGAGCGAGCTATGGCCCATCTTCGAAGC
CAATCCTACATTACTCAAATGATTTGTTCTCTCTTGCAGCCGACACGCTGTTAG
AGTGGGCCAAAAAAGCATGGACTTGAAGTGGGGATATTCGGTGCCCTTCATAC
TTATGGCCGAGCCCTTAACTGGCATCCACACATCCATTTATCGGTTACCCGTG
GAGGGTTAGATAAACACAATACTTGTAAGCCTATCTATTTTAAAAAAGAAACAT
GTCGAAGTATTCACTGGGCGGCGCCACTTCTCATCTAGGCTTCCTCAGAACTG
AAATTACGAACGACCTCCACCTTTATTTCACCATCGACAACTCTTACCTTTCAAT
ATTATCCTGTCATGTGAACCTTTCCTCTTTAGAGCGTCTATTATCAGTCGCTATA
CTGGTAATTATTTTATTTTTTGCCAAAATAAATCCATAGTGTGCCTAAGGGCACA
CGCGTTGCAATTTTATTCTTTGGGTTCTGAGTTATACCTCGAAAACGGACTTC
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Appendix 3: Supporting outputs from bioinformatic analyses
Table A3.1: Details of the top ranked domain model fitting templates used in model
construction of the VabC protein.
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Table A3.1 (continued)
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Table A3.2: PoQ2 quality assessment for secondary structure of VabC protein form amino
acid primary sequence.
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Table A3.3: The largest pocket in VabC as detected by the fpocket2 tool (residues in red
colour indicate the position of the pocket.
Pocket residues (n = 51): SER20 S, LYS 21 K, VAL 23 V, SER 25 S, PRO 70,GLU 71 E,LEU 86 L, ALA 87
A, GLY 88 G, SER 89 S, ARG 90 (R), PRO 91 P, LYS111 K, D112 , N114, GLU 115 E, H116, T147, M148,
HIS 150 H, HIS174 H, P175, T176, ALA 178 A, VAL 179 V, ARG 199 R, F202, THR 203 T, G204, M205,
VAL218 V, VAL 219 V, T220, ILE 221 I, ARG 222(R), PHE 234(F), ALA 235 A, GLY 236 G, ALA 237 A,
GLY 238 G, I239,V240,N241, E242, S247, E248,D250, GLU 251 E, A254, 255 LYS (K).
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Table A3.4: Druggability and pocket characteristics in the VabC protein prediction made by
PockDrug software.
pockets

Vol. Hull

Hydroph.
Kyte

Polar
Res

Aromatic
Res

Qtyr
atom

Nb
res

Drugg
Prob

Standard
deviation

P2

877.09

-0.94

0.64

0.21

0.02

14.0

0.42

0.01

P3

1041.57

0.19

0.5

0.15

0.00

20.0

0.87

0.02

P1

2031.19

-1.44

0.74

0.0

0.0

23.0

0.19

0.02

P0

4677.32

-0.45

0.52

0.1

0.0

52.0

0.66

0.02

P7

253.05

-2.17

0.56

0.0

0.0

9.0

0.18

0.0

P4

505.31

0.29

0.6

0.3

0.0

10.0

0.93

0.04

P8

491.95

-0.67

0.55

0.09

0.0

11.0

0.34

0.03

P6

556.0

0.02

0.55

0.18

0.0

11.0

0.82

0.03

P5
382.63
0.09
0.42
0.08
0.0
12.0
0.75
0.03
Vol. Hull* = Volume Hull; Hydrophob. Kyte*= Hydrophobic Kyte; Polar Res.*= Polar Residues Proportion;
Aromatic Res.*= Aromatic Residues Proportion (F, Y, H, W); Drugg Prob*= Druggability Probability; Nb.
Res.*= Number of pocket residues. (Small pockets having less than 14 residues).

198

Figure A3.1: Close-up views of 3D cloud representation of pockets in VabC binding site
produced by PockDrug software. Colour coding: P0 = blue; P1 = red; P2 = aquamarine; P3 =
yellow; P4 = green; P5 = light green; P6 = purple; P7 = light blue; P8 = magenta.

P5

P8

P1

P0
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Figure A3.1 (continued)

P7

P5

P7

P1
P4
P8
P0

P3
P2

P6

200

Figure A3.2: Pockets in VabC predicted by DoGSiteScorer software.

