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Abstract

Yersiniosis caused by Yersinia. ruckeri and pasteurellosis caused by “Pasteurella atlantica gv.
salmonicida” are bacterial diseases presenting substantial welfare challenges for Atlantic
salmon in Norway. In recent years, these diseases have proliferated, emerging as concurrent

epidemics.

There are knowledge gaps related to the increase of these diseases. However, disease
outbreaks are often linked to stressful situations like transfer to sea or non-medicinal delousing.
Hence, there is a possibility that the widespread use of non-medical delousing in recent years
might have increased the vulnerability of salmon to infectious disease that extend beyond the
immediate physical harm to their skin and mucus layer. This study aims to investigate microbial
endocrinology as an underlying mechanism for exploring changes in virulence triggered by
stress, which may explain whether exposure to stress-hormones have contributed to the

increase of yersiniosis and pasteurellosis in Norwegian aquaculture.

In this study it was found that the stress-hormone noradrenaline influences the growth of Y.
ruckeri and “P. atlantica”. Noradrenaline was shown to act as a growth stimulator for these
bacterial pathogens, suggesting a potential link between stress-induced catecholamine release
and the increased outbreaks of these diseases in Norwegian aquaculture. The findings indicate
that noradrenaline concentrations ranging from 150 to 200 uM significantly enhance VY. ruckeri
growth in minimal media designed to mimic the host environment, and “P. atlantica” growth
in @ more nutrient rich media. Moreover, the study suggests that the presence of stress
hormones may contribute to the activation of virulence factors in bacteria, such as motility,

potentially leading to more severe infections.
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1. Introduction

1.1. Norwegian salmon farming

Since the beginning of Norwegian fish farming in the 1970s, the industry has experienced a
huge growth. In 2023, Atlantic salmon (Salmo salar) were exported for a total value of 122 312
billion NOK (Statistics Norway, 2024). This makes Norway the leading producer of Atlantic
salmon on a worldwide basis. However, the industry faces a number of challenges, with regard
to fish health, fish welfare, economics and the environment. Statistics from the Norwegian Fish
Health Report 2023 show that a total of 100.5 million Atlantic salmon over 3 grams died before
reaching slaughter size in 2023 (Sommerset et al., 2024). Noteworthy, the 2024 Risk report on
Norwegian fish farming presents a lower number, including only numbers of dead fish in the
sea phase of production, reporting 65 million dead Atlantic salmon before slaughter size in

2023 (Grefsrud et al., 2024). Regardless of the correct figure, the scale of losses is significant.

With regard to fish welfare, some of the biggest challenges are infectious diseases caused by
bacteria, parasites and viruses. In 2023, three health challenges stand out in farmed salmon,
specifically related to damages caused by delousing operations, complex gill disease and
winter-ulcer (Sommerset et al., 2024). Whereas the number of detections of severe viral
diseases has stabilized, the situation regarding bacterial diseases, such as yersiniosis and
pasteurellosis, has grown more concerning. In order to be able to continue the growth of

Norwegian fish farming, it is important to effectively address these challenges.

1.2. Bacterial diseases in Norwegian farmed salmon

Bacterial diseases in Norwegian farmed salmon have been a problem since the start of the
industry. In the 1980s, disease outbreaks were treated with large amounts of antibiotics
(Simonsen et al., 2020), but the introduction of oil-adjuvanted vaccines against furunculosis,
coldwater vibriosis and vibriosis at the beginning of the 1990s, and the implementation of
infection control measures resulted in the industry gaining control of several important
bacterial pathogens (Sommerset et al., 2005; Gulla et al., 2015). However, in recent years,
bacterial diseases have once again emerged as a significant problem (Sommerset et al., 2024).

There has been an increase in the number of diagnosed bacterial diseases, leading to both high



mortality rates and substantial economic losses. The reasons for this re-emergence are not

completely clear.

The Veterinary Institute’s Fish Health Report 2023 reveals that winter-ulcer, caused by the
bacteria Moritella viscosa and/or Tenacibaculum spp. presents the most significant health and
welfare problem related to bacterial disease in the Norwegian aquaculture industry
(Sommerset et al., 2024). Furthermore, a novel variant of epizootic pasteurellosis, caused by
“Pasteurella atlantica” (as yet invalid name), has become a rapidly escalating problem in
Atlantic salmon in Western Norway since 2018 (Gulla et al., 2023; Strgm and Nilsen, 2021).
Additionally, there are increasing outbreaks of yersiniosis, caused by Yersinia ruckeri, bacterial
kidney disease (BKD), caused by Renibacterium salmoninarum, tenacibaculosis, caused by
Tenacibaculum spp., mycobacteriosis, caused by Mycobacterium spp. and classical

furunculosis, caused by Aeromonas salmonicida subsp. salmonicida (Sommerset et al., 2024).

Yersiniosis is a systemic infection caused by the enterobacterium Y. ruckeri (Kumar et al., 2015).
Yersiniosis is considered primarily a disease of rainbow trout, but also affects farmed Atlantic
salmon worldwide (Riborg et al., 2022). The disease was first identified in Norway in 1985, and
historically considered a fresh-water disease. However, in recent times there have been more
frequent outbreaks at sea (Figure 1), with disease often occurring a long time after seawater
transfer in large fish (Sommerset et al., 2024). The situation however is complicated, and the
reason for the outbreaks are unsure, but studies show that thermal delousing significantly
boosts Y. ruckeri shedding from latent infections in salmon (Colquhoun et al., 2022). This may
indicate that outbreaks are connected to stress-related activation of sub-clinical infections.
Molecular biological studies suggests that Y. ruckeri genotype CC1, initially among several
genotypes linked to yersiniosis in Norway, has expanded its distribution and become
overwhelmingly dominant. This was likely due to the transportation of infected fish between
regions, along with the amplification of a particular invasin gene in genotype CC1 (Colquhoun

et al., 2022).
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Figure 1: Number of Y. ruckeri detections each year since 2004. The numbers are not directly comparable,
as numbers from 2020 include detections at private laboratories, while previous numbers are only based
on samples sent to the Norwegian Veterinary institute.

Pasteurellosis in Norwegian Atlantic Salmon, caused by bacteria currently considered as
belonging to the genus Pasteurella, was first discovered in 1989 (Sommerset et al., 2024). The
disease was originally named «Varracalbmi», which is Lappish for «bloodeye», because of
pronounced infection in the eye and orbit (Valheim et al., 2000). Disease outbreaks after 1989
have been rare, with sporadic occurrences in 2000 and 2012 (Sommerset et al., 2024).
However, from 2018 there has been a significant increase of cases, reaching a peak in 2020,
where a total of 57 localities with Atlantic salmon were affected (Figure 2) (Legard and Strgm,
2020). In recent years autogenous vaccines have been developed and widely used within the
affected areas, but the degree of protection in the field has yet to be documented (Sommerset

et al., 2024).

The most common genetic variant of Pasteurella in Norwegian Salmon is “Pasteurella atlantica
genomovar salmonicida” (Gulla et al., 2020). The species Pasteurella skyensis has also been
detected in Norway, but it is mainly associated with disease in Scottish Atlantic Salmon
(Birkbeck et al., 2002; Sommerset et al., 2024). In addition, the variant “Pasteurella atlantica

genomovar cyclopteri” is associated with disease in lumpsucker (Alarcon et al.,, 2016).
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Figure 2: Number of “P. atlantica” detections each year since 2004. The numbers are not directly
comparable, as numbers from 2020 include detections at private laboratories, while previous numbers are
only based on samples sent to the Norwegian Veterinary institute. The slight decrease in 2022 may be
explained by vaccination over the past few years.

Winter-ulcer is primarily associated with infection by the bacterium Moritella viscosa
(Sommerset et al., 2024). Infection of this bacterium may be systemic (Lgvoll et al., 2009). In
addition, bacteria belonging to the genus Tenacibaculum spp., which causes tenacibaculosis,
may act as coinfection with M. viscosa, but then almost exclusively as surface infections (Smage
et al., 2018). Winter-ulcer from M. viscosa, known as classical winter-ulcer, develops mainly on
the lateral surface of the fish, but in challenge experiments, the bacterium has been shown to
enter the gill tissues and blood stream very quickly (Lgvoll et al., 2009). The lesions resolve and
heal if the water temperature rises above approximately 10 °C, or at low salinity.
Tenacibaculosis is most commonly associated with acute disease in smolts, recently transferred
to seawater (Smage et al.,, 2016). It generally manifests as deep lesions around the tail, jaw,
head, and as fin erosions. Losses associated with winter-ulcer relate to both degrading due to
presence of lesions in the finished products and direct mortality. The disease also represents a
serious welfare problem (Sommerset et al., 2024). Norwegian farmed Atlantic salmon are
commonly vaccinated with a multivalent core vaccine containing M. viscosa antigens (Furevik

et al.,, 2023). Despite this, there have been several reports in recent years of winter-ulcer



disease outbreaks in vaccinated fish. Currently, no commercial vaccines exist against

Tenacibaculum-infections (Sommerset et al., 2024).

Classical furunculosis is an infectious disease caused by Aeromonas salmonicida subsp.
salmonicida (Park et al., 2020). It was first discovered in Norwegian fish farming in 1964, after
import of Danish rainbow trout (Johnsen and Jensen, 1994), but it didn’t become a problem
until 1985, subsequent to an introduction of salmon smolts from Scotland (Garseth et al.,
2022). The disease can cause significant mortality among salmonid fish, both in freshwater and
in marine environments. Occasionally, other fish species like turbot and lumpsucker have also
experienced effects. Salmonid fish can also carry A. salmonicida subsp. salmonicida without
displaying symptoms (Gauthier et al., 2021). In the early 1990s, vaccination programs and
infection hygiene measures significantly contributed to the control of the disease, which mostly
disappeared (Berg et al., 2006; Sommerset et al., 2024). Today, due to ongoing vaccination, the

disease is well-managed, however, outbreaks still occur.

BKD is a notifiable, serious, and chronic disease in salmonids, caused by the bacterium
Renibacterium salmoninarum (Madhun et al., 2024). It was first identified in Norway in 1980 at
five different localities, in offspring from wild broodstock salmon (Poppe et al., 1999). Although
BKD has only been sporadically detected in recent years, the situation worsened significantly in
2023 (Sommerset et al., 2024). The disease is of great concern due to the lack of effective
medicinal treatments and vaccines, and the long latency period between infection and disease

outbreaks (Poppe et al., 1999).

1.2.1. Yersinia ruckeri

Y. ruckeri is a Gram-negative enterobacteria, with a coccoid-rod morphology (Davies and
Frerichs, 1989). Several different serotypes exist, but only serotypes O1 and O2 are commonly
associated with disease in fish. Both flagellated and motile, and non-flagellated and non-motile
strains occur (Riborg et al., 2022). Since lipase secretion relies on the flagellar export apparatus
(Evenhuis et al., 2009), motility and lipase phenotypes are genetically linked with non-motile
strains lacking lipase activity (Welch et al.,, 2011). Non-motile, lipase negative strains are
commonly termed Biotype 2 (BT2), whereas motile, lipase-positive strains are commonly

termed Biotype 1 (BT1) (Riborg et al., 2022).



The bacterium is readily cultured from clinically sick fish. Y. ruckeri is a relatively fast-growing
bacterium that can be cultured on blood agar or TSA. After approximately 48 hours of

incubation at 22 °C off-white, non-haemolytic colonies of 2-4mm in size appear.

