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Summary

Yersinia ruckeri is the causative agent of yersinosis in fish, a haemorrhagic
septicaemia occurring predominantly in farmed species of salmonids. In Norway,
yersiniosis has been regarded as a regionally limited disease of minor concern,
associated with sustained low levels of mortality and occasional acute outbreaks in
Atlantic salmon hatcheries and smolts newly transferred to sea. This situation has
changed in recent years, with an increasing occurrence of acute outbreaks also
affecting quite large fish at sea with high mortalities. The situation has now been
ameliorated to a significant degree by introduction and broad adoption of
yersiniosis vaccines administered by injection. Acute yersiniosis in Norwegian
aquaculture is associated with a distinct genetic lineage known as Y. ruckeri CC1
which is exclusive to Norway. In the work presented here, qPCR assays specific to Y.
ruckeri and Y. ruckeri CC1 respectively were developed for screening purposes.
While the virulent CC1 was identified in acute outbreaks of yersiniosis, samples
from the environment were found to be frequently positive for other, putatively
avirulent strains Y. ruckeri. Shedding of virulent Y. ruckeri from subclinically
infected fish was found to occur during thermal delousing in the field. This
phenomenon was then replicated and confirmed experimentally. Comparative
genomic analysis of virulent and avirulent Y. ruckeri enabled identification of
accessory genetic determinants associated with virulence, one of which, the inverse-
autotransporter putative invasin yrilm, correlated fully with the virulent phenotype.
Virulent isolates from Norway display duplication of this gene over time, with a
single copy in isolates from the 1980s and contemporary isolates carrying two or
three copies. The emergence of non-motile strains of Y. ruckeri has been associated
with vaccine failure and virulence internationally. Only seven non-motile isolates
were identified amongst 263 Norwegian isolates collected between 1985 and 2019.
Three belong to the currently dominating virulent clone and four from a different
virulent lineage which has not been identified since the early 1990s. Thus, while loss
of motility was revealed in the dominant virulent lineage in Norway, the low
frequency identified indicates that the escalating yersiniosis situation in recent
years cannot be associated with an emergence of the non-motile phenotype. Rather,
dissemination of the currently dominating virulent clone, and genetic changes in
this clone, i.e. yrilm duplication, and likely increasing stresses in the lifecycle of

farmed fish seem to be the main contributing factors.



Summary in Norwegian

Yersinia ruckeri forarsaker yersinose hos fisk, en hemorragisk septikemi som
opptrer primeert i laksefisk i oppdrett. Sykdommen ble pavist i Norge for fgrste gang
i 1985 og har siden veert assosiert med kroniske tilstander og tidvis akutte utbrudd i
klekkerier for Atlantisk laks, men ansett som et regionalt problem av mindre
betydning for norsk akvakultur som helhet. Dette har dog endret seg i senere ar med
stadig gkende forekomst av akutte utbrudd langs norskekysten fra omkring 2010 og
fremover, som ogsa har rammet stor fisk i sjgfasen i gkende grad. Omkring 2017 ble
det tatt i bruk injeksjonsvaksiner mot yersiniose langs store deler av kysten for a
forhindre ytterligere eskalering. Akutt yersiniose i norsk akvakultur er assosiert
med en bestemt genetisk variant, kjent som Y. ruckeri CC1, som forekommer kun i
Norge. [ arbeidet som presenteres her ble det utviklet qPCR assay for spesifikk
deteksjon av henholdsvis Y. ruckeri og Y. ruckeri CC1 for malrettet screening. Den
virulente varianten ble pavist ved akutte utbrudd av yersiniose, men ved screening
av miljgprgver ble det funnet at disse ofte inneholdt Y. ruckeri, men andre, trolig
avirulente stammer. Screening ved termisk avlusing i felt fant utskilling av virulent
Y. ruckeri i behandlingsvannet. Det samme ble observert i dyreforsgk med
subklinisk infisert fisk utsatt for termisk stress. En rekke virulens-assosierte
genetiske faktorer ble identifisert ved komparativ genomisk analyse av virulente og
avirulente Y. ruckeri. En av disse, det invasin-lignende yrlim, korrelerte med en
virulent fenotype. I virulente isolater fra Norge er dette genet duplisert over tid,
hvor isolater fra 1980-tallet har en enkelt kopi, og isolat fra 2000 og fremover har to
eller tre kopier. Y. ruckeri er beskrevet som bevegelig, men stadig gkende forekomst
av ikke-bevegelige isolater som mangler flagell har veert assosiert med virulens og
vaksinesvikt internasjonalt. Syv ikke-bevegelige isolater ble funnet blant 263
undersgkte norske isolater. Kun tre av disse tilhgrer den dominerende virulente
varianten. Tap av bevegelighet forekommer dermed ogsa i den virulente varianten i
norsk akvakultur, men den lave frekvensen tyder pa at gkende problemer med
yersiniose i senere ar ikke kan tilskrives utbredelse av denne ikke-bevegelige
fenotypen. Derimot, spredning av den dominerende virulente varianten og andre
genetiske endringer i denne, som duplisering av yrilm, samt gkt forekomst av stress,
hvor ikke-medikamentell avlusing utmerker seg i hgy grad, later til & veere
betydelige bidragsytere til gkt omfang og alvorlighetsgrad av akutt yersiniose i i

norsk akvakultur i senere ar.
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1 Introduction

1.1  Yersiniosis, general introduction

Yersiniosis in fish is a haemorrhagic septicaemia caused by the Gram-negative
bacterium Yersinia ruckeri (Ewing et al. 1978). The disease is especially prevalent in
farmed salmonid fish (McDaniel 1971; Busch 1978) but is also known to affect
various other fish species in aquaculture (Liu et al. 2016; Eissa et al. 2008; Manna et
al. 2003; Gudmundsdottir et al. 2014) and has been isolated from a wide range of
fish species in the wild (Table 1). The disease was first discovered in farmed
rainbow trout (Oncorhynchus mykiss) in mid-western USA in the 1950s, being
described as a bacterial septicaemia accompanied by characteristic subcutaneous
haemorrhages in and around the mouth and throat (McDaniel 1971). The
descriptive name redmouth disease was given, with the associated unidentified
Gram-negative bacterium referred to as the redmouth bacterium (Rucker 1966).
The redmouth bacterium was later described as a member of the Enterobacteriaceae
by Ross, Rucker and Ewing (1966), hence the name enteric redmouth (ERM), which
remains widely used as a synonym for yersiniosis. The causative agent was
eventually identified as a member of the genus Yersinia and named Y. ruckeri in
1978 in honour of microbiologist Robert R. Rucker for his dedication in study of the

disease (Ewing et al. 1978).

1.2 Reservoirs and transmission

It is generally believed that Y. ruckeri may become established in the water source of
hatcheries, especially if the water source is populated by wild fish or escaped
farmed fish (McDaniel 1971; Dulin et al. 1976; Hjeltnes et al. 2012). A small
proportion of asymptomatic carriers in a rainbow trout population may serve as a
long-term reservoir, propagated by transfer between fish by direct contact or
shedding the bacterium into the water (Busch 1978). Shedding seemingly occurs in
cycles (~30 - 40 days) but may also be spontaneously triggered by stress, such as
stressful handling events (Busch & Lingg 1975; Hunter, Knittel & Fryer 1980). In
farmed Atlantic salmon (Salmo salar) outbreaks also occur in seawater, which has
led to some speculation as to how this freshwater-associated bacterium finds its

way to cages at sea (Willumsen 1989). As asymptomatic carriers have also been



documented for Atlantic salmon (Bruno & Munro 1989; Willumsen 1989),
subclinical infection occurring in the freshwater phase is a possible route of
transmission in such cases. The presence of Y. ruckeri DNA in Chinook salmon
(Oncorhynchus tshawytscha) eggs and ovarian fluids indicates that some form of
vertical transmission may be possible although no evidence exists of the bacterium
residing intracellularly in fish eggs, i.e. ‘true’ vertical transmission (Glenn et al.
2015). In addition to being established in populations of salmonid fish by long-term
sub-clinical infection, the bacterium is well adapted for survival in freshwater
environments, being able to survive for long periods in purified water (Thorsen et
al. 1991), in sediments and sand (Romalde et al. 1994; Bomo et al. 2004), and
produces hardy biofilms in freshwater environments (Coquet et al. 2002a; Coquet et
al. 2002b).

While the disease occurs primarily in salmonid fish in intensive aquaculture, Y.
ruckeri has been isolated from a wide range of non-salmonid fish species in
aquaculture and in the wild, including some strictly marine species, and on occasion
from warm-blooded animals such as marine birds (Larus marinus), otter (Lutra
lutra) and muskrat (Ondatra zibetica), usually in close vicinity of ERM outbreaks in
fish (species and references are listed in Table 1). Y. ruckeri has been isolated from a
human on one occasion, recovered from a deep wound shortly after the patient was
cut on a stone while paddling in a river (De Keukeleire et al. 2014). While there is no
evidence of Y. ruckeri causing disease in warm-blooded animals (O'Leary 1977;
O'leary, Rohovec & Fryer 1979), they may likely serve as passive vectors for spread
(Willumsen 1989). Freshwater invertebrates such as crayfish and snails have been
speculated to serve as reservoirs but Y. ruckeri have not been isolated from such
organisms (Dulin et al. 1976; Wade 2019).



Table 1: Combined and modified tables 2 and 3 from Wade (2019), animal species from

which Yersinia ruckeri has been isolated.

Common name

Scientific name

Reference

Salmonid species

Arctic charr
Atlantic salmon
Brook trout

Brown trout

Cisco

Chinook salmon
Coho salmon
Cutthroat trout
Dolly varden trout
European whitefish
Lake trout
Northern whitefish
Rainbow trout
Sockeye salmon
Steelhead trout
Whitefish

Salvelinus alpinus
Salmo salar
Salvelinus fontinalis
Salmo trutta
Coregonus artedii
Oncorhynchus tshawytscha
Oncorhynchus kisutch
Oncorhynchus clarkii
Salvelinus malma
Coregonus lavaretus
Salvelinus namaycush
Coregonus peled
Oncorhynchus mykiss
Oncorhynchus nerka
Oncorhynchus mykiss
Coregonus muksun

Willumsen 1989
Sparboe et al. 1986
Stevenson & Daly 1982
Fuhrmann et al. 1984
Stevenson & Daly 1982
McDaniel 1971
Arkoosh et al. 2004
Daly et al. 1986

Daly et al. 1986
Taksdal, Hastein & Onstad 1993
Daly et al. 1986
Rintamaki et al. 1986
Ewing etal. 1978
Bullock et al. 1978
Daly et al. 1986
Rintamaki et al. 1986

Other freshwater or diadromous fish species

Amur sturgeon
Burbot

Bighead carp
Carp

Channel catfish
Emerald shiner
European eel
Indian carp
Japanese eel
Fathead minnow

Acipenser schrencki
Lota lota

Aristichthys nobilis
Cyprinus carpio
Ictalurus punctataus
Notropis atherinoides
Anguilla anguilla
Labeo spp.

Anguilla japonica
Pimephales promelas

Shaowu et al. 2013
Dwilow et al. 1987
Johetal 2010
Fuhrmann et al. 1984
Danley et al. 1999
Mitchum 1981
Fuhrmann et al. 1983
Ummey etal. 2021
Johetal. 2010

Michel et al. 1986

Goldfish Carassius auratus McArdle & Dooley-Martyn 1985
Nile tilapia Oreochromis niloticus Eissa et al. 2008

Perch Perca fluviatilis Valtonen et al. 1992

Roach Rutilus rutilis Valtonen et al. 1992

Rudd Scardinius erytnropthalmus  Popovic et al. 2001

Siberian sturgeon Acipenser baeri Vuillaume et al. 1987

Sturgeon Acipenser spp. Wade 2019

Walleye Sander vitreus Wade 2019

Marine fish species

Atlantic cod

Corkwing wrasse
Lumpsucker/lumpfish
Sablefish

Saithe

Seabass

Seabream

Turbot

Gadus morhua
Symphodus melops
Cyclopterus lumpus
Anoplopoma fimbria
Pollachius virens
Dicentrarchus labrax
Sparus auratus
Scophthalmus maximus

Gudmundsdottir et al. 2014
Gulla 2017

Gulla, Gu & Olsen 2019
Wade 2019

Willumsen 1989

Bullock & Cipriano 1990
Bullock & Cipriano 1990
Bullock & Cipriano 1990

Other animals

European otter
European pond turtle
Greater black-backed gull
Muskrat

Lutra lutra
Emys orbicularis
Larus marinus
Ondatra zibetica

Collins, Foster & Ross 1996
Nowakiewicz et al. 2015
Willumsen 1989
Stevenson & Daly 1982




1.3  History and spread of the disease

ERM was initially a regional problem, affecting farmed rainbow trout in the
Hagerman Valley of [daho and in surrounding states in the Rocky Mountain area of
western USA (McDaniel 1971). By 1970 the disease had spread to other areas in
western USA, including Alaska, and during the 1970s spread to eastern states in the
USA (e.g. Ohio and Tennessee) and Canada (Saskatchewan and British Columbia)
(Busch 1978). The spread of ERM has been attributed to transfer of fish from the
Hagerman valley area in several instances (Wobeser 1973; Barnes 2011). While the
description of transmission in these instances were likely accurate, retrospective
identification of isolates from moribund rainbow and brook trout collected in the
early 1950s in West Virginia, USA (1952) and in Australia (1959) as Y. ruckeri,
around the same time as the first isolation in Idaho, indicate a wider geographical
range than previously supposed (Bullock, Stuckey & Shotts 1977; De Grandis et al.
1988; Barnes 2011).

In the early 1980s, reports of ERM causing mortality in rainbow trout started to
appear in the UK (Roberts 1983; Frerichs & Collins 1984; Frerichs Stewart & Collins
1985) and on mainland Europe, including Germany (Fuhrmann et al. 1983), France
(Lesel et al. 1983), Denmark (Dalsgaard et al. 1984) and Switzerland (Meier 1986).
Some sources mention the possibility of the disease already being widespread and
perhaps having gone under the radar due to being ignored or misdiagnosed
(Frerichs, Stewart & Collins 1985; Meier 1986). Others, perhaps most, describe the
symptoms and characteristics of the disease as unlike any previously encountered.
ERM apparently having replaced furunculosis as the dominant disease in many
areas further indicates that dissemination of Y. ruckeri in the European rainbow
trout industry in the 1980s was quite rapid (Dalsgaard et al. 1984; Giorgetti, Geschia
& Sarti 1985; Schlotfeldt et al. 1985). Descriptions of yersiniosis in farmed Atlantic
salmon in Norway (Sparboe et al. 1986), Finland (Rintamaki, Valtonen & Frerichs
1986) and Australia (Llewellyn 1980) appeared in the mid-late 1980s and would
eventually include other salmon-farming countries such as the UK (Collins, Foster &
Ross 1996) and Chile (Bastardo et al. 2011).



The host range of the disease is considered to include all salmonids (the Salmonidae
family) (McDaniel 1971), including whitefish (Coregoninae) (Rintaméki, Valtonen &
Frerichs 1986). Yersiniosis has been described in rainbow trout farming from all
corners of the world, including South Africa (Bragg & Henton 1986), Peru (Bravo &
Kojagura 2004), Iran (Akhlaghi & Yazdi 2008) and India (Sharma et al. 1995), and
the disease is currently recognized to be endemic throughout the world wherever
there is salmonid aquaculture. In recent years, increasing numbers of non-salmonid
species in intensive aquaculture have been recognized as primary hosts, with
outbreaks of yersiniosis reported from channel catfish (Ictalurus punctatus) in China
(Liu et al. 2016), Nile tilapia (Oreochromis niloticus) in Egypt (Eissa et al. 2008), and
carp (Labeo spp.) in India (Manna et al. 2003; Ummey et al. 2021).

1.4 Symptoms and diagnosis

The disease was initially associated with sustained low levels of mortality in
rainbow trout hatcheries, but generally manifests in a similar way in other
salmonids (Busch 1978; Bullock 1984). While mortalities in such ‘chronic
conditions’ may be as low as 0.5% per month and thus not considered an immediate
concern, they will accumulate to significant losses over time if left untreated
(McDaniel 1971; Busch 1978). Acute outbreaks with higher mortalities may occur if
fish populations are stressed in conjunction with handling, crowding, low levels of
dissolved oxygen or other suboptimal environmental conditions, or during
outbreaks or treatment of other diseases (Busch 1978; Myhr & Lillehaug 1987). In
farmed salmonid species transferred to seawater, outbreaks are also known to
occur in conjunction with transfer to saltwater and/or stress that may occur post-
transfer (Carson & Wilson 2009). The incubation time is considered to be 5-10 days
(at 13-15°C), affected by various environmental factors (Bullock 1984). Severity of
the disease seems to correlate with temperature, with many severe outbreaks
occurring at >13°C (Rodgers 1991a). Mortalities of 1-5% per week were reported by
early case studies, from what were described as acute conditions (Wobeser 1973;
Lesel et al. 1983; Frerichs Stewart & Collins 1985; Meier 1986), which may add up
to 25 to 75% cumulative mortality over the course of an untreated outbreak (Busch
1978). Such conditions are, however, regarded as subacute in more recent
publications, with the acute form of the disease producing similar cumulative losses
(30-70%) but over the course of just 4-10 days (Furones, Rodgers & Munn 1993).



Typical early signs include darkening of the skin and behavioural changes such as
loss of appetite and lethargic swimming near the surface (Kumar et al. 2015). As the
disease progress, fish may develop the characteristic reddening in and around the
mouth and along the base of the fins and anus, due to subcutaneous haemorrhaging
(Busch 1978; Figure 1). Exophthalmos is commonly observed, as well as
haemorrhaging in the eyes (Tobback et al. 2007). The fish develop internal signs of a
bacterial haemorrhagic septicaemia with petechial haemorrhage on the surface of
organs and tissues (liver, pancreas, pyloric caeca, swim bladder and lateral
muscles). Tissue oedema, typically affecting the kidney, liver and spleen is
commonly observed (Busch 1978; Tobback et al. 2007). Opaque yellowish fluid
consisting of necrotized tissue may be present in the lower intestine (Kumar et al.
2015).

Figure 1: External signs of acute yersiniosis in ~27g Atlantic salmon (Salmo salar) juveniles

experimentally infected with Y. ruckeri CC1 (cohabitation, freshwater), showing
reddening/bleeding around the mouth and gills (A and B), bleeding in the eye (C),
exophthalmos (D), bleeding in the skin (E, indicated by arrows), anus and base of anal fin (E),
and bleeding at base of pelvic fin (F). Photos: Andreas Riborg.



Histopathological examination reveals an acute bacteremia with inflammatory
response in virtually all tissues, presence of bacteria in well vascularized tissues,
particularly in kidney, spleen, liver, heart and gills (Kumar et al. 2015), and
internally in macrophages (Carson & Wilson 2009). Specific pathological changes
include degradation of tubular structures in the kidney, and focal necrosis in the

liver and spleen (Kumar et al. 2015).