Pocket ID
P-0
P-1
P-2
P-3
P-4
P-5
P-6
P-7
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Figure A3.3: Conservation analysis for the 10 amino acid residues closest to the active site
domain of VabC protein: Leu86; Ala87; Gly88; Ser89; Arg90; His150; Gly200; Arg222;
Gly238; and Lys255.
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Figure A3.3 (continued)
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Figure A3.3 (continued)

Relative conservation analysis for (LYS 255).
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Figure A3.4: Mutational sensitivity for residues: a) Leu86; b) His150; c) Arg222.
a

b

c
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Table A3.5: Hydrogen bond interactions between the VabC active site and candidate ligands.
LIGANDS+
vabc
chorismate
CINNMIC
ACID
CYG
Citric acid
ISJ
TRY
VCE
RVD
FMT
SM
ChLorgenic
acid
GLU
tartaric acid
SUG
SCN
Pocket
Drug score

Resid.
energy

H-S
LYS
21
-3.5

H-M
SER
31

H-M
ASP
37

H-M
ARG
40

H-M
LEU
41

H-S
ASN
44

H-S
GLU
71

H-M
LEU
86

-3.5

-3.5
-6.8
- 3.1
-3.5

-3.5
-3.5

H-M
ALA
87
2.5

H-M
GLY
88
-6.9

H-S
SER
89

H-S
ARG
90

H-M
GLN
110

H-S
LYS
111

H-S
ASP
112
-5

-6.6

-3.7

- 4.6

- 10

P1

P1

0.18

0.18

-6.8
-6.9

-3.5
-2.9

-3.1
-2.5
-3.5
-2.5

-3.4

P1
0.18

/

-9.5

/

-3

/

-3
-3

-2.5
-2.5
P3

-2.5
P3

0.87

0.87

P2

P4

/

-3.5
P2

0.42

0.93

/

0.42
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-7.8

- 2.5
-7.6

P3,p0
0.87,
0.66

-7.5
-3.5

-3.5

P3

P1,p8
0.18,
0.34

0.87

Table A3.5 (continued)
LIGANDS+
vabc

Resid.
energy

Co3
GOL
CS
TGD

H-S
LYS
21

H-M
ASP
37

H-M
ARG
40

H-M
LEU
41

H-S
ASN
44

H-S
GLU
71

H-M
LEU
86

H-M
ALA
87
-2.7

- 2.8
- 3.5
- 2.7

Pocket

P1

Drug score

0.18

LIGANDS+
vabc

H-M
SER
31

Resid.
energy

H-S
HIS
150

chorismate

-5.8

CYG

-7

Citric acid

-5

TRY

-6.5

VAE
SAL
RVD
Pocket
Drug score

-8

/

H-S
HIS
174

/

H-M
THR
175

/

H-M
THR
176

P2

P4

0.42

0.93

H-M
ALA
178

/

H-M
ARG
184

E-S
ARG
184

H-M
GLY
88
- 5.6
- 8.7
- 6.7

H-S
SER
89
- 2.5
-4
- 2.5
- 2.5

H-S
ARG
90

P3,p0
0.87,
0.66

P3

P2

P3

P3

0.42

0.87

0.87

H-S
TYR
188

H-M
LYS
192

H-M
GLU
195

H-S
LYS
111

H-S
ASP
112

-3

0.87

H-S
GLU
195

P1,p8
0.18,
0.34
H-M
PHE
197

P1

P1

0.18

0.18

H-M
ASP
198

H-M
ARG
199

-2.5

-2.5

P8
0.34

H-M
GLN
110

P3
0.87

P3
0.87

P3
0.87

P0,p3
0.66,
0.87

/

/
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P0
0.66

P4
0.93

P4
0.93

-2.5

P4
0.93

P4
0.93

-3.4

P4
0.93

P1
0.18

Table A3.5 (continued)
LIGANDS+
vabc
FMT
PYRUVATE
CPS
SM
RVA
RVB
CIMETINE
RVE
BENZOIC
ACID
Imidazole
tartaric acid
PEG
DTU
SCN
Co3
GOL
CS
TGD