The vast majority of Norwegian isolates belong to BT1, and there appears to be a general
agreement in the industry that biotype BT1 is more virulent than biotype BT2 (Riborg et al.,
2022). BT1 is identified by its motility, when suspended in a drop of saline and observed by
phase-contrast microscopy or stab-inoculated into semi-solid motility agar. BT2 isolates can be
identified by plating on Tween-80 plates. BT1 produces a clear zone of hydrolysed tween 80
while BT2 does not (Welch et al., 2011).

1.2.2. «P. atlantica»

The taxonomic placement of fish pathogenic Pasteurella have been uncertain (Gulla et al.,
2023). The sequencing results comparing Norwegian Pasteurella isolates with Pasteurella
skyensis show a sufficient difference to classify them as two distinct species. However, the
minimal genetic difference between the isolates causing disease in Atlantic salmon and
lumpsucker in Norway suggests that they belong to the same species (Gulla et al., 2020). A
forthcoming taxonomic proposal from Nilsen et al. clarifies that all fish pathogenic “Pasteurella”
species will be taxonomically replaced to genus Phocoenobacter. The sub species causing
disease in Atlantic salmon will be named Phocoenobacter atlantica subspecies salmonicida,
while the sub species causing disease in lumpsucker will be named Phocoenobacter atlantica
(Duncan, personal communication, 2024). However, in this study, “P. atlantica gv. salmonicida”
will refer to the subspecies causing disease in Atlantic salmon in Norway, and “Pasteurella

atlantica gv. cyclopteri” will refer to the subspecies causing disease in lumpsucker in Norway.

“P. atlantica gv. salmonicida” is a Gram-negative, pleomorphic rod-shaped, facultative
anaerobic and non-motile bacterium (Valheim et al., 2000). It is slow-growing and requires
blood-components and NaCl to grow. The bacterium grows on blood agar with 2% NaCl, and
appears as visible small, opaque and grey colonies within 48 hours at 22°C. At longer incubation

increased alpha-haemolysis may be observed (Gulla et al., 2023).

“Pasteurella atlantica gv. cyclopteri” is a Gram-negative, non-motile, pleomorphic rod-shaped
bacterium. Under aerobic and fermentative conditions, they produce acid from D-glucose
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(Alarcén et al., 2016). While isolates from lumpsucker and Atlantic salmon in Norway are
phenotypically highly similar, it appears to be considerable host specificity in these two

genomovars (Gulla et al., 2023).

1.3. The salmon louse (Lepeophteirus salmonis) and delousing

The farming industry in Norway encounters several health challenges, and some are greater
than others. Salmon lice (Lepeophteirus salmonis) are among the biggest health challenges, and
managing the parasite represent significant financial expenses for the industry (Sommerset et
al., 2024). Traditionally, salmon lice have been treated with chemical agents such as hydrogen
peroxide, pyrethroids, avermectins and organophosphates (Aaen, 2016). The frequent use of
chemotherapeutants over many years has led to the development of resistant salmon lice,
resulting in decreased treatment effectiveness and increased resistance (Fjgrtoft et al., 2021).
Starting in 2015, non-medicinal treatments became the preferred delousing methods due to
these resistance issues (Overton et al., 2018). Overall, thermal treatment is the most common
non-medicinal treatment method, but also mechanical lice removal using water pressure

and/or brushes, and freshwater treatment is widely used (@stevik et al., 2022).

In recent years, the regulations on combating salmon lice have become stricter, primarily to
protect wild salmon populations (Vormedal, 2023). Increased frequency of treatment and
increased use of non-medicinal treatment methods have led to a significant increase in
economic expenditures (Sommerset et al., 2024). Although physical delousing can have positive
results, there exists a substantial risk of inducing stress and injuries of the fish, or potentially

mortality.

Fish subjected to physical delousing may suffer various damages such as shell loss, skin
bleeding, wounds, fin damage and eye damage (Sommerset et al., 2024). In addition, the
process of physical delousing is a great stressor for the fish as the fish are crowded, pumped
and handled. A study carried out by the Institute of Marine Research (IMR) in Norway in 2023
examined the delousing effect and welfare effect of mechanical, thermal and freshwater
treatment, both alone and in combination (Bui et al., 2023). The findings showed that all the
treatments results in reduced fish welfare, but that the handling rather than the treatment

itself is the most important reason for poor welfare. In connection with crowding in the farming



cage, before the delousing itself, there is a substantial risk of inducing stress in the fish (Espmark
et al., 2015). The stress can cause injuries, supress the immune system and induce death. The

external injuries can also act as a gateway for pathogenic agents.

Starting in 2016, it is important to note that along with acute mortality, many farms now
maintain emergency harvest boats on-site due to the heightened risk of delayed mortality
(Barret etal., 2022). This change in delousing practices, underscores the importance of carefully

considering the welfare implications and stressors associated with salmon delousing.

1.4. Microbial endocrinology

Microbial endocrinology is an interdisciplinary research field that is defined as the intersection
between microbiology and neurobiology (Freestone and Lyte, 2008). The field revolves around
the shared production and recognition of structurally identical hormones by prokaryotic and
eukaryotic organisms, creating a common evolutionary language that allows them to
communicate with each other. Until the late 1900s, these two seemingly unrelated disciplines
were not traditionally linked or considered relevant to infectious disease, but in more recent
times microbial endocrinology has been extensively explored in various host-microbe systems
(Lyte, 2016). These mechanisms enable infectious bacteria to detect stress-induced conditions
within the host, triggering physiological changes that enhance their virulence and pathogenicity

(Alksne and Projan, 2000; Defoirdt, 2013; Yang et al., 2014).

1.4.1. Stress and infectious disease

Stress is a natural response to challenging circumstances. In response to stress, endocrine
glands, particularly the adrenal glands, release stress hormones, such as catecholamines, into
the bloodstream to modify the individual’s internal environment (Dutt et al., 2023).
Catecholamines are a group of tyrosine-derived effector compounds consisting of a catechol
group (a benzene ring with two hydroxyl groups) and an opposing amine side chain (nitrogen-
containing) (Molinoff and Axelrod, 1971). In normal circumstances, catecholamines play crucial
roles in various physiological functions, seen in Figure 3, including regulating cardiovascular

function and blood flow by increasing heart rate and force of each heartbeat, as well as



influencing metabolism by serving as a rapid energy source when glycogen is broken down to
glucose in the liver. In addition, catecholamines initiate the acute stress-response, called the
fight-or-flight response, preparing the body to respond to stressors (Nguyen, 2020). Typically,
the catecholamines noradrenaline, adrenalin and dopamine are recognized as the fight-or-

flight hormones.
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Figure 3: Key functions of catecholamines. The catecholamines are released from endocrine glands. Figure
made with BioRender.

In fish, the catecholamines adrenaline and noradrenaline are released into circulation, primarily
from chromaffin cells in the adrenal gland (Reid et al., 1998). The production and release of
catecholamines in fish follow similar pathways as in mammals, triggered by a wide range of
environmental and internal stressors (Mazeaud et al., 1977). One of the primary roles of plasma
catecholamines is to regulate respiratory and cardiovascular function, to maintain adequate
oxygen levels in the blood. Additionally, catecholamines mobilize energy reserves to meet

energy demands (Reid et al., 1998).



It is widely acknowledged that short-term stress responses are important to maintain
physiological stability (Fast et al., 2008). However, the constant and chronic presence of stress,
even in milder forms, can have harmful effects on various aspects such as growth, immune
defences and reproductive capabilities. Studies conducted on domestic rats, mice, birds and
monkeys have shown that even routine and gentle handling during cage cleaning can induce
significant stress, fear and potentially distress to which the animals did not readily adapt to
(Balcombe et al.,, 2004). These studies highlight the considerable scientific and ethical
implications associated with the utilization of animals in laboratory research. Although one
might be inclined to assume that fish are not susceptible to emotional or psychological
stressors, there is indirect evidence suggesting that teleosts also have some form of cognitive

response to stimuli (Cerqueira et al., 2017).

The influence of stress on the development of infectious diseases can disrupt the equilibrium
among the three key elements of the epidemiological triad; the agent, the host and their
environment (Figure 4) (Lyte, 2004). The development of infectious disease is dependent upon
unfavourable interaction between all three elements (Guijarro et al., 2015). Due to the well-
established role of stress in the pathophysiology of infections, interactions between bacteria
and the catecholamine family of stress-related molecules have gained the most attention. The
catecholamines dopamine, noradrenaline and adrenaline are recognized as the key markers of
stress. However, other neurohormones can also significantly affect infectious agents
(Freestone and Lyte, 2008). In this study, noradrenaline is chosen since most literature indicates
that this is the most stimulating hormone (Burton et al., 2002; Nguyen, 2020; Delshad et al.,
2019).
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Figure 4: Development of infectious disease relies on the unfavorable relation between the elements of the
epidemiological triad. Figure made with BioRender.

1.4.2. Possible association between microbial endocrinology and delousing

Physical delousing adds a significant contribution to the already stressful conditions endured
by industrially farmed salmon today, clearly leading to the secretion of catecholamines. Thus,
we have reason to suspect that the broad implementation of physical delousing may have
increased the susceptibility of salmon to infectious disease through a series of harmful
consequences that extend beyond the immediate physical damage to their skin and mucus
layer. Catecholamines may as such, aside from their role in inducing immunosuppression, also

stimulate to shedding and virulence of pathogens.

1.4.3. Mechanisms of how catecholamines impact bacterial growth and virulence

Exposure to stress triggers the release of catecholamines into circulation, which in turn affects
immune responses (Ottaviani and Franceschi, 1996). It is believed that host stress affects the
outcome of interactions between host-pathogen, weakening the host’s immune system.

Notably, in terrestrial animals, microbial endocrinological processes have been demonstrated
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to play a central role in the pathogenicity of numerous bacterial pathogens, including members

of the families Yersiniaceae, Pasteurellaceae and Aeromonadacea (Freestone et al., 2007).

Bacteria can utilize stress-related human neuroendocrine hormones as environmental signals
to identify their presence within the host (Freestone et al.,, 2007). A study showed that
noradrenaline and adrenaline were recognized by Escherichia coli serotype 0157:H7 sensor
kinase QseC, confirming that there is cross-communication between the catecholamine host
signalling system and quorum sensing system in bacteria (Clarke et al., 2006). Consequently,
this can lead to physiological changes in the bacteria, like increased growth and pathogenic
processes. Evidence of the involvement of catecholamines in pathophysiology include research
on Gram-negative species such as E. coli, where in vitro demonstrations with dopamine,

noradrenaline and adrenaline stimulated growth of the bacteria (Freestone et al., 2007).

Mechanisms of how catecholamines enhance bacterial growth are based on the catecholamine
itself as a growth stimulator and the ability of bacteria to use iron from the catecholamines
(Freestone and Lyte, 2008). Iron is one of the most essential nutrients for growth of bacterial
pathogens (Skaar, 2010). Since most host tissues exhibit limited iron, infectious bacteria often
use a strategy where they produce and utilize siderophores (phenolates, carboxylates,
catecholates and hydroxamates), which are molecules that bind and transport iron from the
environment to cells (Kramer et al., 2020). However, siderophores often struggle to obtain iron
from proteins such as lactoferrin in mucosal secretions and transferrin in blood (Freestone and
Lyte, 2008). Lactoferrin and transferrin each have two iron-binding sites per molecule, allowing
them to bind iron very tightly (Kramer et al., 2020). Research has shown that catecholamines
share the chemical structure of many siderophores, where they can facilitate bacterial
acquisition and more easily access lactoferrin and transferrin. This mechanistic process involves
the reduction of ferric iron (Fe3*) tightly bound within transport proteins to ferrous iron (Fe?*),
whose affinity for these proteins is lower, making it more available for bacterial uptake (Delshad
et al., 2019). The availability of ferrous iron significantly enhances bacterial cell growth, and

hence can be considered a growth stimulator for bacteria.