External and internal macroscopic clinical signs and histopathologically visible
changes are somewhat general for systemic infections caused by Gram-negative
pathogens, and diagnosis may be especially difficult in ‘chronic’/looming’ infections
with sustained low level mortality. If there is no prior known history of ERM at a
site, such mortalities are prone to being ignored as unspecific ‘background
mortality’ as the symptoms may be vague or absent (McDaniel 1971; Barnes 2011).
Acute mortality in small fry/fingerlings may occur in the complete absence of
external clinical signs (Barnes 2011). In larger fish the hallmark symptom of
reddening around the mouth is not always present, making the commonly used
descriptive name of the disease somewhat misleading (Frerichs Stewart & Collins
1985). Misdiagnosis may easily occur as symptoms overlap with other bacterial
septicaemias, some of which may also cause subcutaneous haemorrhages (e.g.
Edwardsiella tarda) (Austin & Austin, 2007; Barnes 2011). Diagnosis may also be
complicated by coinfection with fungal (usually Saprolegnia sp.), viral, or other
bacterial diseases (Myhr & Lillehaug 1987; Rintamaki, Valtonen & Frerichs 1986;
Taksdal et al. 1993; Collins, Foster & Ross 1996; Borng & Sviland 2011). A tentative
diagnosis can be arrived at based on clinical signs and previous ERM history at the
location, although isolation of the bacterium from tissue samples followed by
identification by phenotypic, serological and/or molecular examination should be

performed for certain diagnosis (Barnes 2011).

Y. ruckeri is readily isolated by direct plating from kidney tissue of lethargic or
moribund fish on general purpose agar media e.g. tryptic soy agar or blood agar, on
which the organism appears as 1-2mm diameter (24h), smooth, round, translucent,
white cream in colour, non-pigmented colonies (Ross, Rucker & Ewing 1966;
Furones, Rodgers & Munn 1993). Y. ruckeri displays gamma-haemolysis (lack of
observable haemolytic activity) on sheep blood agar (O'leary, Rohovec & Fryer

1979) and bovine blood agar (personal observations).



Isolation from fish intestines or from environmental samples is possible but difficult
due to competing growth (Rodgers & Hudson 1984; Rodgers 1992; personal
observations). While some efforts have been made in development of selective and
differential agar media (Waltman & Shotts 1984; Rodgers 1992), of which ribose
ornithine deoxycholate (ROD) agar is the most notable, the differential properties
rely on traits that are variable in Y. ruckeri, i.e. lipase activity and degradation of SDS
(Figure 2), and are, therefore, only useful for the isolation of certain phenotypic
variants (Furones, Rodgers & Munn 1993; Carson & Wilson 2009).

Figure 2: Y. ruckeri appearance on sheep blood agar (A; 25°C/48h incubation; image from
Carson & Wilson 2009), bovine blood agar (B; 22°C/2h incubation; photo by Andreas Riborg),

SDS-degrading (left) and non-degrading (right) strains on ribose ornithine desoxyeholate

agar (C; image from Rodgers 1991b), biotype 1 (lipase positive) strain on agar media
described by Waltman and Shotts (1984)(D; photo by Eva Jansson/SVA 2019), SDS-degrading
(left) and non-degrading (mid and right) strains on SDS-containing tryptic soy agar (E; image
from Navais et al. 2014a), biotype 2 (lipase negative; left) and biotype 1 (right) strains on
Tween-80/lipase agar (F; image from Jozwick, Graf & Welch 2017), with permission.
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Selective and differential media developed for human pathogenic Yersinia, such as
Yersinia Selective Agar (CIN agar) does not support growth of Y. ruckeri (Renaud et
al. 2012). However, semi-selective agars containing Sodium Deoxycholate (the
selective agent used in the ROD agar in addition to SDS), such as the CIN base (CIN
without antibiotics), Xylose Lysine Deoxycholate (XLD) and Salmonella Shigella agar
may be used. XLD agar notably differentiates Hafnia alvei (xylose positive), which
may also occasionally cause a haemorrhagic septicaemia in salmonid fish (Gelev et
al. 1990; Carson & Wilson 2009), as well as most other Yersinia spp. (see Table 2 in
Murros-Kontiainen et al. 2011). Salmonella-Shigella Agar differentiates HzS positive
species (notably Edwardsiella tarda) and lactose fermenters (Austin & Austin 2012).
Bile Esculin Agar has similar selective properties as these agars and offer some
value in differentiation from the esculin reaction (personal observations). Further
presumptive identification of isolates can be made by various biochemical tests
(Table 2; Table 3), however, as a number of other Enterobacteriaceae display
reaction patterns similar to that of Y. ruckeri while also appear similarly on general
agar media, serology with appropriate antisera, 16S rDNA sequencing, MALDI-TOF

or PCR should be performed for species verification (Barnes 2011).

In the absence of bacterial culture, a yersiniosis diagnosis may be arrived at based
on histopathological analysis using immunohistochemistry with appropriate
antibodies (FAT, IFAT), ideally from kidney tissue (Barnes 2011; Furones, Rodgers
& Munn 1993). Rapid detection of Y. ruckeri antigens by FAT on tissue smears
(Furones, Rodgers & Munn 1993) or enzyme-linked immunosorbent assay (ELISA)
with monoclonal antibodies (Austin et al. 1986; Romalde et al. 1995) has seen some
use, although detection by PCR has been more widely utilized for rapid detection in
recent years (Gibello et al. 1999; LeJeune & Rurangirwa 2000; Temprano et al.,
2001; del Cerro, Marquez & Guijarro, 2002; Bastardo, Ravelo & Romalde, 2012;
Keeling et al. 2012). PCR also enables rapid detection from a variety of sample
materials, such as fish faeces and environmental samples (Ghosh et al. 2018, Shea et
al. 2020; Lewin et al. 2020). A protocol for specific detection by Loop-Mediated
Isothermal Amplification (LAMP) has also been described (Saleh et al. 2008).



1.5 Prevention and control

If Y. ruckeri is not already present in a freshwater aquaculture site, preventive
efforts should focus on preventing introduction of Y. ruckeri to the environment in
and around the site, the water source, and the fish stock, as Y. ruckeri seem capable
of colonizing any of these niches. The water source is of particular interest as it may
serve as a constant source of contamination and thus possibly foil efforts to sanitize
within the site itself (Hjeltnes et al. 2012). Sites utilizing either flow-through or
recirculation technologies (RAS) may both be affected (Hjeltnes 2014; Borng &
Linaker 2015; Colquhoun 2016; Amlie 2018). Sites with spring/well-water sources
seem to be at significantly reduced risk than those utilizing river water although this
may relate to the former usually being smaller scale operations (Rodgers 1991a).
Outside of the water source, sourcing fish and/or eggs from Yersinia-free stocks, and
limit transfer of equipment and biological materials is highly advised to prevent
introduction (Furones, Rodgers & Munn 1993). At specific sites or in areas where Y.
ruckeri is already established, a number of preventive measures related to
maintenance of good fish welfare and reduction of stress are prescribed to prevent
acute utbreaks and/or escalation of subclinical infections. These include strict
hygiene and avoiding over-crowding and otherwise stressful situations during
procedures such as grading, vaccination, water temperature fluctuations (Rodgers
1991a; Furones, Rodgers & Munn 1993).

In the 1980s, prophylactic use of antibiotics to prevent yersiniosis and other
bacterial diseases in aquaculture was recommended and widely practiced. This
became increasingly controversial going into the 1990s (Rodgers 1991a; Furones,
Rodgers & Munn 1993), and such practices were subsequently banned in most
developed countries due to possible development of resistance and residues in the
final product (Herndndez 2005). Antibiotics are, however still prescribed to treat
acute outbreaks (Tobback et al. 2007). A wide range of substances and dosage
regimes have been successfully utilized, with oxolinic acid, potentiated
sulphonamide and oxytetracycline commonly used (Furones, Rodgers & Munn
1993), and increasingly florfenicol in recent years (Duncan ]. Colquhoun pers. com.).
Resistance develops readily in vitro against these compounds (Rodgers 2001), and
both chromosomal mutations and antimicrobial resistance plasmids have been

shown to confer resistance (Welch et al. 2007; Shah et al. 2012). While case reports
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of resistance to relevant compounds do exist (De Grandis & Stevenson 1985; Gibello
et al. 2004; Huang et al. 2014; Shah et al. 2012), they do not seem to be widespread
(Welch et al. 2007; Calvez et al. 2014), and it appears that such isolates are generally

still sensitive to the remaining first-line compounds.

Development of ERM vaccines started early (Ross & Klontz 1965), and inactivated
bacterin-based immersion vaccines against ERM and vibriosis became, in the late
1970s, the first commercially available vaccines for fish (Sommerset et al. 2005;
Gudding & Van Muiswinkel 2013). Significant protection was reported for
immersion, oral and injection variants of early ERM vaccines, and vaccination
quickly became the single most important tool to prevent the disease (Stevenson,
Flett & Raymond 1993). Vaccination has not, however, completely eliminated the
disease, as acute outbreaks may still occur under poor environmental conditions or
high stress (Busch 1983; Rodgers 1991a). In recent years there have been many
case-reports of ERM vaccine failure, associated with the emergence of non-motile Y.
ruckeri strains. Modification of the vaccine by changing the vaccine strain, utilization
of autologous/autogenic vaccines or otherwise altering the formulation or
administration of the vaccine as intraperitoneal (IP) injection instead of immersion,
has proven effective in resolving such issues (Austin et al. 2003; Fouz, Zarza &
Amaro, 2006; Arias et al. 2007; Costa et al. 2011; Welch et al. 2011).

In addition to preventing introduction where possible, maintaining favourable, low-
stress conditions and vaccination, probiotic use against yersiniosis has generated
promising experimental results in recent years. Formulations containing Bacillus sp.,
Carnobacterium sp. and Aeromonas sobria are seemingly able to induce some degree
of protective immunity in the fish (Robertson et al. 2000; Kim & Austin 2006; Brunt
et al. 2007; Capkin & Altinok 2009; Abbass, Sharifuzzaman & Austin 2010), and
lactic acid bacteria may be able to outcompete Y. ruckeri in fish mucus, intestine, and

on abiotic surfaces (Balcazar et al. 2008; Sica et al. 2012).
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1.6 Yersinia ruckeri

Previously known as a member of the Family Enterobacteriaceae, Y. ruckeri is
currently recognized, after recent revision of the Enterobacterales order, as a
member of the family Yersiniaceae together with other members of the genera
Yersinia, Serratia, Rahnella, Rouxiella and Ewingella (Adeolu et al. 2017). Y. ruckeri
cells are facultative anaerobic, short Gram-negative rods (1.0 x 2.0 to 3.0 um), with
motile strains displaying peritrichously arranged flagella (Ross, Rucker & Ewing
1966). Like other Yersinia, Y. ruckeri is mesophilic, able to grow well under
refrigeration, while also capable of rapid growth at higher temperatures (Percival &
Williams 2014). Yersinia are well known for temperature-dependant gene
regulation, with expression of key virulence factors, flagella and several metabolic
systems being subject to strict temperature-dependant control. Temperature is a
primary cue for modulating expression of systems relevant for Yersinia survival in
the environment or in cold- and warm-blooded hosts (Horne & Pruss 2006; Minnich
& Rohde 2007). Y. ruckeri has an optimum growth temperature of 28°C (O'leary,
Rohovec & Fryer 1979), not unlike the human pathogenic Yersinia species, but is not
well adapted for growth at temperatures typical of warm-blooded hosts (Ewing et
al,, 1978). Growth is severely inhibited at 37°C for many Y. ruckeri strains, a trait
associated with a certain large conjugative plasmid commonly present in virulent
strains (De Grandis & Stevenson 1982). While other Yersinia spp. are also commonly
encountered in aquatic environments, Y. ruckeri distinguishes itself in being
primarily associated with freshwater environments with various species of fish as
its primary host organism, while other described Yersinia species are generally also
associated with terrestial environments and warm-blooded hosts (Robins-Browne
1991; Falcdo et al. 2004; Reuter et al. 2014). As such, the utility of temperature-
dependant regulation in Y. ruckeri seem less obvious, but features such as abolishing
expression of flagella at higher temperatures are nonetheless conserved (0'leary,
Rohovec & Fryer 1979). Y. pestis, the causative agent of the ‘Black Death’ plague, is
non-motile due to mutations in essential flagellar genes (Chain et al. 2004). Such
events have also occurred in certain lineages in Y. ruckeri rendering such strains
permanently non-flagellated (Davies & Frerichs, 1989; Welch et al. 2011). Certain
key-virulence factors which expression is upregulated at higher temperatures in
human pathogenic Yersinia, i.e. the Yersinia virulence plasmid (Rohde et al. 1999;

Horne & Pruss 2006), are notably absent in Y. ruckeri (Guilvout et al. 1988).
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Y. ruckeri display a metabolic profile which is notably negative for a large number of
relevant differentiating compounds (Ewing et al. 1978; O'leary, Rohovec & Fryer
1979; Table 2). In addition to the well known negative sucrose test (Waltman &
Shotts 1984), negative results for urease and esculin are useful to differentiate Y.
ruckeri from a large number of Yersiniaceae and other relevant Enterobacteriaceae
(Green & Austin 1983; Bullock & Cipriano 1990). The only test in which Y. ruckeri
distinguishes itself amongst Yersinia with a positive reaction seems to be Lysine
decarboxylase (Table 2; see also Table 1 in Hurst et al. 2011 where more species are
listed). This limited biochemical repertoire relates to a significant reduction in
genome size in Y. ruckeri, which has resulted in the loss of several carbohydrate
utilization pathways. With a genome size of 3.6-3.9 Mbp, Y. ruckeri possesses the
smallest genome amongst sequenced Yersinia, which are otherwise generally in the
4.6-4.8 Mbp range (Chen et al. 2010). While reduced genome size is a common trait
amongst obligate intracellular pathogens (Stepkowski & Legocki 2001), this does
not apply to Y. ruckeri. Rather, adaptation to an aquatic, oligotrophic environment is
likely the cause (Barnes et al. 2016), where metabolic flexibility is of less value than
in terrestrial environments, and conserving resources is of key importance
(Rosinski-Chupin et al. 2013; Reuter et al. 2014).

While initially placed in the Yersinia genus, this taxonomic placement was noted as
uncertain, with Yersinia preferred over Serratia due to differences in GC % (Ewing et
al. 1978; O'leary, Rohovec & Fryer 1979). Several authors have since called for a
revaluation of the taxonomic status due to the numerous traits distinguishing it
from other Yersinia in terms of phenotype and results from early genetic methods
(Green & Austin 1983; Farmer et al. 1985; De Grandis et al. 1988). While Y. ruckeri is
clearly situated on the Yersinia side of a Yersiniacea tree (Figure 3), it does indeed
display a distinct phylogenetic position relative to other Yersinia (Hall et al. 2015).
The more recently discovered species Y. entomophaga and Y. nurmii do however
‘close the gap’ between Y. ruckeri and remaining Yersinia species, both in terms of
biochemical reactivity (Murros-Kontiainen et al. 2011; Hurst et al. 2011) and whole-
genome-based phylogeny where they share a deep branch with Y. ruckeri (Reuter et
al. 2014; Savin et al. 2019). Y. nurmii is also similar to Y. ruckeri in terms of genome
size at 4.1 Mbp (acc. no. GCF_001112925). No further calls for revision of the

taxonomic status of Y. ruckeri have been made in the post-WGS era.
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Table 2: Notable differentiating phenotypic traits of Y. ruckeri and some selected
Yersiniaceae, and some additional Enterobacterales members relevant for salmonid

aquaculture according to Austin and Austin (2012).
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Urease - - - - + + - - - - - -
Esculin - - - + + - + + + + - - -
Rhamnose - - - - + - + - - - + - +
Salicin - - - - + - + + ¥ - . .
Sucrose - + - - + + + B .
Cellobiose - + - - + + - + - +
Melibiose - - + - + - - + - + + - -
Ornithine + + + - - + + + - - +
Lysine + - - - - - - + . - +
Xylose - - - - + - + - +
Arabinose - - - + + + - - - +
H2S - - - - - - - - - - + + -

Phenotypic traits according to O'leary, Rohovec and Fryer (1979), Murros-Kontiainen et al.
(2011), Hurst et al. (2011), Austin and Austin (2012) and Farmer et al. (1985).

v = relevant inter-strain variability.
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Table 3: A selection of Yersinia ruckeri phenotypic traits with emphasis on inter-strain

variability and temperature-dependant reactions.

Test Result Range (°C)
Hemolysis Y

Motility Variable (a) 18, 22,27
Catalase +

Oxidase -

Arginine dihydrolase + 18,22
Lysine decarboxylase + 18, 22
Ornithine decarboxylase +

Lipase Variable (a) 9,18, 22
B-galactosidase/ONPG Variable (b)

Casein hydrolysis Variable (c)

Voges Proskauer Variable (d)

Citrate utilization Variable (d)

Gelatin hydrolysis Variable (d) 27
DNAase - positive at 37°C
SDS degradation Variable (e) unknown
Arabinose (A) -

Fructose (A) +

Glucose (A) +

Lactose (A) -

Maltose (A) +

Rhamnose (A)

Ribose (A) +

Salicin (A) -

Sorbitol (A) Variable (f)

Sucrose (A) -

Trehalose (A) +

Xylose (A) -

Temperature-dependant variation is according to tests performed at 9, 18, 22, 27 and 37°C by
O'leary, Rohovec and Fryer (1979) (SDS degradation was not tested).
(A) indicate acid produced from utilization of carbohydrate
Mechanisms for variability are as follows:
(a) Biotype (Davies & Frerichs, 1989)
(b) Associated with transposase activity in the lac operon (paper III)
(c) May relate to Yrp1 expression (Fernandez et al. 2002; Fernandez et al. 2003)
(d) Unknown
(e) Presence of the alkyl sulphatase YraS (Furones et al. 1990)
(f) Presence of sorbitol-specific transport/utilization cluster gut/sriD (Barnes et al. 2016)
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Yersinia

Serratia

Y. ruckeri

Yersinia kristensenii [P28590
Yersinia kristensenii FCF324
Yersinia kristensenii [P6943
Yersinia rochesterensis ATCC BAA-2637
Yersinia enterocolitica FORC 002
Yersinia canariae NCTC 14382
Yersinia hibernica CF$1934
Yersinia rohdei YRA
Yersinia frederiksenii CFSAN060535
Yersinia frederiksenii ATCC 33641
Yersinia frederiksenii CFSAN060534
Yersinia iliensis GTA
Yersinia mollareti ATCC 43969
Yersinia aleksiciae 159
Yersinia bercovieri ATCC 43970
Yersinia peldkanenii A125KOH2
NVI-11508 4
Yersinia intermedia CFSAN060536
Yersinia intermedia NCTC11469
NVI-11061 @
Yersinia aldovae [P07632
Yersinia aldovae 670-83
Yersinia aldovae TP08791
Yersinia similis 228
Yersinia wantersi WP-931201
Yersinia pestis A1122
Yersinia pseudotuberculosis NCTC10275
Yersinia entomophaga MH96
Yersinia entomophaga SCPM-0-B-7183
NVL-2267 @
Yersinia nurmii CPYD01000001
Y ruckeri YRB
Y ruckeri NVI-11065 @
Y ruckeri NVI-4479 @
Y.ruckeri NVI-10587 @
Y. ruckeri NHV-3758 @
Y.ruckeri SC09
Y.ruckeri BigCreek
Y ruckeri CSF007-82
Y ruckeri NVI-11050 @
Y. ruckeri QMA0440
Serratia grimesii BXF1
Serratia quinivorans NCTC13188
Serratia liquefaciens FG3

Serratia iquefaciens S1
Serratia inhibens PRI-2C
_E Serratia phymuthica AS9
Serratia rubidaca FDAARGOS 926
Serratia surfactantfaciens YD25

Serratia nematodiphila DH-S01
Serratia ureilytica T6

Serratia fonticola DSM 4576
Serratia fonticola AU-AP2C
Serratia fonticola FDAARGOS 411
Serratia fonticola 133R

NVI-11516 @
Chania mmltitudini RB-25
Rouxiella badensis SER3

Rouxiella Rousicla silvae SAP-2
Rouxiella chamberiensis 130333

Ewingella - Evingela americana B6-1
4[ Ewingella americana NCTC12157
NVI-11512 @
NVI-11514 @
NVI-11511 @
NVI-11515 @
Rahnella inusitata Se8
Rahnella aquatilis ATCC 33071
Rahnella victoriana BRK 18a
Rahnella bruchi DSM 27398
NVI-11513 @
Rahnella variigena CIP 105588
Rahnella variigena VCR3

Rahnella

Figure 3: Modified figure S1 from
paper 1, core-gene Yersiniaceae
phylogeny. Strains denoted by a
blue circle originate from salmonid
aquaculture in Norway. NVI-
11508 to 11516 were isolated

during present work.