Resid.
energy

H-S
HIS
150
-6.5

H-S
HIS
174

H-M
THR
175

H-M
THR
176

-7

-7

- 2.5

H-M
ALA
178

H-M
ARG
184

-3.5

E-S
ARG
184

H-S
TYR
188

H-M
LYS
192

H-M
GLU
195

H-S
GLU
195

H-M
PHE
197

-2.5

-2.5

-2.5

-5

- 3.5

- 3.5

H-M
ASP
198

H-M
ARG
199

-3

-12.8
-5.1
- 8.3

-7
-9.6

-3.5
-7
-2.5
-3.5

-3.4

-3.5

-3.5

P0

P4

0.66

0.93

-7

-12.5
-2.5

-2.5
-3.5

P4

P4

P4

P4

P1

0.93

0.93

0.93

0.93

0.18

-3
-3.5
- 3.5
- 2.9
- 5.5

Pocket

P8

P3

P3

P3

Drug score

0.34

0.87

0.87

0.87

P0,p3
0.66,
0.87

/

/
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Table A3.5 (continued)
LIGANDS+ vabc

Resid.
energy

H-M
GLY
200

H-M
THR
203

H-M
GLY
204

H-M
THR
220

H-S
ARG
222

H-M
ARG
222

H-M
GLY 236

H-M
GLY
238

H-S
LYS
255
-3.4

chorismate
CINNMIC ACID

- 10.9

CYG

-3.3

- 2.9
-3.5

Citric acid

-9.1

-9.1

VCE

-8.1

-3.5

RVA
RVB
RVC
RVE
ISJ
SIN
ISJ
Benzoic eacid
Benzofuran
Imidazole
tartaric acid
SCN
SUG
PGE
CO3
PEG
DTU
CO3
CIMETINE
CS
Pocket
Drug score

-4.9
-3.5
-13.2

-3.5

-11.8

-3.6

-3.1
-6.5

-3.5

-3.5
-3.5

-7

-7

-6.5

-3.5

-6.5

-3.5
-2.5
-4.9

-3.3

-6.8

-7.3

-3.5

-3.5
-3.5

-5.3

-5.4

- 3.5

P4
0.93

P3
0.87

- 3.5

- 4.4

P3
P3,p8
P2
0.87 0.87,0.34 0.42

P2
0.42
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- 7.2

P0,p2
P0
0.66,0.42 0.66

P2
0.42

Table A3.5 (continued)
LIGANDS+
vabc

GLU
ACT
GOL
TRY
VAE
SAL
RVD
FMT
SM
Pocket
Drug score

Resid.
energy

H-M
GLY
200

H-M
THR
203

H-M
GLY
204

H-M
THR
220

H-S
ARG
222

H-M
ARG
222

H-M
GLY 236

-10.5

-3.5

-3.5

H-M
GLY
238

H-S
LYS
255

-3.5

- 6.9
- 3.5

-5.5
-5.3

-10.5

-3.5

-10.5

-2.8

-3.5

-2.9
-7

-7
-3.5
-7

P4
0.93

P3
0.87

P3
0.87

P3,p8
0.87,
0.34

P2
0.42

P2
0.42
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P0,p2
P0
0.66,0.42 0.66

P2
0.42

Table A3.6: Van der Waals interactions between VabC active site and candidate ligands.
LIGANDS+
vabc

Resid.
energy

V-S
LYS
21

V-S
LEU
30

V-M
SER
31

V-M
ASP
37

V-M
ARG
40

V-S
LEU
41

chorismate
SIN
CYG
Citric acid
ISJ or ISC
TRY
VCE
RVD
FMT
SM
RVC
ChLorgenic
acid
tartaric
acid
SUG
CO3
GOL
CS
ISC
SC
ISJ
Pocket
Drug score

V-M
LEU
86

V-S
LEU
86

V-M
ALA
87

V-M
GLY
88

-10.2
-4

-4.6
-4.3
-7.9

-7.5
-4.1
-7.2
-6
-4

-4.7

-6.2
-6

-7.6
-4.3

-4.7
-4.1
-6.2
-4.7
-4.1
-4.2
-6.3
-6.8

-5

-4.6

-11.3

-6

/

/

P2
0.42

V-M
SER
105

V-S
THR
109

V-S
GLN
110

-13.9

-6.6

-9.7

-5.2

P3,p0
0.87,
0.66

P3
0.87

P1,p8
0.18,
0.34

P1
0.18

-5.8
-5.4

-4.5

-4.2

/

V-S
ARG
90

-8.2
-5.8

P1
0.18

V-M
SER
89

P4
0.93

- 4.3
-5.3
- 3.1
/
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- 4.9
- 6.9
- 4.6
- 5.3
-4