Another mechanism of how catecholamines may affect bacterial growth is the production of
an autoinducer. Freestone and Lyte (2008) named this growth stimulator the norepinephrine-

induced autoinducer (NE-Al). The NE-Al induces its own synthesis and exhibits broad cross-
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species activity. It has the capacity to promote bacterial proliferation to a comparable extent

as the catecholamines (Freestone and Lyte, 2008).

Despite the limited understanding of microbial endocrinology in fish, a few studies have
discovered the effects of catecholamines on fish pathogens. Nguyen (2020) and Delshad (2019)
found that exposure to catecholamines enhanced growth rate, biofilm formation, iron
sequestration and virulence in the fish pathogen Y. ruckeri. In addition, Gao et al. (2018)
investigated the growth response of Aeromonas hydrophila to noradrenaline, and Khansari et
al. (2017) explored the effect of stress hormones on the cytokine response of rainbow trout
(Onchorynchus mykiss) and gilthead sea bream (Sparus aurata) infected with Vibrio
anguillarum. The studies revealed predominantly non-linear response patterns, with the most
substantial phenotypic alterations triggered by the lowest tested doses in certain
circumstances, suggesting the potential presence of positive feedback regulation (Khansari et

al., 2017).

1.4.4. Catecholamine effect on bacterial gene expression

While reports suggest that catecholamines affect bacterial virulence gene expression, only a
few studies have explored how stress-related catecholamine neurohormones globally

modulate bacterial gene expression.

Bansal et al. (2007) assessed the gene expression profiles of E. coliin a biofilm exposed to either
noradrenaline or adrenaline using DNA microarrays. Despite differences in culture medium and
growth levels compared to the host environment, both catecholamines upregulated genes
associated with surface colonization and virulence (Freestone and Lyte, 2008). More than 900
genes showed differential expression, with approximately half showing similar responses to
both catecholamines. Notably, genes involved in various cellular processes were influenced,
but intimin adherence protein (eae) genes remained unchanged in expression after exposure

to either of the catecholamines (Bansal et al., 2007; Freestone and Lyte, 2008).

Another study conducted by Dowd (2007) found that E. coli 0157:H7 serotype, cultured in a
minimal medium with noradrenaline, led to differential regulation of 101 genes, compared to
controls without noradrenaline. The genes included the Shiga toxins stx1 and stx2. These results
support earlier findings that norepinephrine boosts Shiga-like toxin production in E. coli

13



0157:H7 and suggests that increased noradrenaline levels during acute stress may enhance the

bacterium’s virulence in vivo (Freestone and Lyte, 2008; Dowd, 2007).

1.5. Minimal media and bacterial inoculum size

Central to demonstrating the in vitro effect of any neuroendocrine hormone on bacterial
growth is the use of a medium that closely mimics the in vivo environment (Freestone and Lyte,
2008). Traditional rich microbial media, like LB and TSB, do not stimulate the stressful
conditions microorganisms face upon entering a host. Consequently, using such media may not
accurately demonstrate how bacteria respond to catecholamines in vivo. A selective medium
such as serum-SAPI (Lyte and Ernst, 1992), could serve as a suitable host-like medium for
studying bacterial catecholamine effects. Serum-SAPI provides conditions similar to that found
inside a host, exposing bacteria to limiting factors such as restricted nutrient availability and
iron limitation (Skaar, 2010; Lyte and Ernst, 1992). In the current study, initial experiments with
Y. ruckeri and “P. atlantica” were conducted in serum-SAPI-medium with different inoculants.

If growth was limited, subsequent tests were performed in serum-TSB-medium.

Furthermore, when conducting studies related to microbial endocrinology, it is essential to use
a bacterial inoculum that precisely mimics the infectious dose encountered in vivo (Freestone
and Lyte, 2008). Typically, the initial inoculant present in a real-life infection range from 10 to
102 CFU/ml (Lyte and Ernst, 1992). Maintaining sufficiently low levels of inocula is crucial. Even
when using a host-like media such as serum-SAPI, the inoculum often proliferates too quickly,
leading to difficulties in evaluating the response of a specific catecholamine (Freestone and

Lyte, 2008).

1.6. Background and aims of the study

The reason for the increasing emergence and re-emergence of several bacterial diseases in
farmed salmon is unclear. Ongoing population studies based on genome analysis have not
uncovered evolutionary changes in the pathogens that can, in isolation, account for the
increasing trend of diseases (Riborg et al., 2022). However, studies on Norwegian Y. ruckeri

have discovered amplifications of the virulent yrilm gene spanning from 2005 to present day
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(Colguhoun et al., 2022). This could potentially signify evolutionary processes, yet it might also
be a result of delousing making an ideal basis for rapid evolution of virulence (Riborg et al.,
2022). Although warmer oceans and other consequences of anthropogenic climate change
could potentially play a role in the prevalence of infectious diseases in marine fish, it is worth
mentioning that seawater temperatures along the Norwegian coast did rise between 1990 and
2009, but have since stabilized (Albretsen and Asplin, 2023). It is also unlikely that the
alterations in the host fish are a contributing factor, as farmed salmon have been systematically

bred for decades, primarily to enhance disease resistance.

There is need for research in microbial endocrinology in problematic fish pathogens. Microbial
endocrinology offers a mechanistic framework for investigating alterations in virulence
triggered by stress, and may furthermore allow us to explore the implications for infectious
disease outbreaks. The target of this study was set to:
- Clarify if exposure to stress-hormones during physical delousing may have contributed
to the increase in bacterial diseases in Norwegian farming seen in recent years.
- Examine the effect of stress-hormones on growth and phenotypic characteristics of
selected fish pathogenic bacteria.

- Examine the effect of stress-hormones on bacterial gene expression.

15



2. Materials and methods

2.1. Bacterial strains storage and cultures

The bacteria isolates used in these experiments are listed in Table 1, including an isolate of E.
coli, which was used for the initial introductory experiment. Bacterial cultures were prepared
from cryopreserved stocks stored at -80°C in Microbank™ vials with cryopreservative and 2D
barcodes (Pro-Lab). Prior to use in experiments the isolates were checked for purity, by direct
transfer from freezer cultures to agar cultures at temperatures shown in Table 3. Additionally,

identity was confirmed by MALDI-TOF (see section 2.6).

Table 1: Bacterial isolates used in this study.

Bacterial species Strain number From species
Escherichia coli Clinical isolate Sus scrofa domesticus
“Pasteurella atlantica gv. salmonicida” 11639 Salmo salar

Yersinia ruckeri, CC1, BT1 10705 Salmo salar

Yersinia ruckeri, CC2, BT1 11000 Onchorynchus mykiss

2.2.Catecholamines

In this study, noradrenaline from Sigma-Aldrich, St. Louis, was used. It was made up in MQ-
water and sterile filtered using 45-micron filters to a standard of 0.02M. Specifically, 5 ml of the
noradrenaline solution was drawn into a syringe, after which a 45-micron filter was attached to
the syringe’s nozzle. The solution was then carefully expelled though the filter to ensure it was

sterile before use.
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2.3. Medium preparation

In this study, a SAPI culture medium (Table 2), as described by Lyte and Ernst in 1992 (Lyte and
Ernst 1992), supplemented with 30% adult bovine serum (Figure 5) was used. The use of a large
and consistent batch of serum is important due to the difference in serum quality from one
animal to another. Using the same serum batch across different experiments with E. coli, Y.
ruckeri and “P. atlantica” ensures the comparability of results. As per Lyte and Ernst’s research,
the basal medium consisting of various ingredients, facilitates the stability and effectiveness of
the catecholamines at a specified concentration. Serum contains the proteins transferrin and

lactoferrin which bind iron.

The basal salt solution was made up in 1 litre, according to Table 2, and dissolved in MQ water.
Subsequently, the pH was adjusted to 7.5, and the medium was autoclaved at 121°C for 15
minutes. After autoclaving, 30% [vol/vol] adult bovine serum and 10 mM HEPES buffer were
supplemented. This combination, specifically with 30% serum [vol/vol], is referred to as
SAPI_BS in this thesis. In addition, some experiments were carried out in different growth
media, due to initial problems with supply, including 20% [vol/vol] supplementation of adult
bovine serum, which is referred to as SAPI_20%BS. Following the preparation of the basal
medium, noradrenaline was prepared and added to the medium at a specified concentration.
It’s important to note that noradrenaline had to be used in experiments within 30 minutes due

to its short half-life (Kattan et al., 2024).

Table 2: Serum-SAPI medium-base recipe (SAPI) (Lyte and Ernst, 1992).

Substance Concentration Per litre (g)
(mM)

Glucose 2.77 0.50
(dextrose)

NH4NO3 6.25 0.50
KH2PO4 1.84 0.25

KCl 3.35 0.25
MgSOa 1.01 0.12

Figure 5: Adult bovine serum
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In addition to SAPI_BS, Tryptic Soy Broth (TSB), from DIFCO, As section for Media production,
supplemented with adult bovine serum was used in this study (TSB_BS). TSB_BS provides a
more nutrient-rich environment compared to SAPI_BS, enhancing the growth and metabolic
activity of bacteria. TSB_BS and SAPI_BS used in experiments with “P. atlantica gv. salmonicida”

is made up with 2% NaCl.

2.4.Incubation parameters

The bacterial isolates were cultured directly from -80°C to the respective agar, in specific
temperature and duration conditions, as detailed in Table 3. To confirm the identity and growth

of the targeted species, MALDI-TOF was used (section 2.5).

Table 3: Incubation parameters of bacteria

Bacterial species Plated on Incubation Incubation time
temperature (hrs)

Escherichia coli LB agar 37°C 24

Pasteurella atlantica gv. Blood agar with 2% NaCl 22°C 96

salmonicida

Yersinia ruckeri, CC1 Blood agar 22°C 48

Yersinia ruckeri, CC2 Blood agar 22°C 48

2.5.Spectrophotometry: optical density and cultivation-based determination of

bacterial density

The various bacterial isolates were incubated at different temperatures and times, as seen in
Table 3. After incubation, to avoid selecting single, possibly mutated colonies, three to five
isolated colonies were selected and suspended in physiological saline. Experiments with E. coli
and Y. ruckeri used physiological saline with 0.9% NaCl, while experiments with “P. atlantica”
used physiological saline with 2% NaCl. The suspension was then diluted until the optical

density at 600 nm (OD600) reached 1.0, which served as a standard point for all experiments.
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In instances where it was not possible to achieve the desired OD600 of 1.0, due to slow growth
of bacteria, the bacteria were still used in the experiments at the highest attainable optical

density.

OD was measured in a UV-spectrophotometer (Shimadzu UV-1800 UV-Vis
Spectrophotometer), set to a wavelength of 600 nm. Prior to each measurement, the
spectrophotometer was calibrated with physiological saline, or the same growth medium used
in the bacterial cultivation. Measurements were carried out by adding 1.0 ml of bacterial
suspension to 1.5 ml semi-micro plastic cuvettes (Brand), which were then placed in the

spectrophotometer and read.

To estimate the number of viable bacteria in the bacteria cultures in terms of colony forming
unites per millilitre (CFU/ml), a series of ten-fold dilutions was first prepared from the bacteria
culture, employing physiological saline (illustrated in Figure 6). Subsequently, 100 ul of each
dilution was transferred to agar, as described in Table 3, and evenly spread out using a sterile
“hockey-stick” spreader. The agar plates were incubated at temperatures according to Table 3,
until visible colonies were formed. The countable colonies on the agar plates were enumerated,

and CFU/ml in the original culture was determined using the formula (1):

Number of colonies per agar plate x Dilution factor

1. CFU/ml=
Volume transferred to agar
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Figure 6: lllustration of ten-fold serial dilutions, followed by plating on agar (duplicate plates per dilution).
Figure made with BioRender.