1.7  Intraspecific diversity

Serotypes

Several serotypes of Y. ruckeri exist (O'Leary et al. 1982) but most isolates are of
either serotypes O1 or 02, with 01 being the most common (Bullock, Stuckey &
Shotts 1978; Davies 1990). Various serotyping schemes have been developed and
used over the years (Romalde et al. 1993). Outside of a distinction between serotype
subtypes which is sometimes made (e.g. between serotypes Ola and O1b), typing
schemes generally agree on the most frequently occurring serotypes 01 and 02,
while differences between schemes relate to the less common serotypes (Davies
1990). A notable exception is the British salmon-pathogenic serotype 08 which may
be identical to serotype O1b (Ormsby et al. 2016). Additionally, certain isolates that
appear as 05 in older works are designated as O1 in more recent works (e.g.
RD154/NVI-344), perhaps due to unspecific reactions which are known to occur
between 05 strains and O1 antisera (Davies 1990; Duncan J. Colquhoun pers. com.)
and such ‘errors’ are sometimes reprinted in more recent works (e.g. RD154 in Haig
etal. 2010). Amongst the less common serotypes, several strains originally
designated as O3 (not regarded as a valid serotype by current schemes), are

designated as 07 in more recent works (Davies 1991c).

Serotype 02 isolates have been repeatedly described as less virulent (Bullock et al.
1978; McCarthy & Johnson 1982; Barnes 2011). No such generalisation in terms of
virulence can be made regarding serotype O1 as both highly virulent and avirulent
strains display this serotype (Verner-Jeffreys et al. 2011). The fundamental genetic
difference between O1 and 02 serotypes has been identified as a 20-gene deletion
within the O-antigen cluster responsible for producing high-molecular weight
lipopolysaccharides. This results in a LPS deficiency, although core
lipooligosaccharide is still produced in such strains (Welch & LaPatra 2015; Barnes
etal. 2016). Similar LPS-deficient phenotypes are readily obtained by selecting for
resistance to a lytic bacteriophage that likely utilizes Y. ruckeri LPS as a receptor for
entry. Such isolates display attenuated virulence in rainbow trout and sensitivity to
rainbow trout serum (Welch 2019). Some naturally occurring serotype 02 strains
are also sensitive to rainbow trout serum (Haig et al. 2011; Timothy Welch pers.

com.).
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Biotypes

While wild-type Y. ruckeri display flagellar motility, there has been an increasing
dominance of non-flagellated, non-motile isolates recovered from acute outbreaks
in rainbow trout worldwide in recent years. Such isolates are, in contrast to motile
strains, lipase negative (Figure 4). These observations have resulted in the
recognition of two biotypes (BT), with BT1 defined as motile and lipase positive, and
BT2 defined as non-motile and lipase negative (Davies & Frerichs 1989). BT2 is
sometimes referred to as biotype ‘EX5’ (Austin, Robertson & Austin 2003; Tinsley et
al. 2011; Scott 2012). The genetic basis for BT2 development has been shown to be
the result of detrimental mutations in essential flagellar genes, specifically genes in
the flagellar type 1l secretion system (Welch et al. 2011). Secretion of lipase enzyme
is then also disabled as it relies on the same secretion system (Young, Schmiel &
Miller, 1999; Evenhuis et al. 2009). The presence of several distinct motility-
disabling mutations amongst Y. ruckeri strains have shown that loss of motility has

occurred independently in several geographically distinct areas (Welch etal. 2011).

Figure 4: Agar-based biotyping with motility agar (left) and lipase agar (right) as described
in paper II, with results for biotype 1 (top, both assays positive) and biotype 2 (bottom, both

assays negative). Photos: Andreas Riborg.
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As non-motile Y. ruckeri isolates have been recovered in several case studies in
which immersion-style vaccines failed to provide protection against disease, BT2
development has been suspected as a case of vaccine-escape (Wheeler et al. 2009;
Welch et al. 2011; Tinsley et al. 2011; Barnes et al. 2016; Kennedy & Read 2017).
Presumably, loss of highly immunogenic flagella could aid the bacterium in
establishing infection in an immunized host. However, such an advantage has not
been demonstrated experimentally. Bacterial strains of each biotype, utilised in in
trials designed to study the effect of biotype on vaccination, also differed in LPS
antigen structure and virulence (Tinsley et al. 2011; Deshmukh et al. 2012),
rendering the results largely inconclusive regarding the specific role of biotype in
vaccine-induced immunity. In these studies, and generally, variance in vaccine-
induced protection is seemingly eliminated when the vaccine bacterin is prepared
from a strain more similar or identical to the disease-causing strain, combining
different vaccine strains, or otherwise improving vaccine formulation or delivery
(see chapter 1.4). The flagella do not seem to play a major role in vaccine-induced
immunity, which rather relies on O-antigen/LPS (Welch & LaPatra 2016). By
replicating naturally occurring BT2-inducing mutations in a virulent BT1 strain, it
was shown that biotype does not significantly affect virulence in challenge trials
(Jozwick, Graf & Welch 2017). While any specific biological advantage has yet to be
identified, the non-motile phenotype has become increasingly common across
Europe and USA (Fouz, Zarza & Amaro, 2006; Wheeler et al. 2009; Welch et al. 2011;
Gulla et al. 2018), and a slight advantage for non-motile strains relating to immune-

evasion is currently assumed (Jozwick, Graf & Welch 2017; Jozwick et al. 2019).

Biochemical variation

Intraspecific phenotypic variation relating to biochemical reaction patterns do exist
in Y. ruckeri. Perhaps the most well-known is the ability of some strains to utilize
sorbitol (O'Leary 1977; O'leary, Rohovec & Fryer 1979; O'Leary et al. 1982), a trait
associated with horizontally acquired sorbitol-specific membrane transport and
utilization genes in serotype 02 strains (Barnes et al. 2016). Sorbitol utilization has
been used to differentiate between strains, as a substitute for serotyping, and hence
as an indicator of virulence as serotype 02 is regarded as less virulent than 01
(Cipriano & Pyle 1985). Sorbitol positive isolates of serotype O1 do however exist
(Stevenson & Airdrie 1984; Rintamaki, Valtonen & Frerichs 1986).
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The ability to degrade SDS is present in some serotype 01 strains, including strains
associated with severe outbreaks in rainbow trout worldwide. Thus, this ability,
related to the presence of an alkyl sulphatase (YraS), has been regarded as a
virulence factor (Furones et al. 1990). SDS containing agar media (at 1%) has been
utilised as both a selective and differential component (Furones, Gilpin & Munn
1992; Rodgers 1992). Resistance to SDS is inherent to the species (and presumably
Yersiniacea in general) regardless of SDS degrading phenotype, and the SDS
degrading phenotype has since been shown to correlate poorly with virulence
(Navais et al. 2014a). Use of SDS as a differential component would thus hide
potentially virulent Y. ruckeri as background, including those causing disease in

Norwegian aquaculture which are invariably SDS-negative (personal observations).

While various other intraspecific biochemical differences have been reported (Table
3), the genetic basis for these are generally not known, although the likely genetic
basis for the ONPG negative phenotype was discovered in current study (paper III).
The observed/reported phenotype may also vary dependent on the exact test used.
The results of e.g. citrate utilization, gelatine hydrolysis, Voges-Proskauer, nitrate
reduction and lysine decarboxylase are known to vary between tests and between
manufacturers (Davies & Frerichs 1989; Stevenson & Daily 1982; Huang et al.
2015). Many authors have cautioned the use of the API20E system (Biomerieux) in
particular, as the results seem to depend heavily on the exact incubation times and
temperatures used (API20E is optimized for incubation at 37°C for 24h which is not
suitable for Y. ruckeri) (Stevenson & Daly 1982; Davies & Frerichs 1989; Furones,
Rodgers & Munn 1993). Utilization of amino acids by Y. ruckeri notably varies with
temperature, occurring at 18 and 22°C but not at the optimum growth temperature
(28°C), while the opposite is the case for gelatinase activity (O'leary, Rohovec &
Fryer 1979; Table 3).

Proteomic and genetic diversity

Plasmid profiling has demonstrated that plasmids are variably presentin Y. ruckeri.
Virulent strains recovered from rainbow trout usually harbour two plasmids, one of
which seem to inhibit growth at 37°C (De Grandis & Stevenson 1982; De Grandis &
Stevenson 1985). Some plasmids have been found to confer resistance to antibiotics,
although these do not appear to be widely distributed in the species (Welch et al.
2007).
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Typing efforts with multilocus isoenzyme electrophoresis revealed limited diversity
amongst the varied panel of Y. ruckeri isolates investigated, relative to E. coli (Schill,
Phelps & Pyle 1984). More recent studies utilizing outer-membrane-protein (OMP)
profiling were more successful in differentiating isolates (Davies 1991a). The OMP
electrophoresis profile represents various proteins, including OmpA, OmpC and the
major porin OmpF which seem to display corresponding variation in predicted
amino acid sequences (Ormsby et al. 2019; Ormsby & Davies 2021). Combinations
of OMP-profiling, serotyping and biotyping have been used in epidemiologic studies.
As isolates sharing an OMP-profile may vary in serotype, and vice versa, combining
these techniques increase resolution. Biotyping was able to further differentiate

between serotype 01 isolates (Davies 1991b; Davies 1991c).

More recently, whole-genome-based studies have demonstrated that a substantial
portion of the genetic diversity in Y. ruckeri relates to mobile elements such as
transposons, prophages and plasmids (Barnes et al. 2016). The most notable
differences otherwise are the LPS O-antigen cluster deletion associated with the 02
serotype, and some other large deletions observed in specific lineages or individual
isolates. The wide variety of prophages and transposons with payloads that may
confer resistance to lytic phages (i.e. restriction modification systems) have been

associated with the lack of CRISPR-Cas loci in Y. ruckeri (Barnes et al. 2016).

1.8 Phylogeography

In addition to classical phenotype-based methods, a wide variety of molecular
typing techniques have been utilized to study the population structure of Y. ruckeri,
including Pulsed-field Gel Electrophoresis (PFGE), Multi-Locus Sequence Typing
(MLST), PCR-based repetitive extragenic palindromic (REP) and enterobacterial
repetitive intergenic consensus (ERIC) typing, ribotyping, plasmid profiling, and
combinations of such techniques (Bastardo et al. 2015; Calvez et al. 2015; Bastardo
etal. 2011; Garcia et al. 1998; Wheeler et al. 2009). Bastardo, Ravelo & Romalde
(2012) combined bio- and serotyping, biochemical- (API20E), OMP- and LPS-
profiling (silver staining), and REP- and ERIC-PCR-profiling to maximize resolution.
Findings from such studies were generally the same; while appreciable diversity
does exist within the species, the phenotypic and genetic diversity amongst strains

that cause outbreaks of disease in aquaculture seem quite limited.
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Some diversity exist between isolates recovered from Atlantic salmon, and these are
generally distinct from strains recovered from rainbow trout (Ormsby et al. 2016).
Thus, phylogenetic analysis does not support any epidemiological relationship
between the strains causing yersiniosis in rainbow trout and Atlantic salmon
respectively in Europe, even though they were seemingly disseminated more or less
simultaneously during the 1980s (Gulla et al. 2018). Virulent strains recovered from
rainbow trout, believed to originate from the Hagerman valley area in the USA and
sometimes collectively referred to as ‘the Hagerman strain’ are, however, highly
similar and not differentiated to a degree suitable for epidemiological studies by any
of the aforementioned techniques or reasonable combinations thereof. Isolates
recovered from rainbow trout globally were found in several studies to consist of a
single, or just two nearly identical genotypes (Garcia et al. 1998; Wheeler et al.
2009; Calvez et al. 2015). Using MLST, these two genotypes are separated by a single
SNP, with isolates from the USA and the UK generally belonging to one genotype,
while isolates from mainland Europe belong to the other (Bastardo, Ravelo &
Romalde 2012; Bastardo, Ravelo & Romalde 2015). As both biotypes exist within
both these groups, biotyping is able to increase the epidemiological resolution to a
degree. Study of the specific causative mutations was able to further subdivide these
isolates as those from Nordic countries (Denmark and Finland) and from mainland
Europe as each had respective unique BT2-causative mutations, indicating that loss
of motility had occurred independently at least twice in this region. The causative
mutation was found to be identical between BT2 isolates from the USA and the UK,
indicating that exchange of strains between these regions has occurred at least
twice; the initial transfer from the USA, and then transfer of the non-motile variant
in an unknown direction (Welch et al. 2011). Additional independent occurrences of

BT2 also exist in this lineage (Figure 5).

WGS has been shown to be well able to discern between closely related isolates, and
has confirmed a high degree of clonality in the Y. ruckeri population structure.
Isolates form discrete, highly conserved and fairly distantly related clusters (Barnes
etal. 2016; Abdel-Glil et al. 2021). Besides WGS, multiple-locus variable number of
tandem repeats analysis (MLVA) has demonstrated sufficient resolution to
differentiate between strains/isolates within the same lineage (Gulla et al. 2018),
and MLVA typing is the foundation for the state of the art understanding of the

population structure within Y. ruckeri as a species.

22



@ Australia

@ Canada
Q© China
© Denmark 4 % é § = %}‘o
273 ;
@ New Zealand 4, ’29 N g}(’\’) &
@ Norway N ”«t@séﬁw
@ Russia V1-9,58‘,?7 N P
O Sweden NVL622¢ Nk
@ Usa NVI-8334 ce3 s
O UK \N\'\ t\ ngszl
- DA//
/1/]7 0 000
UL
NV.’.@:’ . CC10 g"t
B e e BTZ
: S
BT2 < ccs QA?
. — 8MA0440
L 'Ma
e c7 e
Z.% CC1 NVI-4098
/V|/ 2 A
1‘1170( |/ Nvl‘ﬁ?Q@
x| BT2 s,
NHV-373 >
A e J My
RSN Uy 2
T ogRs 2%7;;& 2,
LI FEE%
TEz7 523
gut/srl SES
gu/srl
)
S 82 @ W,
[ O 1, X
Yy P .d» 2 "o,
® .
YRB -z é by, %
& % ¥ Ownree
P
R~
mf’lfk R . .
68501-3\1&[ BT2 causative mutations
i\’mN L ‘ CC1: fliP(A224D) (paper 1)
9 \,\b‘i\ 0 1, CC10: fThC (G143V) (paper )
N T 27 % CC5: flilA (Barnes etal. 2016)
N T E 2% h,
QAN oY 5% @ CC2:
ES %~ 2 g % ONFC | fiRat (USA & UK; Welch etal. 2011)
d fé’é S5 fliRAZ (DK & FIN; Welch etal. 2011)
&g Ifa fIhA(6256D) (DK; Welch et al. 2011)
oo g 8 fIkBA1 (Spain; Welch et al. 2011)
’ w e Unknown (France; Moreau et al. 2019)

Figure 5: Modified Figure S1 from paper III. Non-01 serotypes have branches labelled with
serotype in blue. NR represents no reaction. SC09 has an unknown non-01 serotype. Branch
labels also indicate presence of sorbitol utilization genes gut/srl and SDS-degrading alkyl
sulphatase encoding yraS. A red 'V’ indicates virulent lineage (CC3 is considered mildly
virulent). Primary host species for prominent virulent lineages are indicated by images
depicting S. salar, 0. mykiss or I. punctataus (SC09). Ocurrences of BT2 are indicated. Blue
arrow indicates branch to the YRB ‘outgroup’. See paper III for more details regarding hosts,
phenotypes and genotypes.
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Disease in rainbow trout in the USA, UK and mainland Europe is dominated by a
single lineage of closely related isolates, clonal complex (CC) 2, which is further
subdivided into sub-complexes CC2a, b and c. Independent occurrences of BT2 are
present within each sub-complex. The mainland Europe genotype, CC2c, is shared
by some older isolates from the USA, suggesting at least three independent
exchanges of the CC2 lineage between USA and Europe; two exports from USA, to
the UK and mainland Europe respectively, and further exchange of CC2 BT2
between USA and UK. The mainland European sub-lineage is also present in Peru.
Isolates from disease in Atlantic salmon are more diverse, with discrete lineages
generally displaying a geographically limited distribution in Norway (CC1), the UK
(CC4) and Australia (CC5) (Gulla et al. 2018; Figure 6). Salmon pathogenic CC5
isolates do not cluster with any lineages known to be present in North America or in
Europe (Gulla et al. 2018), but are closely related to a sequenced isolate from Chile,
possibly related to transfer by salmon eggs imported by Chile from Australia
between 2005 and 2012 (Barnes et al. 2016). Besides these dominant virulent
clones, all of which are serotype 01, a large variety of genotypes exist that are
considered less virulent or avirulent, including other serotype 01 and serotype 02

and the various less common serotypes (Barnes et al. 2016; Gulla et al. 2018).