-5.7
-8

- 5.6

P2
0.42

P3
0.87

P3
0.87

Table A3.6 (continued)
LIGANDS+
vabc

Resid.
energy

V-M

V-M

ALA
178

VAL
179

CINNMIC
ACID
ISJ

-4.3

-4

VCE

-6.8

V-S
LYS
111

V-S
ASP
112

chorismate

SUCCINIC
ACID (SIN)
SAL
PYRUVATE
FMT
DHEE
CPS
SM
DHEE
RVA
RVB
RVC
BENZOIC
ACID
BENZOFURAN
Imidazole
Pocket
Drug score

V-S
GLU
115

V-M
GLU
115
-4.6

V-S
GLU
122

V-S
HIS
150

V-S
HIS
174

H-M
THR
176

V-S
TYR
188

V-S
TYR
182

V-M
PRO
183

V-S
PRO
183

V-M
ARG
184

V-S
ARG
184

V-S V-S
ARG LYS
185 192

-6.4

- 6.6
-4.6
-5
-5

-3.4
-2.5

-4.3
-4.5
-5.5

-5.1

-4.3

-7

-7.6

-11.6

-7.7

-8.9

-7.1

-7.1

-4.7

- 9.1

-4.3
-4.7
P4
0.75

-7.8

P1
P1
0.18 0.18

P0
0.37

P1
P9
0.18 0.5

P3
0.9

P3
0.9
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P4
P4
P0
0.76 0.76 0.37

P1
P1
0.28 0.28

P1
/
0.28

/

/

Table A3.6 (continued)
LIGANDS+
vabc

SUJ
CIMETINE
PEG
SCN
Co3
GOL
CS
SC
Pocket
Drug score

Resid.
energy

V-S
LYS
111
-11.7

V-S
ASP
112
-5.4

V-S V-M
GLU GLU
115 115

V-S
GLU
122

V-S
HIS
150

V-S
HIS
174

H-M
THR
176

V-M

V-M

ALA
178

VAL
179

V-S
TYR
188

V-S
TYR
182

V-M
PRO
183

V-S
PRO
183

V-M
ARG
184

V-S
ARG
184

V-S V-S
ARG LYS
185 192

- 4.5
-4.1

- 4.5

-3
-4.2
- 4.1
- 4.3
- 5.9
P1
0.18

P1
0.18

P0
0.37

P1
P9
0.18 0.5

P3
0.9
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P3
0.9

-4.2 -4.2
4.5
P4
P4
P0
0.76 0.76 0.37

P1
P1
0.28 0.28

P1
/
0.28

/

/

P4
0.75

Table A3.6 (continued)
V-S
GLU
195
CINNMIC ACID
VAE
SAL
DHEE
RVB
CPS
RVB
BENZOIC ACID
BENZOFURAN
Imidazole
PEG
CS
SC
CIMETINE
Pocket
Drug score

V-M
VAL
197

V-M
ARG
199

V-S
ARG
199

V-M
ASP
198

V-S
ASP
198

V-M
ARG
199

V-M
ARG
199

V-M
GLY
200

V-S
TYR
201

V-M
PHE
202

V-S
PHE
202

V-M
THR
203

H-M
GLY
204

-9.6
-4.8
-4.6
-8.1
-7.
-4.8

-7.7

-5.8

-5
-4.9

-12.3

-5.9
-5.9

-5.5
-4.3

-5.1
-5.9

-6
-9
-5
- 4.6
- 5.2

P4
0.75

P4
0.75

P4
0.75

P4
0.75

- 5.7
P8
0.34

-6.8
P4
0.7
5

-8.2
P4
0.75
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-6.5
P4
0.75

P4
0.75

P4
0.7
5

P4
0.75

P4
0.75

-6.6
P4
0.75

P4
0.75

Table A3.6 (continued)
LEGANDS+ vabc

Resid.
Energy

V-S
VAL
219

V-M
THR
220

V-S
ILE
221

V-S
ARG
222

V-M
ALA
235

V-M
GLY
236

V-M
ALA
237

chorismate

V-M
GLY
238

, V-S
GLU
251

V-M
LYS
255

-5.1

-5.6
-6.6
-6.6

V-M
ALA
263

-4.3

-8.4

/

/

-5.5

CINNMIC ACID

-4.6

-7

CYG

-7.2

TRY

RVC
ChLorgenic acid
ACT
RVE
ISJ
SUG
PGE
PYRUVATE
GOL
CS
SC
ISC
VCE
VAE
RVD
FMT
DHEE
SM
SCN
Pocket
Drug score