2.6. Bacterial identification

Matrix-Assisted Laser Desorption Time-of-Flight (MALDI-TOF) is a mass spectrometry-method,
that utilizes laser-induced ionization, for rapid identification of microorganisms in biotyping
(Wieser et al., 2011). The process involves transferring cultivated bacteria to a steel plate and
applying 1ul of a matrix solution containing formic acid. The matrix is important as it absorbs
the laser energy and contributes to transfer the energy to the sample without causing it to
decompose. The steel plate is then placed into a vacuum chamber for analysis (Maldi
Biotyper®). The vacuum chamber prevents interference from air molecules, which could affect
the accuracy of the analysis. Inside the vacuum chamber, short laser pulses irradiate the
bacteria sample, causing proteins to fragment and ionize (Bizzini et al., 2010). The resulting
molecular mass and the ionization patterns, especially those of ribosomal proteins, are
identified. Further on the obtained protein profile is compared to an extensive database of
reference spectra of microorganisms. An automated result-report is generated, providing a hit-
value that indicates the similarity between the sample and the database entries. This hit-value,
normalized between 0 and 3, quantifies the conformity of the identification (Wieser et al., 2011.

Hit-values greater than 2 are considered reliable proof of identification to the species level,
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while values between 1.70 and 1.99 are deemed less certain. Identification is unreliable if the

hit-value is below 1.70.

2.7. Bacterial phenotyping

This section outlines the methodology employed to examine the impact of noradrenaline
exposure on the phenotypic characteristics of bacteria. The objective is to interpret how
noradrenaline modulates bacterial behaviour through phenotypical changes. Phenotyping
groups organisms according to their similarities in properties, which is a result of the expression
of their genotype (Van belkum et al., 2014). In this study, phenotyping included assessments of

colony morphology, colour, growth and motility.

2.7.1. Growth assays with and without noradrenaline

The bacterial isolates were incubated according to Table 3. Subsequently, OD was measured,
and ten-fold serial dilutions, with plating on agar, were prepared from the bacteria culture

(section 2.5).

Thereafter, 5 ml of either SAPI_BS or TSB_BS were inoculated with 10 ul of bacteria from
dilutions 103 - 10°®, according to Figure 7. Sterile filtered noradrenaline solution (section 2.2)
was added to the inoculants, to desired concentration (25, 50, 100 or 200 uM). As a negative
inoculant-control, equivalent amount of sterile filtered distilled water was added. These

solutions were then incubated under static conditions, according to Table 3.
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Figure 7: lllustration of ten-fold serial dilutions, followed by inoculation and supplementing of
noradrenaline. Figure made with BioRender.

Different techniques were used to measure bacterial growth. Firstly, a visual examination of
the reagents was performed, measuring colour, pellet size and transparency. The tubes were
also gently shaken to observe the behaviour of fluid and substances. To measure bacterial
growth more precisely, OD and CFU were measured after incubation times, according to Table

3, as described in section 2.5.

In the subsequent phase of the study, the previously determined optimal concentration of
noradrenaline was used to identify the growth curve of Y. ruckeri, both with and without
noradrenaline supplementation. Over a period of 48 hours, replicates of Y. ruckeri inoculants,
each set with the optimal noradrenaline concentration or no noradrenaline, were incubated as
detailed in Table 3. The OD600 of these cultures were measured at three- and six-hour intervals

to monitor their growth dynamics.
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2.7.2. Oxidase test

The oxidase test is used to determine the bacteria’s ability to produce the enzyme cytochrome
¢, which participate in the electron transport chain. Based on the presence or absence of this
enzyme, the bacteria can be divided into two groups; oxidase positive or oxidase negative.
Oxidase positive bacteria have cytochrome c as part of their respiration, while oxidase negative
bacteria lack the enzyme. The oxidase test is performed by transferring a small quantity of
bacteria from an agar plate to a BBL™ DrySlide™ Oxidase slide (Becton Dickinson), using a
sterile loop. In the presence of the cytochrome c enzyme, the reagent (tetramethyl-p-
phenylenediamine dihydrocloride) is oxidised to indophenols, resulting in a distinct blue colour.
If the enzyme is not present, the reagent remains reduced and is colourless. The result is read

within 20 seconds.

2.7.3. Motility assay

In order to assess the impact of catecholamines on bacterial motility, semi-solid agar plates
containing 0.3% agar were used. Both 0.3% TSA supplemented with 30% adult bovine serum
and SAPI medium supplemented with 0.3% agar and 30% adult bovine serum plates were used.
Bacterial strain 10705 of Y. ruckeri with an optical density adjusted to 1.0 ABS at 600 nm, was
diluted in three ten-fold series. Each dilution was divided into two, with one half being exposed
to noradrenaline for thirty minutes, and the other half left untreated as a control. Furthermore,
to explore the effects of varying inoculant volumes, 10 pl from each treatment group was
spotted at the centre of the plates. Subsequently, the diameter of the motility zones was

measured after 8, 12, 16 and 20 hours of incubation at 22°C.
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3. Results

3.1. Proof of principal — E. coli pathogenic for swine

Preparation of inoculum

ABS 600 of the bacterial suspension before dilution, inoculation and incubation was measured
to be 1.021. After 24 hours of incubation, the number of colony-forming units (CFU) from the
bacterial dilution cultures were enumerated, and the CFU-concentration in the original
inoculation suspension was determined to be 1.0 x 10°. Accordingly, serial dilutions and CFU/ml

of the initial E. coli suspension are shown in Appendix 1.

Effect of noradrenaline on growth of E. coli

Table 4: CFU data of E. coli serial dilutions with and without 50 uM noradrenaline, after 24 hours
incubation in SAPI_20%BS. The concentration of the inoculant used, 2000 CFU/ml, refers to the final
concentration in CFU of the starting culture.

ouM 50 pM
Dilution CFU (avg.) | Standard error value CFU (avg.) Standard error value
1:101 0 0 Too many to count
1:10? 0 0 Too many to count
1:103 0 0 Too many to count
1:10* 0 0 1314 50
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Figure 8: Serial dilutions 1:10 — 1:104 (left to right) of E. coli, from inoculant 2000 CFU/ml treated with 50
UM noradrenaline (bottom two) and inoculant 2000 CFU/ml without any supplementation of
noradrenaline (upper two).

E.COLI GROWTH IN SAPI_20%BS WITH AND WITHOUT 50
LM NORADRENALINE, UNDER VARYING INOCULANTS,
AFTER 24 HOURS
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Figure 9: E. coli growth in SAPI_20%BS medium (10 uM inoculant in 5 ml SAPI_BS) with and without 50 uM
noradrenaline after 24 hours of incubation, under varying inoculants. The error bars which represent the
standard deviation of two replicates are too small to be visible.
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Figure 10: Visible differences in tubes treated with 50 uM noradrenaline (left) and untreated (right), after
24 hours, from initial culture density of 2000 CFU/ml E. coli in SAPI_20%BS.

The results demonstrate a positive effect of 50 uM noradrenaline on E. coli growth, in SAPI
supplemented with 20% adult bovine serum (SAPI_20%BS) at 37°C for 24 hours, as indicated
by an increase in both absorbance and CFU values. Specifically, the cultures with CFU/ml values
of 2000 and 200 showed significantly higher growth when treated with noradrenaline
compared to the negative controls (Figure 9). In addition, Figure 8 illustrates serial dilutions of
E. coli spread on blood agar, revealing a clear difference in CFU counts. The bottom two rows,
containing E. coli treated with 50 uM noradrenaline, exhibit a lawn of bacteria with no
individual colonies visible at the lowest dilutions and semi-confluent colonies at the higher

dilutions. In contrast, the plates with untreated E. coli showed no visible growth.

As seen in Figure 10, higher growth was apparent in the noradrenaline treated tubes, indicated
by the presence of a visible pellet and an opaque substance, compared to the more transparent
untreated inoculant. In addition, the treated tubes had precipitates floating in a helix-like
structure when gently shaken, whereas the untreated inoculant lacked any pellet formation. It
is also noteworthy that the colour of the inoculant treated with noradrenaline was darker

compared to the untreated inoculant, probably due to oxidation of the hormone.
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3.2. Yersinia ruckeri

Before any experiments, the identity of the bacterial isolates Y. ruckeri (CC1, BT1) strain number
10705, from Salmo salar, and Y. ruckeri (CC2, BT1) strain number 11000, from Onchorynchus
mykiss was confirmed. Colony growth consistent with Y. ruckeri was observed. This was

confirmed by MALDI-TOF analysis, with score values well above 2.00.

3.2.1. Effect of noradrenaline on growth

Several trials were conducted to evaluate the effects of noradrenaline on the growth of V.
ruckeri. These experiments were designed to explore how varying concentrations of
noradrenaline could influence bacterial proliferation, at an incubation temperature of 22°C for
up to 48 hours. The following results are divided into three sections; an initial assessment of
catecholamine stimulation at a concentration of 50 uM, identification of the optimal level
noradrenaline concentration for maximum growth stimulation, and a comparison of growth

curves between the optimal noradrenaline level and the control.

Initial assessment of catecholamine stimulation at a concentration of 50 uM

Experiment 1

ABS 600 of the bacterial suspension before dilution, inoculation and incubation was measured
to be 0.951. After 48 hours of incubation, the number of colony-forming units (CFU) from the
bacterial dilution cultures were enumerated, and the CFU-concentration in the original
inoculation suspension was determined to be 3.5 x 10°. Accordingly, serial dilutions and CFU/ml

of the initial Y. ruckeri suspension are shown in Appendix 2.

After 48 hours of incubation, the bacterial plates were examined, and colony growth consistent
with Y. ruckeri was observed. This was confirmed by MALDI-TOF analysis, with score values well
above 2.00, according to Table 5. In addition, further investigations revealed that the counted
isolates were oxidase negative. However, some plates were contaminated with the Gram-

positive Micrococcus luteus and the Gram-negative Pantoea agglomerans. Only a few
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contaminated colonies were present, which almost certainly had no impact on the absorbance

measured.

Table 5: MALDI_TOF Biotyper identification results.

Sample Name | Sample ID | Organism Score Organism (second- | Score
(best match) | value best match) value
C11 1-A Yersinia Yersinia ruckeri
ruckeri
(++4) (A) (standard)
D1 2-A Yersinia Yersinia ruckeri
ruckeri
(++4) (A) (standard)
D2 2-B Micrococcus Micrococcus luteus
luteus
(+++) (A) (standard)
D5 3-C Pantoea Pantoea
agglomerans agglomerans
(+++) (A) (standard) 99 99

Table 6: CFU data of Y. ruckeri serial dilutions with and without 50 uM noradrenaline, after 48 hours
incubation in SAPI_BS. The concentration of the inoculant used, 68 CFU/ml|, refers to the final
concentration in CFU of the starting culture.

OuM 50 uM
Dilution CFU (avg.) | Standard error value CFU (avg.) Standard error value
1:10° 352 50 Too many to count
1:102 3 2 Too many to count
1:103 0 0 Too many to count
1:10* 0 0 2540 420
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Figure 11: Serial dilutions 1:10-1:104 (left to right) of Y. ruckeri, from inoculant 68 CFU/ml. Bottom two
rows are treated with 50 uM noradrenaline, while upper two rows are not supplemented with
noradrenaline.
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Figure 12: Y. ruckeri growth in SAPI_BS medium (10 uM inoculant in 5 ml SAPI_BS)) with and without 50
UM noradrenaline after 48 hours of incubation, under varying inoculants. The error bars represent the
standard deviation of two replicates.