Figure 6: Select occurrences of Y. ruckeri in aquaculture globally. Host species are indicated

by images depicting salmonids S. salar, 0. mykiss and O. tshawytscha, and O. niloticus (Egypt),
Labeo spp. (India) and I. punctataus (China). See Table 1 for references. MLVA clonal
complexes (1, 2, 3,4, 5,10, 11) are indicated according to geography and host species in
which they primarily occur (Gulla et al. 2018; paper [; Snorre Gulla pers. com.) and strains
BigCreek74 and SC09. MLVA CCs 4 and 11 are not represented in paper Il and Figure 5.
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1.9 Virulence determinants

As mentioned, there exist strains of Y. ruckeri regarded as less virulent or avirulent
(Verner-Jeffreys et al. 2011; Barnes et al. 2016). While strains isolated from one host
species may be virulent in another, this is not always the case, as virulent strains
seem to display a significant degree of host specificity (Haig et al. 2011). However,
such differences in virulence are not currently associated with the
presence/absence of any specific genetic determinants, outside of the general
association between serotypes (Bullock et al. 1978; McCarthy & Johnson 1982) and
perhaps the presence of large plasmids (De Grandis & Stevenson 1982; Stave, Cook
& Roberson 1987). Plasmid content was initially studied due to the interest in the
Yersinia virulence plasmid (pYV) as an essential virulence factor in human
pathogenic Yersinia species (Cornelis et al. 1998). Virulent Y. ruckeri strains were
found not to harbour pYV (Guilvout et al. 1988), but rather held the large (50-70
Mda, corresponding to 75-105 Kbp at 1500 bp/Mda) Y. ruckeri-specific plasmid
pYR3, present in the CC2 lineage (Méndez et al. 2009; Nelson et al. 2015), and the
very similar pYR4 present in CC1 (Wrobel et al. 2018b). This plasmid has been
implicated in virulence as mutants with knockout of various essential components
of the conjugative Type IV secretion system displayed moderately reduced LDso
values in trout (challenge by IP injection), although these genes were believed to be
located in the chromosome at the time (Méndez et al. 2009). However, some
virulent strains do not carry plasmids, including the Australian Atlantic salmon

pathogenic lineage CC5 (Barnes et al. 2016).

Several Y. ruckeri virulence factors represent effectors secreted into the
surroundings, and injection of fish with extracellular products from a Y. ruckeri
culture results in haemorrhage and necrosis at the injection site (Romalde &
Toranzo 1993). The YhIA haemolysin is responsible for haemolytic activity in vitro
(observable only in liquid culture conditions, not on blood agar), presumably also in
vivo, and YhlA mutants display severely reduced virulence (Fernandez, Prieto &
Guijarro 2007). This haemolysin is not known from other Yersinia, and was
presumed acquired from Serratia where similar haemolysins are present
(Fernandez, Prieto & Guijarro 2007), but the most simmilar homologues are present
in the more recently described Yersinia species Y. nurmii and Y. entomophaga

(personal observations).
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The Yrp1 protease is another notable extracellular effector which may hydrolyse a
range of tissue-associated proteins (Secades & Guijarro, 1999). Proteolytic activity is
severely affected in mutants, as is virulence, and Yrp1 activity may cause leakage of
blood through micro-haemorrhages in capillaries, i.e. the primary symptom of the

disease (Fernandez et al. 2002; Fernandez et al. 2003).

As in many other pathogens of vertebrates, Y. ruckeri possesses a siderophore
(‘ruckeribactin’) iron acquisition system, and mutants display a 100-fold reduction
in LDso (IP injected) (Fernandez et al. 2004). The high-affinity zinc transporter
ZnuABC has been identified in Y. ruckeri, with mutants displaying no growth defects
in vitro but perform poorly in competitive challenge by immersion (Dahiya &
Stevenson 2010a). Several metabolic systems, secreted enzymes and some outer
membrane proteins have also been linked to virulence through experimental
observations, i.e. reduced or attenuated virulence in mutants, although their specific
induvidul contribution towards virulence seems to be related to general nutrient

aquisition or is otherwise unknown (Table 4).

The SDS-degrading alkyl sulphatase YraS was once regarded as a virulence factor
due to its general association with virulent strains (present in CC2), but many
virulent strains also lack it (Navais et al. 2014a), including CC1 (personal

observations).

A prominent virulence factor unique to Y. ruckeri within the Yersinia genus is the
T6SS-like Anti-feeding prophage, which is also found in Serratia species (Heymann
etal. 2013; Hurst et al. 2018). The catalytic domain of the putative toxin component
AFP18 disrupts the actin cytoskeleton by depolymerizing actin microfilaments in
zebrafish cells (Jank et al. 2015), but no specific studies have been performed to

assess whether Anti-feeding prophage is required for Y. ruckeri virulence.
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factors in Yersinia ruckeri.

Table 4: Modified Table 2 from paper III, distribution of characterised and putative virulence

Name Classification Reference Distribution
yrpl Protease Secades & Guijarro, 1999 Core
YrpAB Peptidase Navais et al. 2014b Core
YhIBA Haemolysin Fernandez et al. 2007 Core
Yst2 Type Il secretion Liuetal. 2016 Core
AFP Type VI-like secretion Jank etal. 2015 Core
Ruckerbactin Iron acquisition Fernandez et al. 2004 Core
cdsAB L-cysteine acquisition Méndez et al. 2010 Core
znuABC Zinc acquisition Dahiya & Stevenson 2010a  Core
barA-uvrY Response regulator Dahiya & Stevenson 2010b  Core
ompF OMP Wang et al. 2018 Core
filamentous hemagglutinin OMP Ormsby et al. 2019 Core
Ystl Type Il secretion Liuetal. 2016 Shell
Ysa Type Il secretion Gunasena et al. 2004 Shell
yrllm IAT-invasin Wrobel et al. 2018a Shell
yrinv IAT-invasin Wrobel et al. 2018a Shell
Unnamed invasin IAT-invasin Paper III Shell
yraS HSF/SDS Furones etal. 1990 Shell
Biofilm polymer Secreted polymer Paper III Shell
Tc Toxin complex Barnes etal. 2016 Shell
VirB/VirD4 T4SS Type IV secretion Liu etal. 2020 Shell
Novel invasin [AT-invasin Paper 11 Cloud
STIR, tcpA Secreted proteins Liu etal. 2020 Cloud

Core indicates presence in 100%, shell in 15-95%, and cloud in less than 15% of genome

assemblies (n=86) in paper IIL

A series of papers have recently highlighted the presence of autotransporter-
invasin-like genes in Y. ruckeri (Wrobel et al.2018a; Wrobel et al. 2020). Such
proteins display an intricate mechanism for self-export, with one end of the protein
becoming embedded in the outer membrane and facilitating export of the other end
of the same protein. The external structure is in some cases unusually large for a
single bacterial protein (Leo et al. 2015), and these proteins are sometimes referred
to as biofilm-associated proteins due to their involvement in adhesion between cells
and surfaces during formation of biofilms (Latasa et al. 2006). In Yersinia they are
primarily associated with adhesion to host cells (Leo & Skurnik 2011), with perhaps
the most well known being YadA, which reside on the pYV plasmid and is essential
for Y. enterocolitica virulence (Miihlenkamp et al. 2015). Knockout experiments
have shown the putative invasins of Y. ruckeri to contribute to biofilm formation and
virulence (LDso, injected) in greater wax moth (Galleria mellonella) larvae (Wrobel
etal. 2020).
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Another series of publications focused on putative secreted effectors of a
chromosomally encoded VirB-type type IV secretion system. These effectors are
however exclusively present in strain SC09 associated with disease in channel
catfish in China (Liu et al. 2019; Liu et al. 2020).

Some virulence factors quite prominent in other species, including other Yersinia,
are known to exist in Y. ruckeri but have not yet been studied in any detail. These
include the Yst1 and Ysa type Il and III secretion systems (Gunasena, Komrower &
Macintyre, 2003; Liu et al. 2016), both of which are required for full virulence in Y.
enterocolitica (Haller et al. 2000; Iwobi et al. 2003; Venecia & Young 2005), and
Toxin-complex (Tc) genes (Barnes et al. 2016; Cascales et al. 2017) which in other
Yersinia species are associated with cytotoxic effects in host cells (Tennant et al.
2005; Hares et al. 2008).

Several virulence factors are subject to temperature-dependant regulation, such as
YhIA haemolysin, Yrp1 protease, and siderophore-mediated iron acquisition, which
are all upregulated in vivo at 18°C relative to the optimum growth temperature of
28°C (Fernandez, Méndez & Guijarro 2007). Another relevant environmental cue
seems to be limited iron availability which induces expression of haemolysin and

siderophore synthesis genes (Fernandez, Méndez & Guijarro 2007).

While older publications tend to focus on the intestines as both a point of entry and
localization during subclinical infections, more recent studies point to the gills as a
likely point of entry into the circulatory system. The bacterium is present internally
in gill tissues almost immediately post-bath challenge, but specific underlying
mechanisms for invasion are currently unknown (Tobback et al. 2009; Ohtani et al.
2015). Like the human pathogenic Yersinia species (Pujol & Bliska 2005), Y. ruckeri
is considered a facultative intracellular pathogen which may survive and
intermittently reside within macrophages (Ryckaert et al. 2010), and readily
invades various types of fish cells in vitro although the role of host cell invasion
during infection is not known (Tobback et al. 2010; Menanteau-Ledouble et al.
2018; Menanteau-Ledouble et al. 2020). The specific mechanisms involved in Y.
ruckeri passing internal host barriers and interaction with host defences are

generally not known.
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1.10 Yersiniosis in Norway

While yersiniosis is primarily associated with rainbow trout internationally, in
Norway the disease occurs almost exclusively in Atlantic salmon with a low number
of occurrences in Arctic char (Salvelinus alpinus) (Gulla 2017; Gulla, Gu & Olsen
2019). This is notable as Norway is also a prominent producer of rainbow trout,
which constitutes ca 6% of the ~1.3 million tonnes total salmonid production per
year (Lindland et al. 2019; Baklien 2020). This situation is perhaps similar to that in
Australia where yersiniosis also occurs primarily in Atlantic salmon despite rainbow
trout and other salmonids also being produced (Barnes et al. 2016), and a standing
example of the apparent host-specificity that seems to exist between the various

pathogenic Y. ruckeri lineages.

The earliest documented instance of ERM in Norway was an outbreak in Atlantic
salmon at a marine ongrowing site in 1985, described as a sudden increase in
mortality post-handling (Sparboe et al. 1986). The disease was shortly thereafter
identified at several locations along the coast, with more than 50 cases registered in
1987 (Figure 7). Although the two most frequently cited Norwegian case studies,
Sparboe et al. (1986) and Willumsen (1989), described outbreaks in Atlantic salmon
at sea, the norm through the late-1980s, 1990s and 2000s were recurring acute

outbreaks in freshwater, in Atlantic salmon hatcheries (Brun & Borng 2010).

It should be noted that yersiniosis has never been a notifiable disease in Norway.
Sustained low level mortalities (‘chronic conditions’) in freshwater are less likely to
be reported/registered, and these are known to having occurred also around the
turn of the millennium, even though the statistics do not reflect this. On the other
hand, acute outbreaks in large fish at sea are quite notable events for which
veterinary services and/or relevant authorities are more likely to be contacted
regarding treatment and general support, and as such, the increasing trend in
occurrences at sea during the 2010s does indeed reflect conditions in the field

(Duncan ]. Colquhoun pers. com.).
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Figure 7: Number of Salmo salar aquaculture sites in Norway with detection of Yersinia
ruckeri per year registered by the Norwegian Veterinary Institute, and cases involving other
species in aquaculture (e.g. Salvelinus alpinus) or the wild (including S. salar). Unspecified
cases relate mostly to S. salar aquaculture. Number of registered salmon lice treatments per
year according to Stige, Qviller and Helgesen (2022) is overlayed. Non-medicinal treatments

include thermal. The total number of treatments in 2021 was 4275.

Figure 8: Map showing the geographic distribution (as defined by the aquaculture
production zones 1-13) of Norwegian salmon farms with isolation of Y. ruckeri CC1 confirmed

at NVIfrom 2012 to 2021, in freshwater (black) and seawater (white). Figure by Snorre Gulla.
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Norwegian aquaculture started in the late 1960s, gradually grew to become one of
Norway’s most economically important industries, and Norway is currently the
world’s largest producer of salmonids (Lindland et al. 2019; FAO 2022). The 1980s
marked a turning point in Norwegian aquaculture, with sustainability of the
industry as a whole threatened by ever-increasing disease-associated losses and
animal welfare issues, remediated by unacceptable levels of antibiotics use. A
number of general zoo-sanitary measures were introduced during this period,
including several relating specifically to eggs and juveniles in the freshwater phase,
e.g. depth requirement or disinfection of intake water, double-disinfection of eggs
and hygiene barriers between age groups, enforced by license requirements on
production units (Midtlyng, Grav & Horsberg 2011). Such improvements in
husbandry likely played a significant positive role in management of yersiniosis and
other diseases, as did the introduction of vaccines against bacterial diseases,
primarily vibriosis (Vibrio anguillarum), coldwater vibriosis (Vibrio salmonicida)
and furunculosis (Aeromonas salmonicida), resulting in a significant reduction in the
use of antibiotics in Norwegian aquaculture during the early 1990s (Grave et al.
1999). Y. ruckeri was notably not included in any of the commercially produced
multivalent vaccines, perhaps an attest to the relatively modest historical status of
the disease in Norway, i.e. as a regionally limited disease of minor concern, generally
managed through immersion vaccines at specific hatcheries experiencing recurring
problems (Brit Tgrud pers. com). This situation changed some time during the early
2010s, when despite efforts to control the disease through vaccination and
sanitation efforts, incidents in both freshwater and at sea were steadily increasing.
With the frequency of serious outbreaks with high mortalities in large fish at sea
increasing dramatically, yersiniosis became one of the most significant bacterial
diseases in Norwegian aquaculture (Hjeltnes 2014; Borng & Linaker 2015; Gulla
2017). Treatment of yersiniosis in a low number of populations of rather large
Atlantic salmon at sea in 2017 and 2018 resulted in the total use of antibiotics in
Norwegian aquaculture being more than doubled compared to preceding years
(Gulla, Gu & Olsen 2019; Lillehaug et al. 2019).
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At least some proportion of these outbreaks in large salmon at sea were associated
with delousing. Delousing treatment represent a stressful handling event, and
experiences from the early-mid 2010s in Norway show that high mortality may
follow delousing, although association with any specific bacterial or viral disease
were generally unspecific or unknown (Hjeltnes 2014; Borng & Linaker 2015;
Grgtvedt & Jansen 2016). In recent years, non-medicinal delousing has become
widely utilized as the salmon louse population became ever increasingly resistant to
chemotherapeutics (Roth 2016; Overton et al. 2019). While effective in removing
sea lice by physical or thermal treatment, such methods are also considered
stressful for the fish, and outbreaks of various diseases may follow such treatments,
including yersiniosis specifically (Gulla, Gu & Olsen 2019; Nilsson et al. 2019;
Overton et al. 2019; Sviland Walde et al. 2021; Folkedal, Utskot & Nilsson 2021).

Presumably, immunity awarded by immersion vaccines administered in the
freshwater phase is not sufficient, or the effect is too short-lived, to reliably prevent
outbreaks of yersiniosis at sea when a significant stressor is also added e.g. sea
transfer or delousing. Fortunately, trials with administering the immersion vaccine
as IP injection proved effective in preventing yersiniosis outbreaks at sea, and this
practice had been broadly adopted by hatcheries in the most affected areas in the
north and mid-west (Figure 8) by 2018/2019 (Gulla & Olsen 2020). The number of
registered outbreaks at sea became significantly reduced post-widespread adoption
of [P vaccination, with the disease once again becoming primarily an issue during
the freshwater phase of production. Notably, no antibiotics were prescribed to treat
ERM in 2019, bringing the use of antibiotics in Norwegian aquaculture back down to
the norm from prior years (ca. 250 kg/year) (Gismervik et al. 2020). While the
number of incidents seem to be increasing yet again in 2020 and 2021, this may be
due to additional surveys performed in recent years, or relaxation in IP vaccination
following reduction of outbreaks, and the situation is being carefully monitored
(Gulla & Olsen 2022).
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2 Current challenges, aims and objectives

In recent years, yersiniosis has become a serious challenge in Norwegian
aquaculture. The disease has been increasingly affecting large fish at sea, resulting
in substantial economic losses and at times an unfortunate increase in the use of
antibiotics. While a full-blown crisis was averted by introduction of widespread IP
vaccination during the present study period, the underlying issues seem to persist.
Some hatcheries now administer three separate vaccinations per generation, twice
by immersion in addition to the IP injection administered when the fish have grown
large enough, to prevent outbreaks of this disease. The stresses from handling and
otherwise biological impacts on the fish associated with this practice, as well as the
costs, are substantial. While effective as a short-term solution, such practices
becoming the default regiment for the entire industry would be far from ideal,
especially if similar immunization regimes are to be required to handle future
bacterial diseases that have yet to emerge. Thus, Y. ruckeri still represents a major

fish-health issue for Norwegian aquaculture.

Detection and screening

Y. ruckeri is seemingly able to colonise a wide variety of niches relevant to
Norwegian aquaculture. Presumably, the pathogen may reside in the water source,
in production environments, or be sustained as subclinical infections in fish stocks.
Thus, detailed knowledge on the prevalence and mechanisms behind spread and
establishment in such niches are essential to prescribe sensible and accurate
countermeasures locally, and to prevent further dissemination of the pathogen in
Norwegian aquaculture. Such investigations are critically reliant on effective
screening tools. As isolation of the organism from the environment is not trivial,
direct-PCR strategies are preferred. Existing PCR analyses are known to frequently
be positive at sites regarded as yersiniosis-free, likely due to detection of putatively
avirulent Y. ruckeri strains also inhabiting aquaculture environments. A possible

solution is to develop PCR assays that specifically target virulent strains.

Aim 1: Develop and employ PCR assays to investigate the presence of Y. ruckeri clonal

complex 1 in Norwegian aquaculture.
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Virulence factors

Substantial efforts have gone into investigating specific virulence factors of Y.
ruckeri. However, outside of plasmid-profiling and general observations relating to
serotype, little effort has been made to investigate the genetic basis for the variation
in virulence potential between Y. ruckeri strains associated with acute outbreaks,
and those which are considered less virulent or avirulent. As virulence potential
across host species has been demonstrated, the presence of common virulence
mechanisms are expected, presumably relating to genetic determinants specific to
virulent strains which should be possible to identify through comparative genomics.
Revealing such accessory, critical virulence determinants should better our
understanding of yersiniosis etiology and may prove useful in terms of
differentiation or specific detection of virulent strains. Such knowledge also has
potential value in targeted breeding efforts and in development of more efficient

vaccination strategies.