V-M
ALA
262

-6
-4.3
-11.4
-7.1

-5.5
-4.5

-6.3

-4.7

-8.2
-5.1

- 4.1
-6.9
-9.6

-5.6

-7

- 4.9
-5.3
- 6.6
- 7.4
- 5.4

- 4.4
-4.4

- 5.1
-6
-9.1

-7.7
-5.4

-5.9

- 8.6
-8.6
-7.4
-4.1
-5.7

-4.9

-7.3

-5.9
-5.2
P3
0.92

P3,p8 P3
092
0.92

-8.3
P2
0.42

P2
0.90
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P2
0.92

P0
0.37

P0
0.37

P0
0.37

-7.7
-4.5
P2
0.42

Table A3.7: Electrostatic interactions between residues in the VabC chorismate binding site and candidate ligands
LIGANDS+ vabc

Resid.
Energy

E-S
His
20

E-S
ARG
90

E-S
ARG
92

CHORISMATE

E-S
ARG
284

E-S
ARG
222

-2.6
-3
-2.7

CYG
CITRIC ACID
ISC
TRY

-2.8
-2.7
-2.6
-2.9

-2.8
-2.6
-2.6

RVD

FMT
RVA
RVC
RVE
ISJ
TARTARIC
ACID
GLU
SIN
Pocket
Drug score

E-S
His
150

-3

E-S
LYS
255

-3.3
-2.8

-2.9
-2.8
-3.3

-4.7
-4.4
-7

-3
-3.6
- 2.6
P1
0.18

P3
0.87

P8
0.34
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/
/

P2
0.42

P2
0.42

- 2.6
P2
0.42

Table A3.8:
LEGAND + VABC

VDW

HBOND

ELEC

TARTRIC ACID (T1)
GLUTAMIC ACID

TOTAL
ENERGY
-84.45
- 84.34

-41.76
-51.47

-33.84
- 27.1

-8.84
- 5.77

SAL

70.9

-51.38

-17.23

-2.26

PGE

- 69.47

- 48.84

- 20.63

0

Imd
MSE

68.02
-66.59

26.03
- 38.9

-5.99
- 22.99

0
- 4.7

HYDROXY
CYCTINE
BENZOFURAN
DHEE

-64.73

-32.84

-26.61

-5.28

-62.73
-60.55

-35.84
-32.39

- 26.89
-28.16

0
0

DTU
GOL
PEG

-59.1
-56.06
- 56.1

-47.11
- 29.95
- 29.31

-11.47
-26.11
- 26.79

0
0
0

CPS

- 55.83

- 37.93

-17.9

0

SO4

-52.72

-17.77

-30.1

-4.85

PO4

-50.16

-15.29

-27.32

-7.55

PYRUVATE

-48.23

-35.34

-12.89

0

CO3

-43.64

-26.14

- 17.5

0

FMT
ACT
scn

-41.71
-41.18
-33.4

- 27.73
-21.24
-21.77

13.99
- 15.73
-11.62

0
-4.21
0

BENZOIC ACID

26.4

-26.2

-0.2

0
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Figure A3.5: Panels A to PP. Interaction between the VabC binding site and various
tested ligands. NB – key in footnote.

A: Chorismate

B: Chorismate

C: Cinnamic acid

D: Benzoic acid

218

E: Cimetidine

F: Citric acid

G: ISJ

H: TRP

I: VCE

J: VAE

219

K: SAL

L: DHE

M: CS

N: IMD

220

O: RVD

P: CPS

Q: SM

R: RVC

S: RVB

T: Chlorgenic acid CHL

221

U: FMT

V: RVE

W: ISJ

X: ISJ

Y: Benzofuran BEN

Z: Imidazole IMD

222

AA: Tartaric acid

BB: SUG

CC: PGE

DD: PEG

EE: DTU

FF: SCN

223

GG: CO3

HH: ACT

II: GOL

JJ: ISC

KK: ISC

LL: CSO (Hydroxy cysteine)

224

MM: TGD

NN: GLU

OO: Pyruvate PYR

PP: Succinic acid.

Green and grey colour represents the amino acids involved in hydrogen bonding and van der Waals
interactions respectively Cyan colour represents the corresponding ligand molecule, Energy =
vdW+Hbond+Elec.
Here, the vdW refers to van der Waal energy; Hbond refers to hydrogen bonding energy and Elect
refer to electro statistic energy.
-Green colour = amino acids involved in (H) hydrogen bonding
- Grey colour = amino acids involved in (V) van der Waals interactions
-Red colour = amino acids involved in E-S electrostatic interaction
M and S refer to main chain and side chain interactions, respectively.
-Energy unit (kcal/mol).
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