Figure 13: Visible differences in tubes treated with 50 uM noradrenaline (right) and untreated (left), after
48 hours, from initial culture density of 68 CFU/ml Y. ruckeri in SAPI_BS.

There was a positive effect of a concentration of 50 UM noradrenaline on VY. ruckeri growth, in
SAPI_BS at 22°C after 48 hours, as indicated by an increase in absorbance (Figure 12) and CFU
(Table 6). Specifically, reagents with CFU/ml values of 700 and 68, had a significantly higher
growth effect with noradrenaline, compared to the negative controls. In addition, Figure 11
illustrates serial dilutions of Y. ruckeri spread on blood agar, revealing a clear difference in CFU
values. The bottom two rows, which contain Y. ruckeri treated with 50 uM noradrenaline,
exhibit a lawn of bacteria, with an average plate count of 2540 in the highest dilution. In
contrast, the plates with untreated Y. ruckeri showed much less growth, with no colonies in the

highest dilution.

As seen in Figure 13, higher growth was apparent in the noradrenaline-treated tube due to the
presence of a visible pellet. When gently shaken, the noradrenaline-treated tube had
precipitates floating in a helix-like structure, whereas the untreated tube showed no sign of

precipitates/growth.
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Experiment 2

To further explore and validate the effects of noradrenaline at a concentration of 50 uM on the
growth of Y. ruckeri, the same experimental setup as in the previous experiment was

performed.

ABS 600 of the bacterial suspension before dilution, inoculation and incubation was measured
to be 1.130. After 48 hours of incubation, the number of colony-forming units (CFU) from the
bacterial dilution cultures were enumerated, and the CFU-concentration in the original
inoculation suspension was determined to be 2.30 x 10°. The serial dilutions, with standard
error values, and estimated CFU/ml in SAPI_BS of the initial Y. ruckeri suspension are shown in

Appendix 3.

Table 7: CFU data of Y. ruckeri serial dilutions with and without 50 uM noradrenaline, after 48 hours
incubation in SAPI_BS. The concentration of the inoculant used, 460 CFU/ml, refers to the final
concentration in CFU of the starting culture.

OouM 50 uM
Dilution CFU (avg.) | Standard error value CFU (avg.) Standard error value
1:103 2 1 Too many to count
1:10* 0 546 88
1:10° 0 62 2
1:10° 0 5 2

Figure 14: Serial dilutions 1:103-1:107 (left to right), from inoculant 460 CFU/ml without any
supplementation of noradrenaline (upper two) and inoculant 460 CFU/ml treated with 50 uM

noradrenaline (bottom two).
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Y. RUCKERI GROWTH IN SAPI_BS WITH AND WITHOUT
50 pM NORADRENALINE, UNDER VARYING
INOCULANTS, AFTER 48 HOURS
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Figure 15: Y. ruckeri growth in SAPI_BS medium (10uM inoculant in 5 ml SAPI_BS)) with and without 50
uM noradrenaline after 48 hours of incubation, under varying inoculants. The error bars represent the
standard deviation of two replicates.

The presence of 50 uM noradrenaline positively influenced Y. ruckeri growth in SAPI_BS at 22°C,
after 48 hours static incubation, as indicated by the increased absorbance (Figure 15) and CFU
counts (Table 7). In addition, Figure 14 illustrates that blood agar plates treated with 50 uM

noradrenaline had more colonies in every dilution, compared to untreated plates.
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Experiment 3

After observing a significant positive effect of 50 uM noradrenaline on Y. ruckeri growth in
SAPI_BS medium in previous experiments, this experiment was done to determine if similar
effects are observed in the more nutrient rich TSB_BS medium. Additionally, this experiment
observed the growth dynamics over a period of both 24- and 48 hours, to assess any time-

dependent effects of this experimental setup.

ABS 600 of the bacterial suspension before dilution, inoculation and incubation was measured
to be 0.992. After 48 hours of incubation, the number of colony-forming units (CFU) from the
bacterial dilution cultures were enumerated, and the CFU-concentration in the original
inoculation suspension was determined to be 4.00 x 10°. Accordingly, serial dilutions and

CFU/ml of the initial Y. ruckeri suspension are shown in Appendix 4.

Y. RUCKERI GROWTH IN Y. RUCKERI GROWTH IN
TSB_BS WITH AND WITHOUT TSB_BS WITH AND WITHOUT
50 UM NORADRENALINE, 50 UM NORADRENALINE,
UNDER VARYING INOCULANTS, UNDER VARYING INOCULANTS,
1 AFTER 24 HOURS 1 AFTER 48 HOURS
0.9 0.9
0.8 0.8
0.7 0.7
(=}
8 0.6 8 0.6
¥ 05 o 05
o
<0.4 < 0.4
0.3 0.3
0.2 0.2
0.1 l I . 0.1
0 0
8000 800 74 9.2 8000 800 74 9.2
Estimated initial inoculant density of final culture Estimated initial inoculant density of final culture
(CFU per ml) (CFU per ml)
B SAPI_Noradrenaline  m SAPI_Control B SAPI_Noradrenaline  m SAPI_Control
Figure 17:Y. ruckeri growth in TSB_BS medium (10 Figure 16: Y. ruckeri growth in TSB_BS medium (10
uM inoculant in 5 ml TSB_BS)) with and without 50 UM inoculant in 5 ml TSB_BS)) with and without 50
uM noradrenaline, after 24 hours of incubation, uM noradrenaline, after 48 hours of incubation,
under varying inoculants. The error bars represent under varying inoculants. The error bars represent
the standard deviation of two replicates. the standard deviation of two replicates.
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Figure 18: Serial dilutions 1:10-1:104 (left to right) of Y. ruckeri, from inoculant 800 CFU/ml treated with 50
UM noradrenaline (bottom row) and inoculant 800 CFU/ml without any supplementation of noradrenaline
(upper row).

The effect of a concentration of 50 uM noradrenaline on Y. ruckeri growth, in TSB_BS at 22°C
was measured both after 24 and 48 hours. According to Figure 17, the growth of Y. ruckeri
treated with 50 uM noradrenaline after 24 hours was non-significantly higher than the growth
of the untreated control. However, after 48 hours, the growth of both the treated and
untreated inoculants had all reached an ABS 600 of 1 (Figure 16). Furthermore, serial dilutions
of both treated and untreated Y. ruckeri, from initial inoculant of 800 CFU/ml, are seen in Figure

18, displaying similar bacterial growth on the blood agar plates.
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Identifying optimal level of noradrenaline concentration for maximum growth

stimulation of Y. ruckeri

Experiment 1

This experimental design identified the optimal concentration of noradrenaline that stimulates
maximum growth of Y. ruckeri. Initial experiments with 50 uM indicate that noradrenaline
positively influences bacterial growth. This experiment explored the effect across a range of

concentrations.

The ABS 600 of the bacterial suspension before dilution, inoculation and incubation was
measured at 1.048. After 48 hours of incubation, colony-forming units (CFU) from the bacterial
dilution cultures were enumerated, and the CFU-concentration in the original inoculation
suspension was determined to be 6.00 x 10°. Accordingly, serial dilutions and CFU/ml of the

initial Y. ruckeri suspension are shown in Appendix 5.

Table 8: CFU/ml after 48 hours incubation with concentrations of 0, 25, 50, 100 and 200 um
noradrenaline, from initial inoculant of 1200 CFU/ml.

Concentration (uM) 0 25 50 100 200

Noradrenaline

CFU (* 108) 1.20 | 2.60 6.10 6.50 8.30
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Y. ruckeri growth in Sapi_BS with 0-200 uM noradrenaline, after
48 hours, from initial inoculant 1200 CFU/ml of final culture
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Figure 19: Y. ruckeri growth in SAPI_BS with 0-200 uM noradrenaline after 48 hours of incubation, from
initial inoculant 1200 CFU/mI. The error bars represent the standard deviation of three replicates.

Y. ruckeri growth in Sapi_BS with 0-200 uM
Noradrenaline, under varying inoculants, after 48
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Figure 20: Y. ruckeri growth in SAPI_BS medium (10 ul inoculant in 5 ml SAPI_BS)) with and without 0-200

uM noradrenaline after 48 hours of incubation, under varying inoculants. The error bars represent the
standard deviation of two replicates.
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After 48 hours of incubation, Y. ruckeri cultures treated with 200 UM noradrenaline were
determined to stimulate maximum growth. According to Table 8 and Figure 19, the
noradrenaline concentrations of 0, 25, 50, 100 and 200 uM resulted in CFU/ml * 108 values of
1.20, 2.60, 6.10, 6.50 and 8.30, respectively, from an initial inoculant of 1200 CFU/ml in the
final SAPI_BS culture. In addition, Figure 20 illustrate that higher noradrenaline concentrations
stimulate more growth of Y. ruckeri, at different inoculants. The difference in absorbance is at
its most at initial cell count per ml of the final culture of 1200 and 120 CFU/ml, where a
concentration of 200 uM stimulates nearly three times the growth of Y. ruckeri, compared to

the untreated control.

Experiment 2

This follow-up experiment aimed to refine the optimal concentration range of noradrenaline

by testing higher concentrations.

ABS 600 of the bacterial suspension before dilution, inoculation and incubation was measured
to be 1.063. After 48 hours of incubation, the number of colony-forming units (CFU) from the
bacterial dilution cultures were enumerated, and the CFU-concentration in the original
inoculation suspension was determined to be 3.10 x 10°. The serial dilutions, standard error
values and corresponding CFU/ml in the SAPI_BS culture of the initial Y. ruckeri suspension are

shown in Appendix 6.
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Y. ruckeri growth in Sapi_BS with 0-
250 uM noradrenaline, from initial
6200 CFU/mI of final culture
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Figure 24:Y. ruckeri growth in SAPI_BS with 0-250
UM noradrenaline, from inoculant 6200 CFU/ml,
after 48 hours of incubation. The error bars
represent the standard deviation of three
replicates.
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Figure 22: Y. ruckeri growth in SAPI_BS with 0-250
UM noradrenaline, from inoculant 62 CFU/ml,
after 48 hours of incubation. The error bars
represent the standard deviation of three
replicates.
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Figure 23: Y. ruckeri growth in SAPI_BS with 0-250
UM noradrenaline, from inoculant 620 CFU/ml,
after 48 hours of incubation. The error bars
represent the standard deviation of three
replicates.
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Figure 21: Y. ruckeri growth in SAPI_BS with 0-250
UM noradrenaline, from inoculant 6,4 CFU/ml,
after 48 hours of incubation. The error bars
represent the standard deviation of three
replicates.
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Y. ruckeri growth in Sapi_BS with 0-250 uM Noradrenaline,
under varying inoculants, after 48 hours
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Figure 25: Y. ruckeri growth in SAPI_BS medium (10 uM inoculant in 5 ml SAPI_BS), treated with 0-200 uM
noradrenaline, after 48 hours of incubation, under varying inoculants. The error bars represent the
standard deviation of two replicates.

After 48 hours of incubation, Y. ruckeriisolates treated with 150 or 200 uM noradrenaline were
determined to stimulate maximum growth in SAPI_BS medium. According to Figures 24 and 21,
a noradrenaline concentration of 150 uM stimulated the most growth, with initial CFU/ml
values in the final culture of 6200 and 6,4 respectively. However, Figure 23 displays highest
growth stimulation of 620 CFU/ml with 200 uM noradrenaline, and Figure 22 displays highest
growth stimulation of 62 CFU/ml with 250 uM noradrenaline.