Aim 2: Reveal the genetic determinants that differentiate virulent and avirulent Y.

ruckeri strains

Biotype 2

The effective management of yersiniosis in Norway through the 1990s and early
2000s should, in hindsight, be considered highly successful for the industry as a
whole. While both the previous successes and the current substantial challenges are
likely multi-factorial, a contributing factor could potentially be the occurrence of a
shift in biotype of the pathogen. While any substantial biological advantage of BT2
has yet to be demonstrated experimentally, one or several slight advantages may be
able to tip the scales in favor of the pathogen in intensive salmonid aquaculture. One
such mechanism could be a reduction in the efficiency of immersion-style vaccines.
BT2 may also relate to advantages yet to be thoroughly tested, like survival and
spread in the environment or in secondary hosts. Nonetheless, given the general
association of BT2 with increased challenges in management of the disease
internationally, with the proportion of non-motile strains ever increasing in North
America and the rest of Europe, it is highly relevant to investigate whether such

emergences have occurred in Norway.

Aim 3: Investigate the presence and impact of Y. ruckeri biotype 2 in Norway.
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3 Summary of articles

Paper [: Biotyping reveals loss of motility in two distinct Yersinia

ruckeri lineages exclusive to Norwegian aquaculture

Two hundred and sixty-two Y. ruckeri isolates originating from Norway between
1985 and 2020 were biotyped. Amongst these was the non-motile isolate described
by Sparboe et al. (1986). MLVA typing of this and a number of additional isolates
from this era revealed them to belong to a distinct clonal complex, designated CC10.
A CC10 sub-cluster consisting of four isolates, recovered from northern Norway
between 1985 and 1987, were all non-motile. An additional three non-motile
isolates recovered from two different sea-farms in mid-western Norway in 2017,
belonged to the currently dominating virulent clone CC1. The causative mutations
were identified by WGS in a comparative analysis as non-synonymous SNPs in
essential flagellar genes; fIhC in isolates from the 1980s, and fIiP in isolates from
2017. As unmistakably motile CC1 isolates would often display negative lipase
reactions, the lipase assay was found unreliable in biotyping of Norwegian isolates.
Though motile, such isolates also seemed to display reduced motility on motility
agar. As a stable, strong lipase reaction and vigorous motility could eventually be
induced by subculture, a semi-hereditary regulatory mechanism is indicated. In non-
motile isolates, prolonged incubation on motility agar could trigger a biotype
reversion by spontaneous mutation in the exact BT2-inducing SNP, which was
eventually achieved for both Norwegian BT2 variants and verified by Sanger
sequencing. Motility was also restored by complementation with wild-type alleles in
trans. While BT2 does not seem to have become established in Norwegian
aquaculture, this study was able to document BT2 emergence in two virulent Y.
ruckeri lineages that affects Atlantic salmon, in addition to the previously
documented BT2 occurring in Atlantic salmon in Australia (CC5) and the multiple
independent occurrences in rainbow trout lineage CC2 across North-America and
Europe. Thus, development of Y. ruckeri BT2 seems to be a general evolutionary
path not only in strains affecting rainbow trout, but also amongst highly virulent

strains in salmonid aquaculture in general.
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Paper II: qPCR screening for Yersinia ruckeri clonal complex 1 against

a background of putatively avirulent strains in Norwegian aquaculture

qPCR assays respectively specific for Y. ruckeri and Y. ruckeri CC1 were developed
and employed in screening of a diverse range of environments and sample types
relating to Atlantic salmon aquaculture in Norway. Retrospective screening of
preserved DNA extracts from environmental samples collected at Atlantic salmon
hatcheries in 2017/2018 revealed such samples to be frequently positive for non-
CC1 Y. ruckeri. These results serve to explain the high frequency of positive PCR
screening results at locations that had not experienced yersiniosis-related issues.
Additionally, a number of freshwater hatcheries were screened, several of which
were found positive for Y. ruckeri CC1, although this could be related to use of
yersiniosis vaccines in the facility. Such vaccine-related ‘false’ positives recurred
consistently for several weeks post-vaccination, and may presumably occur
sporadically for a substantially longer period, which limits the utility of
environmental PCR screening of the environment in facilities that frequently employ
such vaccines. Thus, this study highlighted issues relating to PCR screening of
aquaculture environments that should be considered prior to employing such
procedures, or in interpretation of screening results. The assays were further used
to document shedding of high concentrations of Y. ruckeri CC1 from Atlantic salmon
subjected to thermal delousing treatment in the field. This was replicated in a
challenge trial by establishing sub-clinical infection in Atlantic salmon in the
freshwater phase, with corresponding levels of shedding observed when the fish
were subjected to a simulated thermal delousing treatment post-transfer to
seawater. This result highlights stressful treatment and handling in general, and
thermal delousing operations specifically, as high-risk in regard to biosafety, and a
suitable sampling-site for assessment of subclinical Y. ruckeri (and possibly also

other) infections.
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Paper III: Pan-genome survey of the fish pathogen Yersinia ruckeri

links accessory- and amplified genes to virulence

This study set out to reveal genetic differences between virulent and avirulent Y.
ruckeri strains, to discover which determinants are responsible for the virulent
phenotype. For convenient study of larger functional units such as secretion
systems, plasmids, and virulence factors which consist of long and complex repeated
sequences, this work was based on complete circular genomes. Sequences were
downloaded from NCBI or generated by an Illumina/nanopore hybrid assembly
approach, and covered a diverse set of genetic lineages including highly-,
moderately- and non-virulent representatives. Discovery of accessory genetic
determinants was achieved by stepwise construction of the pan-genome. Accessory
elements deemed as relevant due to distribution or classification, and any
previously described virulence determinants, were screened in silico with BLASTn
against a larger panel of Y. ruckeri genome sequences (complete and non-
complete/draft sequences) to further verify the findings. The distribution of several
genetic determinants correlated well, but with some variation, with the virulent
phenotype and/or host-specificity. However, only the inverse-autotransporter
invasin encoding yrlIm was present in all virulent strains, including moderately
virulent serotype 02 and those affecting non-salmonids, while absent in all lineages
regarded as avirulent. The well-documented highly virulent lineages, clonal
complexes 1 and 2, were found to display duplication of the yrilm locus. Duplication
seems to have evolved over time in CC1, as early isolates display a single copy while
isolates from post-2000 display two or three. The genetic basis for 01-LPS
deficiency, associated with reduced virulence potential of serotype 02 strains, was
found to be a common trait of all non-01 serotypes. Thus, yrlim seems to be
required for virulence in general, while serotype O1 LPS and yrlIm duplication are
traits associated with particularly high virulence. Certain accessory features are
overrepresented in virulent lineages and may conceivably contribute positively to
virulence, such as a chromosomal type IV secretion system, toxin complex genes,
and the large and highly similar plasmids pYR4 and pYR3 uniquely present in CC1
and CC2 respectively.

37



4  Methodological considerations

4.1  Strains and culture

The NVI strain collection

Bacterial isolates were generally sourced from the NVI strain collection of fish
pathogenic bacteria, consisting of historical and contemporary isolates primarily
from Norway, collected for diagnostic purposes or research, and a number of
reference strains and isolates shared by international research partners. The
current primary method for species verification is MALDI-TOF, although early
isolates were speciated/serotyped using biochemical-based testing, serology and
16S rDNA sequencing. The Y. ruckeri collection is especially well curated, currently
consisting of ca 1100 isolates. Detailed metadata are available for many isolates, as
well as relevant typing data including serotype, biotype, MLVA and WGS, all of which
were continually improved upon during the course of the present study in

conjunction with this and other ongoing projects.

Culture and isolation

Y. ruckeri grows well on many general-purpose agars and liquid media, tolerates
cryopreservation well and is easy to resuscitate by direct plating. Blood agar (BA) is
often used as it provides some differential value between @, f and y hemolytic
colonies. Culture of Y. ruckeri is relatively straightforward during diagnostic
investigation of clinically affected fish, by direct plating from kidney tissues on
general agar media. Kidney smears from severely affected or dead fish may yield
mixed culture with various background growth (e.g. Aeromonas hydrophila, personal
observations), but these are usually easily differentiated on the basis of colony
appearance on BA. Y. ruckeri in the NVI strain collection originating from Norway

have generally been recovered by such direct plating techniques on 5% bovine BA.

In the present study, isolation of putatively avirulent Y. ruckeri from the
environment was desired, both in relation to PCR screening and comparative
genetic analysis. Isolation of the bacterium outside of a clinical context does
however present a considerable challenge, especially when working with

environmental samples where a multitude of other Yersiniaceae species may exist in
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large numbers. Many of these display practically identical growth characteristics to
Y. ruckeri, as well as similar general morphology and metabolic profiles. While some
differential agars have been formulated to ease isolation of Y. ruckeri they tend to
rely on biochemical properties for which Y. ruckeri is variable. One such example is
the agar described by Waltman and Shotts (1984) which relies on differentiation by
sucrose (acid production) and lipase activity (tween). The inherent flaw of relying
on a positive lipase reaction to identify Y. ruckeri has been obvious ever since the
description of BT2 (Figure 2, another photograph of this agar in Balta & Balta 2019).
Even in the current situation in Norway, with BT2 being quite rare, the variability in
lipase activity on agar displayed by many CC1 isolates represents an additional
deterrent from relying on this reaction for species differentiation. SDS has also been
used as a differential component, and doubles as a selective component. While Y.
ruckeri isolates seem equally resistant to SDS, many lineages, including those most
relevant in Norway (CC1 and CC3), are negative for the SDS degradation trait and
thus appear as background flora on SDS-containing agars such as the ribose
ornithine deoxycholate (ROD) agar described by Rodgers (1992) (Figure 2). The
usefulness of this agar is thus limited to the isolation of SDS-positive lineages such

as CC2 (rainbow trout world-wide) and CC5 (Atlantic salmon in Australia).

Relying on direct plating on BA, a number of isolates that resembled Y. ruckeri in
physical appearance and a limited number of biochemical tests (sucrose, arabinose,
rhamnose, and eventually esculin which was notably quite usefull) were recovered
from environmental swab samples, but turned out to be other Yersinia spp. or
undescribed Yersiniaceae (by MALDI-TOF and/or sequencing). Selective and
differential components could possibly be employed to exclude or differentiate a
number of such non-target species, but further efforts were abandoned as it became
increasingly evident that culture would not become suitable for screening purposes
notwithstanding significant improvement. Ultimately, isolation was deemed not
essential for going forward as some environmental isolates were already available
from the NVI strain collection. Isolation from ovarian fluids was less challenging,
presumably due to a higher concentration of Y. ruckeri relative to problematic
background, and a number of such isolates were recovered from sites which
regularly screen such material for Y. ruckeri. Such aquaculture-related isolates not
related to clinical disease, like those recovered from farm environments, are

evidently present in aquaculture while genetically distinct from disease-causing
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lineages (by MLVA), and thus also generally considered as avirulent. Some isolates
in the collection have been recovered from screening of healthy fish, in aquaculture
or in the wild, and are as such not associated with clinical yersiniosis even though a
species of fish is listed as the biological source. The isolate from seagull described by
Willumsen (1989) is a notable exception as it has a clear association with yersiniosis
outbreaks that were ongoing in the area at the time, which is confirmed by MLVA

placing it in the CC1 lineage.
4.2  Biotyping

Assaying flagella-driven motility

The primary method for assaying flagellar motility is semi-solid 0.3% agar plates.
This assay is generally not affected by non-flagellar locomotion such as the pilin-
driven twitching motility present in isolates of both biotypes. There are two general
precautions to keep in mind with this agar. The first is rather obvious as the agar is
not fully solid, requiring plates to be kept upright at all times. The second, which is
perhaps less straightforward, is to maintain an appropriate level of humidity to
prevent the agar from drying out, while also preventing condensation as non-
flagellated isolates may migrate by twitching motility through droplets or low-
viscosity areas otherwise on the agar surface. Storage in room temperature and
leaving plates unstacked overnight to dry the agar surface proved useful for
consistent results. To prevent the plates from drying out during extended
incubation, when aiming to induce biotype reversion, the plates were individually
sealed with parafilm post-inoculation and placed in a plastic container together with
a 100ml beaker of water. Plates were prepared in a laminar flow clean bench to
prevent air contamination (moulds) which may appear on agar after prolonged
incubation. The initial discovery of biotype reversion following prolonged
incubation was incidental. As initial attempts to reproduce these results were foiled
by issues relating to contamination and humidity, it seems that some luck was
involved, in addition to failure in disposing of the agar plates in a timely fashion.
While spontaneous reversion may likely occur under standard assay conditions,
such mutants will need some time to multiply and spread, to successfully escape the
densely populated colony of non-motile cells to become readily visible. Given the

observed durations in successful reversion experiments of >1 week in all cases, 48
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hours incubation seems like a sensible maximum duration to prevent
misidentification due to spontanious reversion during incubation. This should also
leave plenty of time for an initially motile strain to demonstrate unmistakable
motility. Moreover, as the migration and proliferation of spontaneous mutants
expand from a single point of a non-motile colony, and are guided by quorum
sensing to escape the densely populated origin colony, the expanding circular zone
of reverted motile bacteria should display an obviously asymmetrical pattern
(Figure 9, B) in contrast to the near-perfect circular symmetry displayed by initially

motile isolates (Figure 9, A).

Figure 9: Timelapse photography series (~6 hours intervals) of Y. ruckeri biotype 1 (A) and
biotype 2 with an emerging biotype reversion mutant (B). Electron microscopy (C, scale bar is
5 um) and phase-contrast microscopy with a flagella stain as seen through the lens (D) and
with adjusted color and contrast (E). Microscopy images show NVI-344 which is excessively
flagellated due to plasmid complementation with the flhDC operon. (C). Photos: Andreas
Riborg (A, B, D, E) and Jannicke Wiik-Nielsen (C).
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Several methods are relevant for assaying the presence of intact flagella, such as
electron microscopy, fluorescence microscopy (fluorescence in situ hybridization
with fluorescently labelled anti-flagellin), or conventional microscopy paired with a
flagella stain, all of which may reveal the presence of flagella visually. Agglutination
with anti-flagellin and protein electrophoresis/blotting are other options although
an intact flagella structure is not revealed directly/visually. While flagella are
expressed in motile Y. ruckeri when cultured under refrigeration, they are not
functional at these temperatures (O'leary, Rohovec & Fryer 1979). Conceivably,
some mutations could disable flagellar activity at higher temperatures, resulting in a
non-motile flagellated phenotype which would not be revealed by any of these
techniques. Thus, while such methods are suitable to complement semi-solid agar

they should not replace it.

Flagella were initially observed by electron microscopy. While flagella were indeed
absent in non-motile isolates, producing consistent images highlighting the presence
of flagella in motile strains was challenging due to their frequent detachment and/or
breakage, which likely occurred during preparation. With electron microscopy being
performed externally and eventually subject to covid restrictions, efforts to optimize
were not further prioritized as an alternative method, phase-contrast microscopy
with a flagellar stain, was possible to perform in-person and on-site. As flagella are
too thin to be visible with a conventional microscope, a stain is used to thicken the
flagella by oligomerization of large organic molecules which are then stained, in this
case with crystal violet (Heimbrook, Wang & Campbell 1989). The process is,
however, critically reliant upon favorable conditions for oligomerization, with no
oligomerization is occurring if the prep is too moist, and uncontrolled crystallization
occurs when the prep becomes too dry. Hence, the stain is only functional in a zone
where conditions are just right, and only for a limited time as the preparation will
eventually dry out and crystallize. Thus, when observing BT2 isolates with this
technique it is sometimes difficult to know whether the lack of observable
flagellated cells is due to the absence of flagella or unfavorable conditions for the
stain. Frequent panning between crystallized and liquid zones was employed to
alleviate such uncertainty, while comparing development in a BT1 control stained at
the same time. Flagella are however unmistakable when they first do appear, and as
the procedure involves direct staining of diluted viable cells there were no

significant issues relating to damaged or detached flagella with this method.
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Assaying lipase activity

Correlation between motility and lipase activity has served as the basis for non-
motile strains being referred to as a distinct biotype rather than simply ‘non-motile’.
The inability to secrete lipase enzyme is however due to the exact same
physiological trait, a nonfunctional flagellar type Il secretion system (Young,
Schmiel & Miller, 1999; Evenhuis et al. 2009). This connection between functional
secretion of flagella and lipase is convenient as the lipase assay may serve to
indicate specifically the secretion of flagella. As such, disagreement between the
lipase and motility assays would indicate that something was amiss. Outside of
mutations affecting expression of a functional lipase enzyme, a motile but lipase-
negative isolate could indicate non-flagellar motility. The reverse case could result
from flagella being assembled but inactive or non-functioning otherwise, meaning a
novel mechanism for loss of motility. As such, the lipase assay has been considered
reasonable as a control or supplement to the semi-solid agar motility assay.
However, in employing the lipase assay for biotyping of isolates belonging to CC1, it
was revealed that the lipase assay is not as robust a method. While various culture
conditions and subculturing could seemingly modulate the activity of these isolates
relating to motility, resulting in relatively minor but noticeable variation in
swimming speeds, results with the lipase assay were affected in a qualitative
manner, varying between strictly positive or negative between subcultures of the
same isolate (unless incubated for e.g. 2 weeks as seen in Figure S1 in paper I). This
inconsistency presumably relates to regulatory differences between subcultures,
resulting in quantitative differences in lipase secretion, which fluctuates across the
detection limit of the lipase assay, or possibly a more or less qualitative difference in
secretion which is accurately represented by the assay. While subculturing
procedures could be employed to resolve such issues, they would likely carry
significant risk for biotype reversion and should therefore not be used as a general
preparative step. Varying the incubation times and temperatures affected the
general degree of precipitation but the qualitative results were unaffected. The
bottom line here is that the lipase assay proved unsuitable for biotyping of isolates
belonging to CC1, and biotype results in the present study therefore relied solely on

the semi-solid agar motility assay, supported by microscopy for selected isolates.
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Complementation analysis

As WGS-based comparative analysis revealed few differences between non-motile
and motile variants, confidence was high in identifying the correct causative
mutations based solely on sequence data. Pending some form of verification
however, the possibility remains for other mutations being partly or fully
responsible for the non-motile phenotype observed. A significant source of doubt in
this case is the nature of the mutations, being non-synonymous SNPs for which the
detrimental effect on protein function is less obvious than the frameshift-inducing
indels reported in most other similar studies (Welch et al. 2011). While plasmid
complementation or restoring the mutated gene to the wildtype allele are standard
means for verifying genotype/phenotype correlations, performing such experiments
may seem unnecessary in hindsight as the spontaneous reversion mutants were far
simpler means of demonstrating such correlation. Complementation experiments
were however already well underway when reversion mutants were observed and

fully characterised.