According to Figure 25, noradrenaline concentrations of 150, 200 and 250 uM significantly
boost Y. ruckeri growth in SAPI_BS medium after 48 hours, compared to the untreated control.
However, there are no significant difference between the three different noradrenaline

concentrations.
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Figure 26: Visible differences tubes treated with 0, 150, 200 and 250 uM noradrenaline (left to right), after
48 hours of incubation from initial culture density of 62 CFU/ml Y. ruckeri in SAPI_BS.

As seen in Figure 26, higher growth is apparent in the noradrenaline-treated tubes due to the
presence of visible pellets. When gently shaken, the noradrenaline-treated tubes had
precipitates floating in a helix-like structure, whereas the untreated tube showed no visible sign

of bacterial growth.
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ldentifying growth dynamics with and without supplementation of optimal level of

noradrenaline

Previous results indicate that the optimum noradrenaline concentrations for maximum growth
stimulation of Y. ruckeri in SAPI_BS are 150 and 200 uM. Further, the impact of noradrenaline
on growth of Y. ruckeri during 24- and 42-hours of static incubation were investigated, in two
different experiments. The first experiment discovers the growth effect of noradrenaline on
four different Y. ruckeri inoculants, while the second experiment only discovers the effect of

two inoculants.

Experiment 1 — 24 hours incubation

ABS 600 of the bacterial suspension before dilution, inoculation and incubation was measured
to be 0.973. After 48 hours of incubation, the number of colony-forming units (CFU) from the
bacterial dilution suspension were enumerated, and the CFU-concentration in the original

inoculation suspension was determined to be 3.60 x 10°, according to Appendix 7.
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Growth curve of Y. ruckeri with 0,
150 and 200 uM noradrenaline,
from inoculant 7200 CFU/ml
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Figure 27: The effect of noradrenaline
concentrations of 150 and 200 uM, compared to
untreated control, on growth of Y. ruckeri inoculant
7200 CFU/ml, for 24 hours of static incubation.

Growth curve of Y. ruckeri with 0,
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Figure 29: The effect of noradrenaline
concentrations of 150 and 200 uM, compared to
untreated control, on growth of Y. ruckeri
inoculant 75 CFU/ml, for 24 hours of static
incubation.

Growth curve of Y. ruckeri with O,
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Figure 28: The effect of noradrenaline
concentrations of 150 and 200 uM, compared to
untreated control, on growth of Y. ruckeri inoculant
720 CFU/ml, for 24 hours of static incubation.

Growth curve of Y. ruckeri with O,
150 and 200 uM noradrenaline,
from inoculant 7,1 CFU/ml
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Figure 30: The effect of noradrenaline
concentrations of 150 and 200 uM, compared to
untreated control, on growth of Y. ruckeri
inoculant 7,1 CFU/ml, for 24 hours of static
incubation.
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There was a positive effect of noradrenaline concentrations 150 and 200 uM on the growth of
Y. ruckeri over a period of 24 hours, as seen by an increase in absorbance 600 (Figure 27-30).
The blue lines represent the untreated control group, showing minimal growth throughout the
24 hours period. The orange and grey lines, representing a concentration of 150 and 200 uM
noradrenaline respectively, show increased bacterial growth after approximately 3 hours of
incubation in SAPI_BS. The figures indicate that a dose of 200 uM noradrenaline has a slightly
higher effect on the bacterial growth. In addition, the figures demonstrate that the highest

inoculant dose used, specifically 7200 CFU/ml, resulted in the most growth.

Experiment 2 —42 hours incubation

ABS 600 of the bacterial suspension before dilution, inoculation and incubation was measured
to be 1.219. After 48 hours of incubation, the number of colony-forming units (CFU) from the
bacterial dilution suspension were enumerated, and the CFU-concentration in the original

inoculation suspension was determined to be 5.30 x 10°, according to Appendix 8.

Growth curve of Y. ruckeri with 0, 150 and 200 uM
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Figure 31: The effect of noradrenaline concentrations of 150 and 200 uM, compared to untreated control,
on growth of Y. ruckeri inoculant 10800 CFU/ml for 42 hours of static incubation.
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Growth curve of Y. ruckeri with 0, 150 and u200 uM
noradrenaline, from inoculant 1080 CFU/ml
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Figure 32: The effect of noradrenaline concentrations of 150 and 200 uM, compared to untreated control,
on growth of Y. ruckeri inoculant 1080 CFU/ml for 42 hours of static incubation.

There was a positive effect of noradrenaline concentrations of 150 and 200 uM on the growth
of Y. ruckeri over a period of 42 hours, as seen by increased absorbance 600 (Figure 31 and 32).
Both treated groups show enhanced growth after 12 hours, but after 36 hours the growth slows
down. Figure 31 displays significant growth of the untreated group after 30 hours, while Figure
32 displays some growth of the untreated group after 30 hours. The figures also illustrate the
importance of inoculant dose. High growth is seen in all groups with an initial inoculant dose of
approximately 10* CFU/ml, in contrast to high growth only seen in the noradrenaline-treated

groups when the initial inoculant dose was approximately 103 CFU/ml.

44



3.2.2. Effect of noradrenaline on mobility in Y. ruckeri

The effect of catecholamines on the swimming motility of Y. ruckeri was evaluated in semi solid
agar (containing 0.3% agar). In experiment 1, SAPI medium supplemented with 0.3% agar and
30% adult bovine serum plates were used, while in experiment 2, 0.3% TSA supplemented with

30% adult bovine serum plates were used.

Experiment 1

Semi solid plates with SAPI medium supplemented with 0.3% agar and 30% adult bovine serum
were used. Bacterial strain 10705 of Y. ruckeri with an optical density at 600 nm of 1.040 ABS
was diluted in physiological saline in three ten-fold series. The contents of each dilution were
divided into two, with one half being exposed to noradrenaline at a concentration of 150 uM
for thirty minutes, while the other half, left untreated, served as the control. Further, 10 pl from
each reaction was spotted at the centre of the plates. Subsequently, the diameter of the

motility zones was measured after 8, 12 and 16 hours of incubation at 22°C.

Impact of 150 uM noradrenaline on the swimming motility
of Y. ruckeri after 8, 12 and 16 hours incubation on semi-
solid SAPI agar
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Figure 33: The effect of 150 uM noradrenaline on the swimming motility of Y. ruckeri, compared to the
untreated group, during an incubation period of 16 hours, on semi-solid SAPI agar.
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Figure 33 show that the motility of Y. ruckeri with and without the supplementation of 150 uM
are nearly identical. Even though the swimming motility of Y. ruckeri treated with 150 uM
noradrenaline are slightly higher at 8 and 16 hours, there are no significant difference between

the groups.

Experiment 2

Semi solid plates with 0.3% TSA supplemented with 30% adult bovine serum were used.
Bacterial strain 10705 of Y. ruckeri with an optical density at 600 nm of 1.120 ABS was diluted
in three ten-fold series. The contents of each tube were divided into two, with one half being
exposed to noradrenaline at a concentration of 150 uM for thirty minutes, while the other half,
left untreated, served as the control. Furthermore, 10 pl from each reaction was spotted on
the centre of the plates. Subsequently, the diameter of the motility zones was measured after

8, 12, 16 and 20 hours of static incubation at 22°C.

Figure 34: 10 ul of ten-fold dilution series 1:10-1-103 (left to right), from initial Y. ruckeri suspension of 1.120
ABS 600 inoculated on semi-solid TSA agar, after 12 hours. Bottom row is treated with 150 uM
noradrenaline, while upper row is not supplemented with noradrenaline.
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Figure 34 displays the swimming motility of Y. ruckeri on semi-solid TSA agar plates with both
untreated and treated groups. There is no visible difference in the measured diameter of the
motility zones between the upper row, which is the untreated group, and the bottom row,

which is the treated group.

Impact of 150 uM noradrenaline on the swimming motility of
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Figure 35: The effect of 150 uM noradrenaline on the swimming motility of Y. ruckeri, compared to the
untreated group, during an incubation period of 20 hours on semi-solid TSA agar.

Figure 35 show that the motility of Y. ruckeri with and without the supplementation of 150 uM
are nearly identical. However, a slight increase of swimming motility of Y. ruckeri treated with
noradrenaline can be seen at the start of incubation. Nevertheless, the differences are too small

to be of statistical significance.
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3.3. “P. atlantica”

Before any experiments, the identity of the bacterial isolate “Pasteurella atlantica gv.
salmonicida” strain number 11639 from Salmo salar was confirmed. Colony growth consistent
with “P. atlantica” was observed. This was confirmed by MALDI-TOF analysis, with score values

well above 2.00.

Several trials were conducted to evaluate the effect of noradrenaline on the growth of “P.
atlantica”. Initially, the effect of noradrenaline was tested on growth of “P. atlantica” in SAPI
medium with 2 % salt supplemented with 30% adult bovine serum, but as no growth was
observed, “P. atlantica” had to be grown in the more nutrient rich TSB with 2% salt
supplemented with 30% adult bovine serum (TSB_BS with 2% salt). These experiments were
designed to explore how varying concentrations of noradrenaline could influence bacterial
proliferation, at an incubation temperature of 22°C, for up to 96 hours. The following results
are divided into an initial assessment of catecholamine stimulation at a concentration of 50
UM, and an experiment discovering the optimal level noradrenaline concentration for

maximum growth stimulation.

Initial assessment of catecholamine stimulation at a concentration of 50 uM

ABS 600 of the bacterial suspension before dilution, inoculation and incubation was measured
to be 0.460. After 96 hours of incubation, the number of colony-forming units (CFU) from the
bacterial dilution suspension were enumerated, and the CFU-concentration in the original

inoculation suspension was determined to be 4.00 x 10°, according to Appendix 9.

Upon examining the bacterial plates, both from initial dilution suspensions and cultures
incubated for 96 hours, colony growth consistent with “P. atlantica” was observed. This was
confirmed by MALDI-TOF analysis, with score values well above 2.00, according to Table 9.
However, all plates were contaminated with the Gram-positive Micrococcus luteus, in addition
to contamination of diverse bacterial flora. Many colonies of the yellowish Micrococci made it

difficult to measure CFU, making the OD600-tests unreliable for measuring absorbance.
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Table 9: MALDI_TOF Biotyper identification results.

Sample Name | Sample ID Organism Score Organism Score

(best match) | value (second-best value
match)

C1 1-A Pasteurella sp Pasteurella sp

(++4) (A)

C2 1-B Micrococcus Micrococcus
luteus luteus

(++4) (A)

C3 1-C No Organism No Organism
Identification Identification

(++4+) (C)
Possible Possible

Figure 36: Serial dilutions 1:10-1:10* (left to right) of “P. atlantica”, from initial dilution 1:10°. Bottom two
rows are duplicate plates from initial culture treated with 150 uM noradrenaline, while upper two rows are
duplicate plates from initial culture without any supplementation of noradrenaline. The larger most visible
colonies are not Pasteurella but contaminants. It appears that noradrenaline has stimulated better growth

in both contaminants and Pasteurella.
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The effect of noradrenaline at a concentration of 50 uM on the growth of “P. atlantica” in
TSB_BS with 2% salt was significantly higher compared to the untreated control, as seen in
Figure 36. The figure shows no growth of “P. atlantica” in the upper two rows, which are not
supplemented with noradrenaline, compared to a lawn of bacteria at the bottom two rows,
which are treated with 150 uM noradrenaline. However, these inoculants were contaminated

with other bacteria, and hence the OD-tests are not valid.

Figure 37: Visible differences of tubes treated with 150 uM noradrenaline (left) and untreated (right), after
96 hours of incubation, from initial culture density of 1:10° diluted “P. atlantica” (contaminated) in TSB_BS.

As seen in Figure 37, higher growth was apparent in the noradrenaline-treated tube due to the
presence of a visible pellet. In addition, the treated tube had precipitates floating in a helix-like

structure when gently shaken, whereas the untreated tube lacked any pellet formation.
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Identifying optimal level of noradrenaline concentration for maximum growth

stimulation of “P. atlantica”

ABS 600 of the bacterial suspension before dilution, inoculation and incubation was measured
to be 0.350. After 96 hours of incubation, the number of colony-forming units (CFU) from the
bacterial dilution suspension were enumerated, and the CFU-concentration in the original

inoculation suspension was determined to be 1.35 x 10°, according to Appendix 10.

Upon examination of the bacterial plates, colony growth consistent with “P. atlantica” was
observed. This was confirmed by MALDI-TOF analysis, with score values well above 2.00,
according to Table 10. However, some plates were contaminated with the Gram-positive S.
Warneri. Only a few colonies were present, which virtually had no impact on the absorbance

measured.

Table 10: MALDI_TOF Biotyper identification results.

Sample Name | Sample ID Organism (best | Score Organism Score
match) value (second-best value
match)
F5 1-A Pasteurella sp Pasteurella sp
(+) (B) (standard)
F6 2-B Staphylococcus | 1.74 No Organism
warneri Identification
(+) (B) (standard)
Possible
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“P. atlantica" growth in TSB_BS with 0-200 uM
noradrenaline after 96 hours incubation, from initial
inoculant 2,6 CFU/ml
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Figure 38: “P. atlantica” growth in TSB_BS medium with 2% salt after 96 hours incubation, treated with 0-
200 uM noradrenaline, measured in CFU. From initial inoculant 2,6 CFU/mlI.
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Figure 39: “P. atlantica” growth in TSB_BS medium with 2% salt after 96 hours incubation, treated with O-
200 uM noradrenaline, measured in absorbance. From initial inoculant 2,6 CFU/ml.
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Figure 40: Serial dilutions 1:10-1:10° (left to right) of “P. atlantica”, from initial inoculant 2,6 CFU/ml. A is
duplicate plates without any supplementation of noradrenaline, showing CFU values of 7,7*10°. B is
duplicates with supplementation of 50 uM noradrenaline, showing CFU values of 15,5*10°. C is duplicates
with supplementation of 150 uM noradrenaline, showing CFU values of 18*10°.
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According to Figure 38, “P. atlantica” isolates treated with 25, 50 and 150 uM noradrenaline
stimulated the most significant growth in CFU/ml. These concentrations approximately doubled
the growth compared to the untreated group. Figure 40 displays serial dilutions of “P.
atlantica”, from initial inoculant 2,6 CFU/ml. More growth is apparent in B and C compared to
A, which are respectively treated with 50, 150 and O uM noradrenaline. However, Figure 39,
displays a different scenario, where “P. atlantica” inoculant 2,6 CFU/ml treated with 150 and

200 uM noradrenaline stimulated the most growth, measured in absorbance.
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4. Discussion

“P. atlantica gv. salmonicida” and Y. ruckeri significantly impact the Norwegian fish farming
industry, leading to substantial losses and welfare issues, while also posing a considerable
biosecurity risk. Stressful conditions are considered one of the most important factors involved
in the occurrence of pasteurellosis and yersiniosis in salmonids (Riborg et al., 2022; Delshad et
al., 2019). Similar to other animals, fish produce catecholamine hormones in response to stress
(Reid et al., 1998). These catecholamines have been associated with increased bacterial
virulence (Freestone et al., 2007). This study examines the effect of stress-hormones on growth

and phenotypic characteristics of selected fish pathogenic bacteria.

When a pathogen enters a host, it is introduced to a new environment that triggers a series of
regulatory cascades altering gene expression related to virulence (Rana et al., 2015). Notably,
bacterial pathogens can detect catecholamines and other host-produced molecules, which lead
to the activation of virulence factors (Lyte, 2016; Alksne and Projan, 2000; Defoirdt, 2013; Yang
et al, 2014).

In the current experiments we found that there was a positive effect of noradrenaline
concentrations varying from 25-200 uM on E. coli, Y. ruckeri and “P. atlantica” growth, in a
minimal media designed to mimic the internal host environment found in fish or in a more
nutrient-rich media, after 24, 48 and 96 hours respectively. These results may indicate that
exposure to stress-hormones during non-medical delousing procedures contributes to the
increase in bacterial diseases in Norwegian farming seen in recent years. The NFR-financed
project “Microbial endocrinology”, of which the present study represents an initial phase, aim
to examine the effects of stress-hormones on common bacterial diseases in Norwegian
aquaculture, specifically Moritella viscosa, Tenacibaculum spp., Mycobacterium spp. and
Aeromonas salmonicida subsp. salmonicida. Due to limited resources and time, the focus of the
present study was on VY. ruckeri and “P. atlantica”, which are two of the currently most

increasingly important bacterial infections in Norwegian salmon farming.

When fish experience acute stress, catecholamine hormones, including noradrenaline, are
secreted into their bloodstream (Nguyen, 2020). The levels of these hormones increase
immediately following a stress event and typically revert to normal within a few hours (Reid et

al.,, 1998; Barton, 2002). Average resting level of catecholamines in fish plasma have been
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reported to be 1 to 30 nM in rainbow trout (Butler et al., 1986) and 3 to 77 nM in Atlantic
salmon (Flysand et. al. 1992). However, during stressful situations, catecholamine levels can
increase significantly; reports suggest increased catecholamine levels of 150 times resting level
in rainbow trout (Butler et al., 1986), and it has also been reported that between 0.17-0.54 mg

of stress hormones can be released per minute under certain conditions (Genco et al., 1999).

The catecholamine doses used in this study, ranging from 25 to 250 uM, were substantially
higher than resting levels in fish plasma, but align with levels potentially found in innervated
tissues that can reach up to 10 uM in neuronal synapses (Nguyen, 2020). Such conditions
provide a relevant model for examining the impact of catecholamines on bacterial growth and
virulence. In vitro studies have shown that bacteria such as Staphylococcus, Salmonella, E. coli
and Yersinia typically respond to concentrations of 50 uM noradrenaline or dopamine and 100
UM adrenaline, with higher levels of more than 200 uM starting to inhibit growth (Freestone
and Lyte, 2008; Bearson and Bearson, 2008; Kendall et al., 2007; Delshad et al., 2019; Nguyen,
2020). The inhibited growth with noradrenaline concentrations of more than 200 uM align with

results of this study, where a noradrenaline concentration of 250 uM seemed to inhibit growth.

An important aspect of microbial endocrinology studies is the size of the bacterial inoculum. It
should closely stimulate the infectious dose that would be encountered in vivo (Freestone and
Lyte, 2008). Typically, the starting experimental inoculum used is around 10*-10% CFU/ml. This
mimics the initial bacterial numbers to likely be present at the beginning of an infection (Lyte
and Ernst, 1992). The stimulation of low numbers of bacteria are also consistent with the levels
of bacteria released by the fish during thermal delousing. Findings of the present study indicate
variation in catecholamine responsiveness at different bacterial densities. Experiments with Y.
ruckeri and E. coli had the most pronounced growth response to noradrenaline at inoculum size
between 300 to 80 CFU/ml and at 200 CFU/ml respectively, showing up to a threefold
enhancement in bacterial proliferation. Similarly, “P. atlantica” displayed the greatest response
differential at inoculum sizes of more than 1 CFU/ml, possibly up to 103. This is in alignment
with other studies, examining growth response to catecholamines of S. enterica, VY.
enterocolitica and E. coli 0157:H7 using serum-SAPI medium, showing evident differences at
<10* CFU/ml, with the greatest differences at <10? CFU/ml (Freestone et al., 2007). In addition,
using a host-like media such as serum-SAPI is important to avoid overly rapid bacterial growth

associated with rich media, which can complicate the assessment of responses to specific
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catecholamines (Freestone and Lyte, 2008). For instance, research has indicated that using
excessively large inoculum sizes can remove the lag-phase and cause inconsistent effects of

catecholamines on the growth of several Gram-negative species (Belay et al., 2003).

It is also important to note that due to inherent variability in OD measurements used to
estimate CFU/ml at culture initiation, performing actual plate counts is necessary to verify the
precise number of bacteria used to start the culture. In this study, obtaining pure cultures of
“P. atlantica” proved to be challenging, potentially due to errors in aseptic technique, which
led to contamination with other bacteria and unreliable OD readings. Despite these challenges,
plate counting using blood agar with 2% salt demonstrated a clear stimulatory effect of
noradrenaline on the growth of “P. atlantica” compared to the controls. Interestingly, even the
contaminating bacterial species, which were identified as Micrococcus luteus and Bacillus
thuringiensis, showed enhanced growth in response to noradrenaline. This unexpected finding
suggests that the growth-promoting effects of noradrenaline may extend beyond the intended

target species.

For the purposes of this study, bacteria were exposed to catecholamines for periods exceeding
24 hours. This protocol was designed to more accurately stimulate the sustained high levels of
catecholamine that might occur locally at the site of infection during stress. In addition,
different concentrations of noradrenaline were tested to determine the optimal concentration

for maximal bacterial growth stimulation.

Initially, it was desirable to chart the growth dynamics of Y. ruckeri, to facilitate the harvesting
of bacteria at the exponential growth phase for subsequent gene expression studies. The
results indicate that the optimal noradrenaline concentrations were 150 uM and 200 pM. As
illustrated in Figure 15, these concentrations had the highest growth rates at approximately 21
hours. However, to study changes in gene expression, exponential phase culture is essential,
therefore, samples grown for 12 hours were selected for further analysis. Enteric bacteria, such
as Salmonella and E. coli, have an incubation period of less than 6 hours, but other bacteria,
such as “P. atlantica”, may require longer incubation (Lee, 2012; Freestone et al., 2003).
Unfortunately, Y. ruckeri cultures without any noradrenaline treatment exhibited no growth
after 12 hours, which was needed to move on with further comparative studies on gene
expression changes. The lack of growth in the non-hormone treatment group provides no

baseline for comparing gene expression alterations. Therefore, harvesting of the cultures for
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gene expression studies was not continued, leading to one of the present study’s objectives not

being achieved.

The results presented in the proof of principal study involving E. coli demonstrate that a
concentration of 50 uM noradrenaline significantly enhances the growth of this bacterium in
SAPI_BS medium. These findings align with the study of Vlisidou et al. (2004), who reported an
increase in E. coli growth when exposed to 50 uM noradrenaline in serum-supplemented
media. Notably, Vlisidou et al. also reported that this hormonal stimulation did not enhance E.
coli growth in serum-free controls, suggesting a specific interaction between the bacteria and
catecholamines when serum is present. This indicates that the addition of serum may mimic

the internal environment of the host.

The results from the proof of principle experiment were the positive control, facilitating the
advancement of research on Y. ruckeri and “P. atlantica”. Using the same experimental system,
this study revealed that the presence of 50 uM noradrenaline significantly stimulated the
growth of Y. ruckeri and “P. atlantica” in serum-supplemented media. Subsequent experiments
on Y. ruckeri demonstrated that the optimal noradrenaline concentration, stimulating the most

growth, ranged between 150 uM and 200 uM.

Another notable observation was the colour change in Y. ruckeri cultures grown in SAPI_BS
supplemented with noradrenaline, which became darker compared to controls. This colour
change, likely resulting from a chemical reaction involving the catecholamine, while not the
focus of this study, underscores the complex interactions between stress hormones and

bacterial physiology.