Complementation utilising a plasmid vector in trans is generally less difficult than
correcting the affected gene by making permanent alterations in the chromosome.
While the latter is regarded as a more robust method, due to effects relating to
competition from the putative faulty gene/protein and plasmid copy number (as
likely observed and discussed in paper I), it was not considered pertinent in order to
demonstrate correlation in this case if plasmid-mediated complementation was
successful. As the flhDC operon is tightly orchestrated, the entire operon was
supplied on a fairly low-copynumber plasmid, enough to offset the nonfunctional
FIhC while limiting detrimental effects that would otherwise likely occur if a high-
copynumber plasmid vector were to be used. Still, complemented cells were indeed
excessively flagellated (Figure 9), as expected from increasing the copynumber of
the master flagella regulator operon. As the expression of FIiP is tightly regulated in
concert with a number of other genes relating to the flagellar type III secretion
system, utilizing its native promoter could quite possibly result in detrimental polar
effects. Therefore, F1iP was rather consecutively expressed by a weak promoter (the
wildtype bla promoter from E. coli), which seemed to be just enough to offset the

presence of non-functional FliP presumably still expressed from the chromosome.
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There was a realistic possibility that complemented isolates actually represented
reversion mutants, but with the BT2 phenotype restored post-curing of the plasmid
vector in both cases we were able to demonstrate that this was not the case.
Although the risk for spontaneous reversion is quite specific to these experiments,
the ability to vary complementation in a strictly qualitative manner with relative
ease, by the presence or absence of a plasmid, is a specific advantage which plasmid
complementation has in general, over making permanent alterations to the

chromosome which are as difficult to restore as they are to generate.

4.3  PCR-based detection

As culture-based detection of Y. ruckeri is generally not reliable from samples
containing problematic background flora (Rodgers & Hudson 1984; Rodgers 1992;
discussed above), PCR stands out as the only conventional and reasonable option for
Y. ruckeri screening of environmental samples. PCR is also suitable for quantification
purposes (with ‘real-time’/qPCR or digital PCR), and comes with a possibility to
target specific genetic determinants present exclusively in a particular lineage and
may thus enable lineage-specific screening. Some previously described methods
utilize conventional PCR for specific detection of Y. ruckeri (LeJeune & Rurangirwa
2000; Gibello et al. 1999, Altinok, Grizzle & Liu 2001; Temprano et al., 2001). This is
generally not optimal for large-scale screening due to relying on visualization of the
PCR product by agarose gel electrophoresis. Electrophoresis is omitted with qPCR,
where the reaction is assessed by measuring fluorescence from a dsDNA-binding
fluorescent dye or hydrolyzed fluorescently labelled probe for each cycle of
amplification, thus allowing integrated detection of amplification while also
enabling relative quantification (Kralik & Ricchi 2017). Probe-based qPCR is
generally considered the more specific approach as the probe, much like the

primers, relies on specific binding within the target sequence (Holland et al. 1991).

A general requirement for assays based on hydrolysis-probes (i.e. TagMan-like
probes) is a higher melting temperature for the probe than the primers, generally
resulting in a quite long probe (Kutyavin et al. 2000). Probe design is subject to
sequence requirements much like the primers, with some additional probe-specific
requirements, which make probe design quite difficult in some cases where design

space is limited (Rodriguez et al. 2015), as is the case with assays targeting 16S
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rDNA or the limited stretch of CC1-specific sequence identified in paper II. Minor
groove binder (MGB) probe technology does alleviate this to some degree, by
significantly lowering the melt-temperature due to a 3'-end covalently bound MGB
protein (which doubles as a quencher) and thus allowing for more design freedom
for probe-based qPCR assays as the probe may be significantly shorter (Kutyavin et
al. 2000).

Digital PCR was considered, specifically droplet digital PCR (ddPCR; Bio-Rad) which
was available in the laboratory. Quantification with such systems is very
straightforward as an estimation of targets per reaction is directly provided as a
result. ddPCR generally has a higher reagent cost per sample (unless trading qPCR
triplicates for singular reactions on digital PCR), and seemingly slightly reduced
sensitivity (Johnsen et al. 2020; personal observations) which perhaps relates to
loss of sample template during preparation (i.e. generating droplets). While
analysing some of the sample material in parallel on both systems, it was eventually
decided to use qPCR exclusively as ddPCR did not provide any significant

advantages to justify its use in this project.

Species-specific assay

As many previously described PCR protocols and screening studies rely on 16S
rDNA-based assays (Gibello et al. 1999; LeJeune & Rurangirwa 2000; Gosh et al.
2018), all of which report high specificity and advantages in sensitivity due to
targeting a multicopy gene (n=7), such an approach seemed like a natural starting
point for an assay specific to Y. ruckeri at the species level. However, it soon became
evident that a proportion of samples from aquaculture environments, and indeed
pure cultures of non-Y. ruckeri isolated from such samples, could generate false
positives with such assays. This problem persisted even when pairing previously
described primers (YER8 and YER10 from Gibello et al. 1999) with a novel probe
design (FAM-TAATAGCACTGAACATTGACG-MGB) which binds to the Y. ruckeri-
specific region immediately downstream of the forward primer. Following
sequencing (Sanger) of the 16S rRNA gene from isolates causing such issues, it
seems that false positive signals relate to detection of minority alleles, perhaps
present in a single copy as judging from the Sanger chromatograms, which seem
more similar to Y. ruckeri than to the majority, consensus sequence. The

conventional PCR/Sanger approach is unfortunately not suitable to reveal the exact
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sequence of each allele, and such minority alleles are thus likely not well
represented in sequence databases. Another limitation of relying on sequence
databases to assess specificity in silico is that environmental samples may contain a
multitude of undescribed bacterial species that are generally not represented in
relevant sequence databases. In addition to advantages regarding sensitivity from
multiple copies of the 16S rRNA gene being present per bacterial genome, the
popularity of 16S-based assay designs is largely based on historical reasons, being
universally utilized for characterisation and identification of bacterial species for
several decades. Access to broader sequence data was generally limited until
relatively recently. While the 16S rDNA sequence is suitable for both identification
and PCR detection of certain bacterial species, the highly conserved nature of these
genes will often limit resolution to the genus level or even higher (Janda & Abbott
2007). For Y. ruckeri specifically, it seems clear that what were once believed to be Y.

ruckeri-specific sequences are actually not so.

Nonetheless, any apparent issues relating to specificity were immediately resolved
on targeting a Y. ruckeri-specific CDS (LuxR family transcriptional regulator; paper
I1). Although a lack of false positives from PCRs based on specific protein coding
genes is by no means guaranteed, the chance of homologues in other species sharing
significant sequence similarity at the DNA level is low as these genes generally
evolve much quicker than 16S rDNA, except for cases where the gene in question is
frequently mobilized between species. The target gene in the present study is not
even present in sequenced relatives, further limiting the possibilities for false
positives that could otherwise exist if targeting a widely present or housekeeping
gene. With this assay, environmental samples were less frequently positive, but
difficulties in isolating Y. ruckeri from positive samples to verify its presence
persisted. A significant difference between this assay and the 16S-based assays,
however, was that no amplification occured with any non-Y. ruckeri DNA templates
tested. Moreover, samples which were positive with a fairly low Ct could be directly
genotyped with the Y. ruckeri-specific MLVA protocol (Gulla et al. 2018), yielding
complete- or near-complete profiles corresponding to known genotypes. No such
specific MLVA PCR products could be generated from negative samples, nor from

any of the non-Y. ruckeri isolates in pure culture.
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While efforts at culturing Y. ruckeri from environmental swab samples were
generally not successful, they were indeed quite useful for PCR development as
novel isolates clearly demonstrated that 16S-based assays are not reliable with such
sample materials. Indeed, the highly specific assays eventually developed revealed
that a number of previous isolation attempts were based on samples that likely did
not contain Y. ruckeri at all. If this was not the case, efforts in isolation could quite

possibly have been more fruitful.

Lineage-specific assay

Most candidate target loci for a lineage-specific assay, i.e. sequences uniquely
presentin Y. ruckeri CC1, are mobile elements such as plasmids and prophage. As
such elements are frequently mobilized they are likely to also exist outside of Y.
ruckeri CC1 even though they do not necessarily appear in public sequence
databases. The target chosen in the present study is situated close to a prophage
that may have served as a vector for transfer of this gene. The gene is, however, not
present in otherwise similar prophages inhabiting the same site in some other Y.
ruckeri strains (e.g. strain QMA0440, CC5), and the gene itself seems quite rare
according to public sequence databases. Nevertheless, to limit the possibility for
detection of the same element in other species, the forward primer was set to target
a Y. ruckeri-specific sequence immediately adjacent to the acquired gene, while the
reverse primer and probe bind within the CC1-specific sequence. Highly conserved
tRNA sequences, which likely serve as the prophage attachment site, are situated on
the opposite side of the phage and are thus not targeted by the assay. With the
exception of Ct values close to LOD (Ct >38), the CC1-specific assay never produced
positive amplification with samples negative for the Y. ruckeri species assay.
Moreover, Ct values significantly lower for CC1 than the species assay were never
observed. Thus, detection of CC1 was always associated with detection of Y. ruckeri
in equivalent amounts (or CC1 was lower, as expected if also other lineages were
present), which is a strong indication towards the target of the CC1-specific assay
not existing amongst other species in these environments. In addition to the results
from the field published in paper I, the assay was also used for specific detection of
Y. ruckeri CC1 from kidney samples collected from acute outbreaks in several
instances, and Y. ruckeri was indeed isolated and MLVA-genotyped as CC1 in these

cases.
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Sample collection and processing

Qualitative agreement in terms of PCR-results between swabs and filtering of the
same body of water was remarkably consistent in initial field-testing performed at
four Atlantic salmon hatcheries in 2018 (data not included in paper II). This was
also true within triplicates of swab samples collected from the same tank. As
swabbing is generally more affordable, does not require trained personnel nor
specialized equipment (Figure 10), and is most convenient in regard to DNA
extraction, this form of sampling was preferred when possible. However, swabs are
less suitable for quantification, at least in our case as the sampled surface area and
amount of captured material is not normalized and may thus vary substantially.
Filtering is better suited for quantification as the results are relative to the amount
of water filtered, which is routinely measured and noted for each sample. Moreover,
where biofilm is not available, or in situations where the concentration of Y. ruckeri
in the water is of interest and is rapidly changing, filtering is required. This includes
samples collected to monitor shedding from fish into the water downstream at a sea
farm, during delousing in the field, and in the challenge trial, where the goal was to

obtain a snapshot of the current concentration in the water at the time of sampling.

As sampling by swabbing does not require training or equipment other than the
swab itself, sampling equipment may be shipped to sites and sampling performed by
site staff. Staff at aquaculture sites generally have experience with collecting tissue
samples from fish, including samples for PCR screening which is extensively used in

Norwegian aquaculture, and e.g. water quality samples.

Several methods were briefly tested for DNA extraction, e.g. different spin-column-
based kits including variants and modifications (DNeasy, PowerWater; both
Qiagen), CTAB extraction (according to Vralstad et al. 2009), and the Gentra
Puregene Yeast/Bact. Kit (also used for sequencing templates). However, no obvious
differences in sensitivity were revealed except that approaches which rely on
precipitation of DNA in a tube (CTAB and Gentra) were prone to failure (i.e. no
precipitation or discarding the DNA pellet) if the amount of starting material was
low. The method thus chosen (DNeasy) does not rely on specialized equipment and
is relatively universal such that only minor adjustments are needed between
relevant sample types (tissue, swabs and filters), which is both convenient and

generally positive in regard to comparability of results between different sample
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types. Automated DNA extraction systems would presumably also perform
satisfactory in terms of sensitivity, and have advantages in terms of throughput and
reproducibility, although these were not considered due to restricted hands-on
access, and the scope in terms of number of samples to be processed was initially

much lower.

Figure 10: Sampling in the field by swabbmg (A, B). Fleld equipment for swabbing (C) and

water filtering (D). Filter paper post-filtering in filtering rig (E). Photos: David Strand.

4.4  Challenge trial

While some individual characteristics of a pathogen relating to virulence may be
measured in the laboratory, e.g. growth rates and expression of known virulence
factors, a host organism is generally required for overall study of their
pathogeneses. Cell cultures or model systems that rely on organisms that
presumably do not experience stress and pain on the same level as vertebrates are
preferred, although still subject to ethical considerations. As the scope of paper II
was to investigate how external stressors in the form of handling and high
temperature affects a subclinically infected host, the use of experimental fish was

required. IP injection is effective for infecting a fish host and causing symptoms, but
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the primary physical barriers to infection are bypassed and the immune system of
the fish is caught off-guard by suddenly facing a substantial number of bacteria at a
location where they would never initially appear under natural circumstances
(Nordmo, Sevatdal & Ramstad 1997). With challenge by immersion, the bacteria
must be able to pass the initial physical barriers and the immune system is given a
fair chance to respond. Immersion does however not quite reflect field conditions as
the fish are immersed in unrealistically high concentrations of the pathogen for a
short time. With cohabitation, where pre-infected shedders are kept together with
naive cohabitants, the latter are effectively infected by immersion, but with
pathogen concentrations and exposure timespans closer to field conditions.
Pathogen concentrations faced by the cohabitants will vary a great deal depending
on how the shedders respond, but this will also come into effect in other challenge
types as those also develop into a cohabitation-like situation as the disease
progresses (Nordmo, Sevatdal & Ramstad 1997). Oral administration is another
possible route to administrate the pathogen but has not been widely utilized for

challenge trials with Y. ruckeri.

4.5  Whole genome sequencing

Technological considerations

[llumina sequencing technology is currently regarded as the ‘gold standard’ for most
general purpose WGS, including sequencing of bacteria, and papers I and II relied on
WGS data generated solely with Illumina. However, as with any of the massively
parallel technologies, the downstream assembly algorithm relies on patching
together overlapping, relatively short reads, and tandem or interspersed sequence
repeats exceeding the effective read length will thus result in segmentation of
interspersed repeats, truncation of direct repeats, and sometimes misassembly
(Kolmogorov et al. 2019). Genetic variability amongst Y. ruckeri strains consists
largely of mobile elements that frequently contain such repeated sequences, and
several relevant virulence factors in Y. ruckeri are associated with or contain such
repeats. To be able to investigate such challenging sequence features, generation of

complete circular genome assemblies was of particular interest for paper III.
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Sanger sequencing is generally not a cost-efficient method to close the many gaps
resulting from short-read de novo assembly. Rather, for this purpose, one of the
massively parallel technologies capable of generating relatively inaccurate but
extremely long individual sequence reads should be used, currently available from
Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT). PacBio
sequencing errors are mostly random in nature and can be largely resolved by
increasing coverage, allowing this platform to produce fairly accurate de novo
assemblies as a standalone solution. As a portion of ONT errors relate to consistent
misinterpretation of ‘difficult’ sequences they are not as easily remedied by simply
increasing coverage, and ONT should thus in many cases be paired with accurate
short-read data such as [llumina in order to generate both complete and highly
accurate assemblies. ONT in combination with Illumina is generally a similar priced
solution as PacBio alone, however, as [llumina data is often already available, being
the standard methodology for general purpose WGS, lllumina and ONT hybrid
sequencing constitutes the more affordable option in many cases, including for this
project. The ONT MinION sequencer also has the advantage of being extremely
compact, affordable and simple to operate, and as such becoming increasingly

commonplace in molecular biology labs.

Assembly and annotation

Raw sequence data was processed using conventional methods for base calling,
trimming and filtering. SPAdes (Bankevich et al. 2012) and Unicycler (Wick et al.
2017) were used for assembly of [llumina only and Illumina ONT hybrid data
respectively, as they are generally regarded as the current ‘gold-standard’ for
assembly of bacterial genomes by each respective approach. While generation of
complete genomes was largely straightforward, the yrilm locus sometimes caused
issues as additional copies of the locus were sometimes omitted. Such long and
complex repeat structures are generally difficult to resolve, and the assembler may
find several solutions that although satisfactory from a computational standpoint
are not necessarily accurate. Reads connecting two copies may be interpreted as a
circular sequence, and additional copies of yrlim did indeed frequently appear in the
final assembly as a circular plasmid. While there are also long reads that span the
entire junction, and thus display all of the yrilm copies in a single read, this solution

is sometimes discarded possibly due to their classification by the software as
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chimeric reads (see White et al. 2017 for chimeric reads with ONT) or artifact
otherwise. This is unlikely to be the actual case, however, as chimeric reads are
sporadic in nature, and alignment of five (or more) individual nanopore reads
covering the entire region agreed fully on the configuration in absolutely all cases.
The yrilm copy number was further substantiated by inspection of relative coverage
over this region from Illumina data (not shown in paper III). While such manual
intervention required here in some cases is not unheard of (e.g. Schmid et al. 2018),
it is somewhat worrying as such cases may easily go unnoticed. Other direct
repeated loci of similar complexity might therefore be more common than it
currently seems. Enriching the long-read data to contain a higher proportion of
extremely long reads will likely have a positive impact on assembly, which may be
accomplished in vitro during DNA extraction or library prep, or post-sequencing by
filtering base called reads by length (employed to some degree in paper III).
Development of novel assemblers or optimizing existing algorithms to account for

such complex repeat structures is an ongoing process (Kolmogorov et al. 2019).

Genome annotation was performed by conventional methods, primarily with Prokka
(Seeman 2014) which relies on the Prodigal algorithm for de novo annotation (Hyatt
etal. 2010). Two specific mechanisms resulting in a lack of annotation of virulence-
related genes were observed. Firstly, genes split between contigs may be partially
annotated but are generally not annotated at all. For a gene such as yrilm this is
often the case in short-read assemblies (depending on the algorithm ‘solving’ the
repeats by truncation or segmentation). Secondly, mis-annotation may occur, where
an alternative ORF overlapping or nested within a gene of interest receives priority
during the annotation process. This may happen with yrilm in complete assemblies,
presumably due to the lack of stop-codons in reverse reading frames representing
an ORF spanning several thousand base pairs, which is sometimes prioritized over
yrilm by the annotation algorithm. Fortunately, it does seem that the more
comprehensive annotation pipelines such as RAST and the NCBI annotation pipeline
are not as susceptible to such mistakes. To avoid such annotation-related issues, in

silico discovery and screening was entirely based on DNA sequence.
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Downstream analysis

There are no pre-existing databases or frameworks available for in vitro or in silico
evaluation of virulence factors in Y. ruckeri, therefore a broad scope investigation
was needed to get an overview of the presence and distribution of virulence
determinants. To this end, genetic comparison of virulent and avirulent variants of
the same species may provide valuable insight (Bjorkholm et al. 2001; Chen et al.
2004; McClure et al. 2018). Determinants vital to Y. ruckeri virulence should be
omnipresent amongst virulent strains, while dispensable in avirulent strains unless

they also grant benefits outside of the ‘virulent niche’.

Due to the lack of a suitable model for discrimination of de facto virulent and
avirulent strains across the broad ranges of hosts and environments in which the
disease occurs, our ability to accurately score virulence for Y. ruckeri strains is
unfortunately limited (discussed further in chapter 5.3). As a consequence, the data
is not well suited for statistical calculations, and neither for a genome-wide-
association type approach (Falush 2016; Uffelmann et al. 2021). The highly clonal
population structure associated with bacteria may also cause issues with such an
approach (Lees & Bentley 2016), and representatives in our dataset regarded as
virulent do indeed display a high degree of clonality. However, assessing virulence
in a more general sense is possible based on the context of isolation for many Y.
ruckeri isolates in the NVI strain collection, and for strains documented as virulent
in the literature by context or challenge trials conducted with appropriate models

(i.e. immersion or cohabitation).

BLASTn is used in multiple steps of the analysis, with each step affected by BLAST
search parameters such as cutoffs for nucleotide identity, size and e-value. The
visual representation generated with BRIG furthermore relies on its own set of
parameters. In particular, features consisting of rather short sequences are prone to
being missed at several steps due to poor visibility or cutoffs relating to length
(length and e-value). Furthermore, as we are looking strictly at presence/absence,
we are oblivious to differences between alleles of genes or systems whose function
may be significantly altered due a single non-synonymous SNP (such as the
mutations causing the BT2 phenotype in paper ), or interruption by stop-codons or
frameshifts from SNP or indels. Differences in copy number, recombination, or

interruptions caused by relocating transposases are also generally not revealed
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(unless investigated specifically, as was the case for the yrlIm locus and in ONPG-
negative isolates). Expression analyses have been performed for certain
determinants by other workers (e.g. Yrllm, Yrinv, Yrp1, HlyA, YrpAB and the
ruckerbactin operon, see references in Table 4) but have not been documented for
all determinants highlighted in paper III, and any differences in expression between
strains are generally not known and are not revealed by our analysis. Lack of
absolute correlation between certain virulence factors and virulence could be due to
incorrect virulent/avirulent classification of some isolates. This should be taken into
particular consideration as we are relying on our impression of virulence according
to partially subjective observations from the field. Additionally, virulence factors
missing in a subset of virulent lineages may be complemented by other factors. This
may e.g. easily be the case for fimbria/pillin genes which are numerous across the

chromosome and plasmids and may presumably overlap in function.
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5 General discussion

5.1 Biotype and vaccines

The BT2 trait

During infection, bacterial pathogens may need flagella for adhesion, invasion and
spread within the host, and functional flagella are critical for virulence in most
pathogenic species (Ramos, Rumbo & Sirard 2004; Pallen & Wren 2007). Of
particular relevance in aquatic environments is that chemotaxis may be useful for
localizing a fish host and a favourable point of attachment or entry (Bordas et al.
1998; 0'Toole et al. 1999). However, once the host is successfully colonized, the
flagella may become detrimental due to the presence of pattern-recognition (toll-
like) receptors in the innate immune system of vertebrates, which may trigger a
strong immune response upon recognizing bacterial flagellin (Steiner 2006; Minnich
& Rohde 2007). This is also the case for Y. ruckeri flagellin in rainbow trout
(Wangkahart et al. 2016). Bacterial pathogens employ a number of strategies to
circumvent this, which usually includes tight repression of flagella once they are no
longer useful during infection (Rossez et al. 2015). Yersinia species are known for
complete repression of flagella at higher temperatures (Cornelis 1992), and artificial
consecutive expression of flagellin in Y. enterocolitica does indeed lead to attenuated
virulence (Minnich & Rohde, 2007). Some highly specialized pathogenic bacterial
species have resorted to dispense with flagella permanently, including Bacillus
anthracis (Papaparaskevas et al. 2004), Y. pestis (Chain et al. 2004) and Burkholderia
mallei (Song et al. 2010). In some Gram-negative pathogenic species such as
Legionella pneumophila (Leatham et al. 2005) and E. coli (Ren et al. 2006), loss of
motility is seen only in certain strains, or may develop during chronic infection as is
the case for Pseudomonas aeruginosa in cystic fibrosis (Feldman et al. 1998). In such
cases, the non-motile trait is associated with increased virulence and/or immune-

evasive properties.
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Selection for the non-motile trait in Y. ruckeri may relate to the temperature
dependent aspects of motility expression in Yersinia being of little benefit during
infection of a cold-blooded host. While depression of flagella in motile Y. ruckeri
does eventually occur during the infection cycle, this is a quite slow process
(Jozwick et al. 2019). Thus, BT2 may relate to a need for more rapid regulatory
responses in the modern intensive aquaculture niche. Solving this issue by evolving
a more responsive and tight control at lower temperatures may require extensive
rewiring of core regulatory pathways, and would presumably require a long time to
evolve. While there are signs of a general reduced motility in salmon lineages CC1
and CC5 (Barnes et al. 2016; paper I), this seems to represent a stepping-stone
towards BT2 as also members of these reduced motility lineages eventually

dispense with flagella permanently.

On motility agar, the steep investment cost of dispensing with flagella is clearly
evident. While non-motile cells will eventually succumb to competition from its
progeny due to local nutrient depletion and buildup of toxic waste products, motile
cells may spread and proliferate throughout the entire agar volume. This
disadvantage for non-motile cells is perhaps less profound in natura where they
may be transported by currents of water or the circulatory system of the host, and
non-flagellar locomotion presumably provide some utility in less viscous milieus.
However, chemotaxis relies on flagellar locomotion (Faguy & Jarrell 1999) and is
therefore unavailable to non-flagellated cells. The flagella are also useful for biofilm
formation which is generally regarded as an important mechanism for survival and
persistence for this species (Coquet et al. 2002a; Coquet et al. 2002b; Wrobel et al.
2020). Thus, any advantage from BT2 development relating to survival outside of a
host seem rather counter-intuitive, and as this trait is known exclusively from
virulent strains (not likely due to the lack of assaying avirulent isolates), it is

presumably a net-disadvantage outside of the virulent niche.

In light of the fact that no specific advantage of the BT2 phenotype has yet been
confirmed experimentally, any connection between vaccination and immune-
evasive properties in a more general sense remains a general assumption. The
advantage(s) of BT2 may be too subtle or complex to detect, or the experimental
systems employed may simply be unsuitable to reveal them. Whatever the

advantage may be, it seems to be consistent across salmonid pathogenic strains.
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The reason for BT2 not yet being widespread within CC1 in Norway may be due to
the existence of an additional bottleneck in Atlantic salmon farming compared to
farming of rainbow trout. Onward survival of BT2 strains emerging in sea-farmed
salmon will almost certainly rely on transport back to freshwater in order to infect
the next generation of salmon hosts. Presumably, this constitutes an unlikely event,
and any non-motile cells completing the journey will face competition from already
well-established populations of motile variants. BT2 emerging in broodfish may
conceivably become established more easily as broodfish populations are routinely

brought back to freshwater.

BT2 and vaccination failure -specific correlation?

Cases of apparent Y. ruckeri ‘vaccine failure’ have commonly been attributed to
emergence of BT2, although many authors also mention that issues have been
resolved by changing the vaccine formulation regarding adjuvant or method of
antigen preperation (e.g. Costa et al. 2011), method of delivery (IP injection is
mentioned in Welch et al. 2011), or simply preparing the vaccine bacterin with a
strain more similar to the one causing disease (Deshmukh et al. 2012). The use of
autologous/autogenic vaccines, i.e. bacterin prepared from the exact disease-
causing strain, has been successfully employed to resolve such issues (Fouz, Zarza &
Amaro 2006). Biotype shift should in itself not affect the LPS structure, and
replication of naturally occurring BT2-inducing mutations in a BT1 parent strain did
not provide any competitive advantage in a rainbow trout challenge (by immersion)

(Jozwick, Graf & Welch 2017), suggesting that virulence also remains unaffected.

As strains utilized in studies comparing vaccines based on different biotypes also
differ in both LPS structure and virulence (Tinsley et al. 2011; Deshmukh et al.
2012) there will almost certainly exist additional genetic differences between the
strains studied in these cases, meaning that the findings do not necessarily relate to
biotype. No experiments are described in scientific literature involving comparison
of vaccine-induced immunity between Y. ruckeri biotypes where the sole genetic
difference is a naturally-occurring BT2-inducing SNP or indel, although NVI-10990
and its ‘perfect’ reversion mutant (paper I) would be suitable for such experiments.
Nonetheless, if the BT2 phenotype enables the pathogen to evade vaccine-induced
immunity, vaccines would presumably be less efficient in protecting against such

strains on a general basis, but this has so far not been demonstrated. Rather, it
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seems that vaccines prepared with bacterins more similar or identical to the local
disease-causing strain offer ample protection, irrespective of biotype. This is in
general agreement with identification of LPS as the primary contributor to vaccine-
induced immunity against Y. ruckeri in rainbow trout (as opposed to flagella) (Welch
& LaPatra 2016). There are also some indications towards differences in sequence
and structure of certain prominent surface-exposed proteins conferring antigenic
variation relevant for vaccine-driven immunity (Ormsby & Davies 2021), which are
neither related to biotype. Thus, it seems that at least some of the described cases of
‘vaccine failure’ probably relate primarily to introduction of a new strain of the
bacterium which display subtle antigenic differences, presumably a variation in
serotype 01-LPS, and/or increased virulence. The BT2 phenotype may as such also
offer some advantage towards general fitness within the aquaculture niche, but the
contribution of this trait specifically in relation to vaccine-induced immunity

appears to be small or inconsequential.

The history and current situation in Norwegian aquaculture may provide some
additional insights in this regard. Several changes in yersiniosis vaccine regimes
have been made over the years in Norway, in the almost complete absence of BT2
strains. When the disease first emerged in Norway in the late 1980s, a vaccine
imported from the USA was employed, but the effect was unsatisfactory, likely due
to antigenic differences, but a different vaccine imported from Canada, based on a
serotype 01 strain, offered better protection (Brit Tgrud pers. com.). In later years,
some sites experiencing recurring outbreaks switched to autogenous vaccines,
produced with bacterin from the local disease-causing isolate (Brit Tgrud pers.
com.). Recently, many farms have switched vaccination regiment yet again, from
immersion to IP-injected bacterin, the vast majority of which are located in areas
where BT2 has not been identified. Thus, there has been a need to improve vaccine
regimes in Norway multiple times, regardless of emergence of non-motile strains.
Although BT2 development has not been a significant factor in Norwegian
aquaculture, Norwegian Y. ruckeri has changed in other ways. While the CC1 lineage
has dominated in Norwegian aquaculture for several decades, the very first
documented case of yersiniosis in Norway (Sparboe et al. 1986) was caused by a
different lineage, CC10, which was present in mid- and northern Norway during the
late 1980s prior to CC1’s dominance from the early 1990s and onwards. While the

currently dominating CC1 lineage is highly conserved genetically, some genetic
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changes have occurred over the years, including the increased copy number of the
likely critical virulence determinant yrilm, as identified in paper III. Plasmid content
has also changed over time in this lineage. These changes may have affected the
efficiency of vaccines due to antigenic differences or increased fitness in the virulent

niche.

Although the pathogen has undoubtedly changed over time, one must also take into
account the general increase in production intensity in modern-day aquaculture and
how this impacts fish welfare. While non-medicinal delousing techniques have
received attention for welfare-related issues in recent years, and perhaps thermal
delousing in particular, the increase in yersiniosis incidents at sea seem to precede
the widespread use of such methods (Figure 7). However, the more conventional
methods also represent prominent handling events, and physical damage and post-
treatment mortality is known occur also with such methods in Norwegian
aquaculture (Hjeltnes 2014; Borng & Linaker 2015; Grgtvedt & Jansen 2016). In the
period between ca. 2015-2016, some acute yersiniosis episodes reported at sea
‘post-handling’ may relate to delousing, and some mortality events occurring post-
delousing may relate to yersiniosis, although such specific connections were not
known/noted at the time, perhaps due to the status of yersiniosis as a non-notifiable
disease. In more recent years, several serious outbreaks of yersiniosis in large fish at
sea are known to have occurred post-delousing (Gulla & Olsen 2020; Gismervik et al.
2020) and findings in paper Il are in general supportive of such stressful treatments
having a negative effect in subclinically infected salmon populations. Notably, the
annual increase in yersiniosis cases align quite well with the total number of
delousing treatments (any method), until a significant proportion of Atlantic salmon
populations at sea became IP vaccinated (from ca 2018/2019 and onwards) (Figure
7). In farmed Atlantic salmon in Norway, immersion-style vaccination is considered
essential for controlling yersiniosis in freshwater farms experiencing recurrent
outbreaks in juvenile fish, although immunity seems relatively short lived. Delivery
by IP injection when the fish is large enough offers significantly increased protection
compared to immersion (Chettri et al. 2013), and general experiences from the field
in Norway indicate that Atlantic salmon vaccinated by injection in the freshwater
phase remain fully protected throughout the sea phase, with most outbreaks at sea

now generally involving unvaccinated fish (Duncan J. Colquhoun pers. com.).
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IP vaccination has also been used successfully in rainbow trout farming in some
areas of the USA severely affected by yersiniosis caused by non-motile strains
(Welch et al. 2011). Many other BT2-associated cases of ‘vaccine failure’, e.g. several
of those known from Europe, have been resolved by modifying the vaccine strain
but still administrating the vaccines by immersion. The prophylactic measures used
in Norway are thus notably more advanced than what is currently practiced in many
cases involving BT2 internationally, which further indicate that any vaccine-related
advantage of BT2 would be of relatively minor siginifcance compared to antigenic
differences, increased virulence, and external factors such as increased

handling/stress.

While BT2 may not be instrumental in reduced vaccine efficiency, development of
the BT2 trait may still relate to vaccination. The use of flagellin-containing whole-
cell bacterin vaccines over several decades may have exerted a sustained selection
pressure against the flagella of motile variants with subsequent loss of motility as a
consequence. In such a scenario, non-motile strains may benefit from a very slight
vaccine-related competitive edge, for example in establishing subclinical infection
within a vaccinated population, while the efficiency of vaccines in preventing clinical
disease may remain largely unaffected. This would certainly be challenging to
demonstrate experimentally, but fits well into the general current opinion, or
perhaps emerging opinion, of BT2 conferring an as yet unidentified advantage
whereby it (possibly) evades the immune system of the fish host. An observation
from Norway which seem to counter this view is the isolate recovered from the very
first documented case of yersiniosis in Norway in 1985, belonging to the CC10
lineage and notably non-motile. Naturally, no vaccination against yersiniosis was
occurring in Norway at the time, and as this lineage is known exclusively from
Norway, it is difficult to relate this instance of BT2 to vaccination. Another relevant
point is that the perspective of sustained selection pressure against the flagella also
works perfectly well in the absence of vaccination. Indeed, adaptation to the highly
intensive production style of modern-day aquaculture could be sufficient to explain
the emergence of BT2, assuming that BT2 has a general advantage in the virulent
niche, while the current availability and susceptibility of hosts in aquaculture allows

for a high degree specialization into virulence.
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The possibility that the BT2 trait may not be directly/strongly linked to vaccines has
been raised previously, and was e.g. discussed in detail in the PhD thesis of Callum J.
W. Scott printed in March of 2012 (Scott 2012). While experimental evidence
obtained since have all pointed towards such a link being no more than slight, a
consensus on the topic will likely not be reached until the specific benefits of BT2
have been demonstrated experimentally. In order to offset the apparent
disadvantages of this phenotype, these yet unidentified benefits are presumably

substantial, which makes their illusiveness all the more interesting.

5.2 PCR specificity

During the initial phase of the present study, enquiries were made regarding where
Y. ruckeri could be found in aquaculture environments. While some described
Yersinia as a hygiene issue best remedied by keeping a clean and sanitized
environment, implying that Y. ruckeri is residing in the environment, others insisted
on Y. ruckeri residing inside the fish more or less permanently. Both opinions are
well supported in the literature, as is the idea of the pathogen being more or less
ubiquitously present throughout affected sites, established in both the fish and the
environment. With ever-increasing knowledge of virulence being specific to certain
distinct lineages, and coexistence of virulent and avirulent strains, it becomes
relevant to investigate whether the seemingly ubiquitous presence throughout
affected sites does indeed relate specifically to the virulent strains. If there are
distinctions in the distribution of virulent and avirulent strains in aquaculture
environments, such knowledge could possibly lead to the development of targeted
prevention strategies as an alternative or supplement to vaccination. However, a
currently more pressing issue is the possibility of costly countermeasures being
employed due to detection of Y. ruckeri at sites colonized exclusively by avirulent
strains. Moreover, it seems that there have been some issues in Norwegian
aquaculture in recent years regarding false positive detection of non-Y. ruckeri
species utilising what was believed to be Y. ruckeri-specific PCR assays. In such
cases, countermeasures may have been employed based on detection of strains that
do not even belong to the Y. ruckeri species. In the period from 2018 to 2020, our
laboratory received occasional samples from sites that had experienced conflicting
results depending on which lab had performed the analysis. These samples were

generally negative with assays described in paper Il and the 16S-based assay. At one
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point there were even mentions of a novel emerging disease, termed ‘untypical
yersiniosis’ and reportedly caused by Serratia spp. which had been isolated from
moribund fish, although no further description of the isolates or disease was ever
provided. While the isolation of Serratia spp. from moribund salmonids is not
completely unheard of (Austin & Austin 2012), no known Serratia spp. are currently
considered clinically relevant for farmed Atlantic salmon in Norway currently, and
such isolates are not known to appear as opportunistic in moribund/dead fish with
any relevant frequency (Colquhoun 2017). Serratia spp. lacking pigment and
sucrose activity may be distinguished from Y. ruckeri by a positive esculin test
(Bullock & Cipriano 1990).

Specificity at the species level

Several PCR assays for specific detection of Y. ruckeri target 16S rRNA gene
sequences believed to be specific to Y. ruckeri. These assays were developed some
time ago which means that Y. ruckeri’s closest known relatives, i.e. the recently
(2011) described Y. entomophaga and Y. nurmii, were likely not considered during
assay design. This is of significance as Y. entomophaga has been isolated from
aquaculture environments in Norway (Figure 3). Moreover, as we eventually
discovered, currently undescribed species may generate signals with such assays.
The assays by Bastardo, Ravelo and Romalde (2012) and Keeling et al. (2012) target
housekeeping genes, recA and glutamine synthetase respectively. These assays were
never tested in vitro in our lab, but primer-BLAST searches reveal the possibility of
false positives with Serratia spp. and other Yersinia species respectively for these
two assays, if the reactions allow for just a slight degree of primer mismatch in non-
priming ends. A wide range of Yersiniaceae may be isolated from freshwater
environments in aquaculture, including as yet undescribed species. Accounting for
undiscovered species is generally not possible during PCR design, but avoiding the
use of ubiquitous and highly conserved genes should serve to significantly reduce
the risk of false positive results. Our assay specific for Y. ruckeri at the species level
was designed to target a gene which is not known to be present in any other species,
a strategy also employed by other recently published protocols (Lewin et al. 2020)
and some private diagnostics labs serving the aquaculture industry in Norway
(personal communications). It should be noted that the older assays were developed

at a time when access to sequence data was still quite limited, and they were indeed
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appropriate and well-designed assays for the time. Moreover, the risk of false
positives with any of the assays described in the literature should be at a minimum
when used with clinical samples from internal tissues, i.e. kidney or spleen, where
the prevalence of other Yersiniaceae should be non-existent in most cases. Thus, the
continued use of such assays should not be controversial if employed in a sensible

manner.