The enhancement of bacterial growth by stress hormones is primarily due to their capacity to
mobilize iron, which is an essential element for bacterial proliferation within hosts (Freestone
and Lyte, 2008). This mobilization involves the removal of iron from host iron-binding proteins
such as lactoferrin and transferrin (Yang et al., 2014). Specifically, the process includes the
reduction of ferric iron (Fe3*) to ferrous iron (Fe?*). Ferric iron is tightly bound within the iron-
binding proteins, but once reduced to ferrous iron, its affinity for these proteins decreases,
making it more available for bacterial uptake. This reduction not only makes iron available to
bacteria but also weakens the bonds between iron and its carrier proteins, thereby increasing

the free iron concentration in the host’s bodily fluids (Freestone and Lyte, 2008). The removal
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of iron from these transport proteins, facilitated by catecholamines, serves as a significant
growth stimulator for bacteria (Lyte and Ernst, 1992). This process results in a proliferation of
bacterial cells in in many species when stress hormones are introduced, as indicated in section

3.2.1 and 3.3 of this study.

To further enhance iron acquisition under iron-limited conditions, most bacteria produce and
utilize siderophores for sequestering iron from the environment, effectively bypassing the
host’s iron-withholding defence mechanisms (Freestone and Lyte, 2008). Numerous strains of
Y. ruckeri produce a catecholate siderophore called ruckerbactin, which has been confirmed to
contribute to the bacteria’s pathogenicity (Thomsen et al., 2021; Fernandez et al., 2004). This
study did not investigate whether catecholamines enhance siderophore production in Y. ruckeri
and “P. atlantica”, but prior research has shown that siderophore production of Y. ruckeri and

V. harveyi are increased when catecholamines are present (Nguyen, 2020; Yang et al., 2014).

Beyond modulating iron availability, catecholamines are involved in the activation of bacterial
communication pathways, such as quorum sensing (Clarke et al., 2006). Notably,
catecholamines have been shown to trigger the production of the signalling molecules termed
NE-Al, which is independent of lactoferrin or transferrin (Freestone and Lyte, 2008). These
molecules are notable for their heat stability and ability to function across different bacterial
species, effectively mimicking catecholamine actions to sustain bacterial growth (Freestone et
al., 1999). The discovery of NE-Al potentially clarifies how catecholamines, despite their brief
surge during acute stress, can continue to affect bacterial behaviours even after catecholamine
levels have normalized (Freestone and Lyte, 2008). This suggests that the short-lived presence
of catecholamines can trigger longer-lasting effects in bacteria through the induction of these

autoinducers.

The validity of the findings from this study is closely linked to the experimental conditions,
particularly the composition of the growth medium used. Studies in microbial endocrinology
emphasize the necessity of employing media that mimic the in vivo conditions as closely as
possible to accurately assess the impact of catecholamines on bacterial behaviour (Freestone
and Lyte, 2008). SAPI_BS, a minimal salt medium supplemented with adult bovine serum,
represents such a medium. It is designed to reflect the stressful, iron-limited, and immune-

active conditions found in vivo, which create the “environment” aspect of the epidemiological
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triad (see Figure 4). This setup facilitates the study of bacterial adaptation and growth dynamics

in host-like conditions (Lyte and Ernst, 1992).

Experiments tested in this study using SAPI_BS medium have demonstrated that catecholamine
supplementation can significantly overcome the iron restriction typically imposed by serum
binding proteins, facilitating a considerable enhancement in the growth of Y. ruckeri compared
to non-supplemented controls. However, the same SAPI_BS medium did not support the
growth of “P. atlantica” effectively. This led to a change in the methodology, modifying the
medium composition to better support the specific needs of “P. atlantica”. TSB_BS provides a
more nutrient-rich medium, which enabled the growth of “P. atlantica”. This highlights the
critical role of medium complexity in the study of microbial endocrinology, including studies

discovering the effects of catecholamines on Y. ruckeri and “P. atlantica”.

In the current study, noradrenaline was observed to slightly enhance the swimming motility of
Y. ruckeri compared to control groups without noradrenaline treatment. This agrees well with
other studies that have indicated an increase of motility of E. coli (Kendall et al., 2007),
Salmonella typhimurium (Bearson and Bearson, 2008), Campylobacter jejuni (Cogan et al.,
2007), and the fish pathogens V. anguillarum and Vibrio campbellii (Pande et al., 2014), V.
ruckeri (Delshad et al., 2019), Aeromonas hydrophila (Gao et al., 2018) and Edwardsiella tarda
(Wang et al., 2011). Although this study demonstrates a positive effect of catecholamines on
motility, the differences observed were not statistically significant. The impact of

noradrenaline, under the conditions tested, was minimal.

Bacteria have evolved mechanisms using receptors, to sense changes in stress hormone values,
and distinguish among different stress hormones (Freestone et al., 2007). It is well-established
that noradrenaline binds to adrenergic receptors, however, these receptors are varied.
Primarily, noradrenaline interacts with both o and [ adrenergic receptors. Although the
detailed receptor-mediated pathways in Y. ruckeri were not explored in this study, Delshad
(2019) demonstrated that antagonists of catecholamine receptors are able to block the
stimulatory effects of catecholamines on growth and virulence factors like motility, suggesting
the presence of a regulatory mechanism for catecholamine receptors. Research on other
bacteria, including E. coli and Salmonella, has similarly demonstrated the enhanced motility via
similar catecholamine receptor-pathways (Freestone et al., 2007; Yang et al., 2014; Pande et

al., 2014). While adrenergic receptors do not exist in prokaryotes, the E. coli serotype O157:H7
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sensor kinase QseC has been shown to recognize noradrenaline, meaning it may act as a
bacterial receptor (Clarke et al., 2006). This integration of interkingdom and intercellular
signalling (quorum sensing) suggest a complex regulatory network, potentially indicating that
Y. ruckeri and other bacteria may use alternative noradrenaline response systems (Freestone

and Lyte, 2008).

5. Conclusion and further work

This study has demonstrated that noradrenaline influences the growth of Y. ruckeri and “P.
atlantica”, and thereby may be considered a growth stimulator. This is consistent with and
supports our theory that delousing may be, at least in part, be responsible for the recent
increase in outbreaks in yersiniosis and pasteurellosis in Norwegian salmon aquaculture. By
inducing the production of cross-species autoinducers and altering iron availability,
catecholamines provide bacteria with a survival advantage in the challenging, iron-deprived,
and competitive environments typically found within a host. This effect emphasizes the
complex interaction between host-stress responses and pathogen virulence, emphasizing the
significant role of catecholamines in the emergence of bacterial infections in aquaculture,
where stress is often an issue. For a better understanding of microbial endocrinology in fish
pathogens, effects of noradrenaline on other virulence factors such as production of hemolysin
and protease could be studied. Discovering growth effects on bacteria of other stress hormones
such as adrenaline, dopamine and cortisol would also be interesting. In addition, further
research is necessary to evaluate the potential effects of various stress hormones on different

bacterial species in Norwegian aquaculture.
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7. Appendices
The following sections, appendix 1-10, include tables detailing the preparation of the

inoculum from all experiments. Measurements and calculations are as follows:

- Volume of diluted culture plated out = 100 ul

- Inoculate volume = 10 pl

- Density of final inoculated SAPI_BS culture:

average number of colonies counted from relevant dilution

10 x volume final culture in ml

Appendix 1

Serial dilution of the initial E. coli culture and estimation of inoculate (CFU/ml) in the final SAPI_BS

cultures. Number of colonies are average of two duplicates.

Dilution Estimated CFU/ml
(saline) Number of colonies (avg.) Standard error in SAPLBS
1:103 Too many to count - 2.00x 10°
1:10* Too many to count - 2.00 x 10?
1:10° - - -
1:10¢ 98 11 2
1:107 11 2
1:108 1 1
Appendix 2

Serial dilution of the initial Y. ruckeri culture and estimation of inoculate (CFU/ml) in the final SAPI_BS

cultures. The number of colonies is an average of two duplicates.

Dilution Estimated CFU/ml
(saline) Number of colonies (avg.) Standard error in SAPLBS

1:103 Too many to count - 7.00x 103

1:10% Too many to count - 7.00 x 102

1:10° 3420 941 6.80x 10

1:10¢ 376 15 7,5

1:107 39 6

1:108 4 1
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Appendix 3

Serial dilution of the initial Y. ruckeri culture and estimation of inoculate (CFU/ml) in the final SAPI_BS
cultures. Number of colonies are average of two duplicates.

Dilution Estimated CFU/ml
(saline) Number of colonies (avg.) Standard error in SAPLBS
1:103 Too many to count 4.60 x 103
1:104 Too many to count 4.60 x 102
1:10° 2340 320 4.70x 10
1:108 233 32 4,7
1:107 25 7
1:108 1 1
Appendix 4

Serial dilution of the initial Y. ruckeri culture and estimation of inoculate (CFU/ml) in the final TSB_BS
cultures. Number of colonies are average of two duplicates.

Dilution Estimated CFU/ml
(saline) Number of colonies (avg.) Standard error in TSB_BS
1:103 Too many to count 8.00 x 103
1:104 Too many to count 8.00 x 102
1:10° 3682 1398 7.40x 10
1:108 462 104 9,2
1:107 44 11
1:108 2 2
Appendix 5

Serial dilution of the initial Y. ruckeri culture and estimation of inoculate (CFU/ml) in the final SAPI_BS
cultures. Number of colonies are average of two duplicates.

Dilution Estimated CFU/ml
Number of colonies (avg.) Standard error

(saline) in SAPI_BS

1:103 Too many to count 1.20 x 10*

1:10* Too many to count 1.20x 10°

1:10° Too many to count 1.20 x 102

1:10° 630 60 1.26x 10

1:107 55 9 1,1

1:108 7 4
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Appendix 6

Serial dilution of the initial Y. ruckeri culture and estimation of inoculate (CFU/ml) in the final SAPI_BS

cultures. Number of colonies are average of two duplicates.

Dilution Estimated CFU/ml
(saline) Number of colonies (avg.) Standard error in SAPL_BS
1:103 Too many to count 6.20 x 10°
1:104 Too many to count 6.20 x 10?
1:10° Too many to count 6.20x 10
1:108 321 6,4
1:107 31
1:108 3
Appendix 7

Serial dilution of the initial Y. ruckeri culture and estimation of inoculate (CFU/ml) in the final SAPI_BS

cultures. Number of colonies are average of two duplicates.

Dilution
(saline) Number of colonies (avg.) Standard error
1:103 Too many to count
1:10* Too many to count
1:10° 3756 917
1:108 357 40
1:107 40 4
1:108 5 1
Appendix 8

Serial dilution of the initial Y. ruckeri culture and estimation of inoculate (CFU/ml) in the final SAPI_BS

cultures. Number of colonies are average of two duplicates.

Dilution
Number of colonies (avg.) Standard error
(saline)
1:103 Too many to count
1:10* Too many to count
1:10° Too many to count
1:10¢ 535 84
1:107 53 34
1:108 5 3
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Appendix 9

Serial dilution of the initial “P. atlantica” culture and estimation of inoculate (CFU/ml) in the final

TSB_BS cultures. Number of colonies are average of two duplicates.

Dilution Estimated CFU/ml
. Number of colonies (avg.) Standard error .
(saline) in TSB_BS
1:103 394 22 7,9
1:104 49 1
1:10° 3 2
1:10° 0 0
Appendix 10

Serial dilution of the initial “P. atlantica” culture and estimation of inoculate (CFU/ml) in the final

TSB_BS cultures. Number of colonies are average of two duplicates.

Dilution Estimated CFU/ml
Number of colonies (avg.) Standard error

(saline) in TSB_BS

1:10° 131 22 2,6

1:104 14 4

1:10° 1 1

1:100 0 0
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