Lineage-specific assays

With specificity at the species level regarded as resolved, issues relating to the
detection of avirulent Y. ruckeri strains still persist. During screening for paper Il we
found a high proportion of positives with the species-specific assay, while CC1 was
absent, in several sites that had never experienced issues with yersiniosis. In this
situation, with avirulent variants being widely distributed, the utility of PCR
screening in aquaculture environments with a species-specific assay alone is
minimal as it is not possible to make any sort of assessment regarding risk of
outbreaks or spread of disease-causing strains. Specific detection of Y. ruckeri CC1
on the other hand reveals the presence of this specific disease-causing variant. As Y.
ruckeri isolates belonging to CC1 are nearly identical genetically, with the exception
of some historical variability in virulence gene content (paper IlI), and responsible
for all serious outbreaks, the presence of CC1 arguably represent a significant
biosecurity risk in the shorter or longer term. While one should be extremely careful
in relying solely on PCR in any sort of diagnosis, a seemingly healthy but Y. ruckeri
CC1-positive population indicates ongoing or imminent subclinical infection, which
may quickly develop to acute disease if the fish are subjected to stress or otherwise
unfavorable conditions. As such, the CC1-specific assay has a substantially higher
potential utility (in Norway specifically) as specific detection of CC1 may warrant
preventative measures such as especially careful handling to prevent clinical
outbreaks, and isolation and restriction in transport to prevent spread. It is however
important to keep in mind that correlation between PCR detection of CC1 and
subclinical infection, and further correlation with risk of acute yersiniosis, has not

yet been investigated.
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Specific yet undesirable detection

A potential issue with molecular-based detection of microbial pathogens concerns
detection of non-viable cells e.g. post-disinfection (Rudi et al. 2005; Bonilauri et al.
2016). This ‘problem’ with its implications for biosecurity became apparent during
the present project and involved detection of Y. ruckeri CC1 in delousing equipment,
post-disinfection but prior to delousing. Viability in itself was not a major concern
otherwise as we were primarily interested in the general presence of Y. ruckeri in
these environments. A related issue is the introduction of a significant amounts of Y.
ruckeri CC1 DNA to the sampling environment in the form of formalin-killed whole
cell bacterin in the yersiniosis vaccine. While detection of the vaccine was in itself
not surprising, the magnitude and persistence of the signal in the environment was
indeed unexpected. As some aquaculture facilities vaccinate quite frequently, up to
three times per generation, screening results became difficult to interpret in a

sensible manner in some cases (Figure 11).
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Figure 11: Detailed qPCR screening results from an Atlantic salmon hatchery. Sample points
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are colored and split in two where green indicate negative, yellow indicates positive with the
Yersinia ruckeri specific assay, and red indicates positive with the Y. ruckeri CC1 specific
assay. Ct values are also indicated (averages of three samples, not shown if extreme or
qualitative variance). Letters A through E indicate hatching (A), start-feed (B) and further
increasingly larger fish and tanks. E use recirculation technology (RAS). Swabs and substrate
samples from the RAS system were negative with both assays. Transfer of fish from C to D
was ongoing during sampling. Method and time passed since yersiniosis vaccination is

indicated as dip or bath (i.e. immersion) or IP injection. Unsampled tanks are not shown.
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In the laboratory, verification by culture may be used to discern viable and non-
viable cells, but this is difficult for environmental samples as culture of Y. ruckeri in
the dominating presence of background bacterial flora is not currently very reliable.
Alternatively, employing a viable/dead stain technique prior to DNA extraction may
render DNA in/from inactivated cells undetectable by PCR, although such
techniques are highly labour-intensive, complicated and generally not suitable for
complex environmental samples (Dinh Than et al. 2017). Outside of somehow
genetically altering target DNA loci in the vaccine strain, an unrealistic and not very
sensible endeavour which might also raise GMO-related legislative questions, issues
relating to detection of the vaccine in environmental samples will likely persist as

long as whole-cell bacterin vaccines are used.

Virulence-based PCR detection

As CC1 is the only virulent Y. ruckeri lineage of relevance present in Norway
currently, the lineage-specific PCR developed in paper I was effectively functioning
as a virulence-specific assay in our studies. However, this assay is not relevant for
use elsewhere as yersiniosis is caused by other strains abroad. Conceivably, an assay
designed to target critical virulence determinants could be universally applicable
internationally. As the high virulence trait seem to be reliant on the presence of two
distinct genetic determinants, i.e. the yrllm invasin and serotype O1 LPS, a single,
monoplex assay would unfortunately not suffice. An assay targeting serotype 01
would also detect most avirulent strains, and an assay targeting yrlim would also
detect some rather low-virulent serotype 02 lineages, such as CC3 in Norway. While
such strains are virulent in principle, their detection is (arguably) undesirable in a
virulence-specific assay as the threat posed by CC3 is insignificant compared to that
of CC1 in the current situation in Norway, and similar situations presumably exist
internationally. Specific detection of both serotype 01 and yrillm in a duplex assay
would be vulnerable to the presence of e.g. CC3 and a serotype 01 avirulent strain in
the same sample, effectively mimicking specific detection of a highly virulent strain
such as CC1 or CC2. It is also relevant to keep in mind that the yrilm locus may very
well exist in other bacterial species as it is found within a seemingly active complex
transposon and thus likely a highly mobile element. Thus, while such a ‘virulence-
specific’ assay could be useful to assess isolates in pure culture for these virulence-

related traits, it would not be suitable for PCR screening purposes in aquaculture

66



environments. As such, development of lineage-specific assays targeting other
virulent lineages, such as CC2 and CC5, would be highly relevant to enable similar

investigations internationally.

5.3  Assessing virulence

As many previously documented virulence factors are present in all sequenced Y.
ruckeri, such as the yhlA-encoded hemolysin and the yrpI-encoded protease
associated with the primary symptoms of the disease, strains regarded as avirulent
may be able to produce symptoms of yersiniosis under certain circumstances.
Currently unpublished and not included in the work presented here, although
briefly mentioned in paper I, we performed challenge trials utilizing a cohabitation
model which confirmed that such avirulent isolates cause the same symptoms and
mortality as CC1 when IP injected, but that they are incapable of horizontal
transmission to cohabitant fish. Thus, the virulence-related phenotypic differences
between strains regarded as virulent or avirulent seem to relate to the ability to
attach to and/or pass the external barriers of a healthy fish host. This is perhaps a
somewhat simplistic explanation that does not account for the host-specificity that
apparently exist between the various virulent lineages, and conceivably, strains
currently percieved as avirulent could be virulent towards other host species. While
this cannot be easily ruled out, experiments conducted by Haig et al. (2011),
utilizing an appropriate immersion challenge model, was able to demonstrate
virulence across host species, although at reduced efficiencies. Moreover, in the UK
where yersiniosis affects both rainbow trout and Atlantic salmon, instances of
‘rainbow trout -like’ isolates causing disease in salmon have on occasion been
mentioned in the literature (Ormsby et al. 2016), and these isolates have been
confirmed to belong to the rainbow trout-associated lineage CC2 (Gulla et al. 2018),
and one such example is included in paper III (Fig 1, strain 86020). Thus, while the
perceived virulence of a specific strain is dependent on the host species, there are

indeed signs of common mechanisms for virulence amongst the virulent lineages.

With a few notable exceptions, the knowledge of specific mechanisms and
associated genetic determinants in relation to Y. ruckeri virulence is quite limited.
The known presence in Y. ruckeri, but lack of study, of several genetic determinants

associated with virulence in human pathogenic Yersinia, such as Yst1 and Ysa types
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Il and III secretion systems and Tc genes, is an attest to this. Certain other accessory
virulence-related determinants have been studied in some detail, although they are
not ubiquitous amongst virulent lineages. A relevant example is the highly similar
pYR3 and pYR4 plasmids, present in CC2 and CC1 and highlighted as a virulence
contributor by in vitro and in silico studies respectively in each lineage (Méndez et
al. 2009; Wrobel et al. 2018b), while the virulent lineage CC5 does not carry any
plasmids. Another relevant example are the putatively secreted proteins which have
thus far been identified exclusively in strain SC09 (STIR/TcpA; Liu et al. 2019), but
whose contribution to virulence have nonetheless been studied in great detail in this
strain. While there are no apparent reasons to question the findings from these
studies, these factors may for example provide host-specific benefits, but overall, it
seems like most of the accessory determinants studied in detail previously does not
directly enable virulence. Thus, other accessory determinants are presumably more
relevant to investigate, and the study performed in paper Il was essential for

identifying which ones.

While acquiring sequence data for comparative genomics study is entirely a
practical matter, there was also a need to assess virulence for a large number of
isolates. High-throughput lab models for ‘virulence characterisation’ do exist, but
generally rely upon model organisms such as nematodes, wax moth larvae or cell-
culture (e.g. Raju et al. 2012; Bernardin Souibgui et al. 2017; Fan et al. 2022), or IP
injection of a relatively low number of fish (e.g. Méndez et al. 2009). Injection is
generally more reliable and has lower variance than immersion or cohabitation
(Nordmo, Sevatdal & Ramstad 1997; Deshmukh et al. 2011) and thus requires fewer
experimental fish, generates results quicker and is an overall simpler and more
affordable model. High-throughput models, or ‘semi-high throughput’ with IP
injected fish, are however not suitable to study the type of differences we are
interested in here, as we expect strains regarded as avirulent in field conditions to
demonstrate virulence in such models. Such issues are well known from study of
other pathogens, including human pathogenic Yersinia where delivery by the oral
route may reveal critical differences relating to accessory virulence factors which

injection does not (Iwobi et al. 2003).
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While development of accurate models for assaying virulence of bacterial pathogens
is certainly possible with due effort (e.g. Maury et al. 2016), further complicating
things with Y. ruckeri is the occurrence of yersiniosis amongst different host species.
Indeed, challenge by IP injection is sometimes the model of choice in rainbow trout
specifically (with larger fish, >6 months) as mortality using alternative models is
generally too low (Deshmukh et al. 2011). Yersiniosis also occurs in non-salmonids
where general physiology and mechanisms in immunity may be substantially
different. Any sensible benchmarking of virulence reflecting field conditions across
host species and situations would thus require quite comprehensive studies. This is
a tall order even for a single strain, and hardly realistic for a multitude of isolates. As
such, a very general classification of virulence on a per-lineage basis was the only
realistic approach for such a broad scope investigation. It is however important to
keep in mind that this approach is by no means ‘perfect’, being especially vulnerable
to bias relating to which cases become documented and subjective interpretations
of clinical impact, and furthermore which specific isolates are chosen/available for
sequencing. The availability in public databases of sequences from isolates regarded
as avirulent is especially lacking, and such sequences were thus heavily dominated
by isolates from Norway, sequenced by us for this specific project. Furthermore,
strains regarded as avirulent based on genetics or context may indeed be virulent
towards other host species and/or in different situations, and our dataset included
just a single isolate well documented as virulent towards non-salmonid fish (strain
SC09; Liu et al. 2019).

Despite potentially substantial sources of error in mis-classification of individual
isolates and lack of representation, we were successful at matching this ‘general
qualitative virulence’ trait at the lineage-level with the presence of a specific genetic
determinant, i.e. the yrilm invasin, the general predicted function of which
represents a specific mechanism for attaching to and/or permeating the external
barriers of a fish host. Significant differences in the capacity for adhesion to host gill
and intestinal mucus between virulent and avirulent strains have been reported
previously (Tobback et al. 2010), which indicates that Yrllm may be involved in
attachment to these tissue types. The observed amplification of this invasin quite
elegantly contributed to an explanation of the seemingly increasing virulence of this
lineage over the years in Norway, and presumably also in CC2 internationally, and

may indicate that these two lineages are indeed especially well adapted for
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virulence. Moreover, the absence of 01-LPS, previously associated with reduced
virulence, and extended to all of the non-01 serotypes (except for 08), is perhaps a
simplistic but still quite reasonable explanation as to how some strains which
possess the invasin are almost exclusively associated with sporadic and/or less
serious cases. Strain SC09, a non-01 serotype strain pathogenic towards channel
catfish (Liu et al. 2016), does however indicate that the 01-LPS connection may not
be quite as broadly applicable. It may be the case that O1-LPS is not needed for high
virulence in this non-salmonid host species, and/or that perhaps other genetic
determinants contribute substantially towards its virulence, such as the type IV
secretion-associated factors or plasmids unique to this strain. Thus, the findings
from strain SC09 hint at potential limitations in our findings, and looking further

into yersiniosis in non-salmonid fish may provide valuable insight in this regard.
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6  Concluding remarks

The non-motile BT2 phenotype seems to occur, at least eventually, in any highly
virulent Y. ruckeri lineage in salmonid aquaculture. BT2 has also been detected in
Norway, represented by two novel causative genotypes documented here, although
this phenotype is currently not widespread and thus cannot be associated with the
recent need to improve vaccination strategies in Norwegian Atlantic salmon
aquaculture. PCR screening with Y. ruckeri species- and lineage-specific assays
revealed a broad presence of avirulent strains in aquaculture environments, and a
significant possibility for detecting Y. ruckeri DNA from vaccine remnants. This has
likely affected the outcome of both screening studies and general diagnostics in the
past, and must be taken into account going forward. Several virulence factors
highlighted in previous studies seem common to all Y. ruckeri strains, virulent and
avirulent alike, and thus cannot be responsible for the observed variance in
virulence. The high-virulent phenotype in salmonids is strongly associated with a
combination of the gene encoding the Yrllm invasin and genes required for serotype
01-LPS synthesis. While global dissemination of virulent lineages has been
documented previously, WGS-based identification of several putatively avirulent Y.
ruckeri lineages across continents in the present study is further indicative of broad
dissemination of such strains, indicating that issues relating to detection of

virulent/avirulent strains by PCR screening is not limited to aquaculture in Norway.

71



7  Future perspectives

Identification of the specific advantages conferred by the BT2 phenotype in virulent
Y. ruckeri lineages should provide further insights into the specific mechanisms
utilized by the pathogen to cause disease. Lineage-specific assays should be
developed for lineages relevant internationally, i.e. CC2, to enable similar screening-
studies abroad and thus further insights into the distribution and ecology of highly
virulent Y. ruckeri strains. Findings relating to virulence determinants must be
verified experimentally, by generation of relevant knockout mutants for

employment in challenge trials that reflect field conditions.
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1 | INTRODUCTION
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Abstract

Non-motile strains of Yersinia ruckeri, known as Y. ruckeri biotype 2, now dominate
amongst clinical isolates retrieved from rainbow trout internationally. Due to an acute
increase in the number of yersiniosis cases in Norway in recent years, followed by
introduction of widespread intraperitoneal vaccination against the disease, an inves-
tigation on the prevalence of Y. ruckeri biotype 2 in Norwegian aquaculture was con-
ducted. We biotyped 263 Y. ruckeri isolates recovered from diseased salmonids in
Norway between 1985 and 2020. A total of seven biotype 2 isolates were identified,
four of which were collected between 1985 and 1987, and three of which belong to
the current epizootic clone, isolated from two different sea-farms in 2017. Whole-
genome sequencing revealed single non-synonymous nucleotide polymorphisms in
the flagellar genes flhC in isolates from the 1980s, and in fliP in isolates from 2017. In
both variants, motility was restored both by complementation with wild-type alleles in
trans and via spontaneous mutation-driven reversion following prolonged incubation
on motility agar. While biotype 2 strains do not yet seem to have become broadly es-
tablished in Norwegian aquaculture, the seven isolates described here serve to docu-
ment a further two independent cases of Y. ruckeri biotype 2 emergence in salmonid

aquaculture.

KEYWORDS
aquaculture, Atlantic salmon, biotype, flagella, Yersinia ruckeri, yersiniosis

epidemic population structure for Y. ruckeri, with both host
species specific- and geographically limited lineages forming

The Gram-negative bacterium Yersinia ruckeri causes yersiniosis,
also known as enteric redmouth disease, predominantly in farmed
salmonids (Busch, 1978; Ewing et al., 1978; Ross et al., 1966).
Found throughout the world wherever salmonid fish are farmed,
yersiniosis is considered primarily a disease of rainbow trout, but
also affects farmed Atlantic salmon in Norway, Australia, Chile and
the UK (Bastardo et al., 2011; Costa et al., 2011; Gulla et al., 2018;
Wheeler et al., 2009). Several studies have demonstrated an

discrete clonal complexes (CC) (Barnes et al., 2016; Bastardo
et al., 2011; Calvez et al., 2014). Most recently, multi-locus vari-
able number of tandem repeat analysis (MLVA) revealed a single
clonal complex (CC2) as responsible for the majority of yersinio-
sis outbreaks in rainbow trout globally, while distinct, geographi-
cally restricted clones were linked to outbreaks in farmed Atlantic
salmon in Norway (CC1), the UK (CC4) and Australia (CC5) (Gulla
etal., 2018).
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While wild-type Y. ruckeri are flagellated and motile, non-
flagellated, non-motile strains do occur (Davies & Frerichs, 1989).
As lipase secretion is dependent upon the flagellar export apparatus
(Evenhuis et al., 2009; Young et al., 1999), motility and lipase pheno-
types are genetically linked with non-motile strains also lacking li-
pase activity (Welch et al., 2011). Non-motile, lipase negative strains
are often termed biotype 2 (BT2), while motile, lipase-positive strains
are termed biotype 1 (BT1) (Davies & Frerichs, 1989).

In recent years, non-motile BT2 Y. ruckeri strains have emerged
independently on different continents following detrimental mu-
tations in flagellar genes (Welch et al., 2011; Wheeler et al., 2009),
and have become the dominating form associated with yersiniosis
in rainbow trout in the USA and Europe (Fouz et al., 2006; Gulla
et al., 2018; Welch et al., 2011; Wheeler et al., 2009). Observations
of vaccine failure coinciding with BT2 emergence in the UK,
Spain, USA and Australia (Austin et al., 2003; Fouz et al., 2006;
Arias et al., 2007; Costa et al., 2011) have resulted in speculations
around vaccine-escape as the primary selective force responsible
(Wheeler et al., 2009; Welch et al., 2011; Tinsley et al., 2011; Barnes
et al., 2016). Conversely, reports of BT2 from salmon farming in-
dustries worldwide are scarce, with only a single non-motile isolate
reported from Norway in 1985 (Sparboe et al., 1986), a few UK iso-
lates from the 1980s and 1990s (Wheeler et al., 2009), and the more
recent emergence within a local endemic clonal complex in Australia
(Barnes et al., 2016; Gulla et al., 2018).

In Norway, a single Y. ruckeri clonal complex (CC1) has almost en-
tirely dominated the yersiniosis situation in salmon farming in both
freshwater and seawater since the turn of the millennium (Gulla
et al.,, 2018). In response to an increasing number of outbreaks in
recent years, and as a supplement to immersion vaccination, many
Norwegian farms now utilize intraperitoneally administered vac-
cines against yersiniosis, which have thus far proven to be effec-
tive in preventing outbreaks in large fish post sea transfer (Gulla &
Olsen, 2020). Given the putative association between vaccination
and BT2 development, the present study was performed to investi-
gate possible emergence and spread of BT2 Y. ruckeri in Norwegian
aquaculture.

A non-motile isolate from diseased rainbow trout in Sweden,
NVI-11000, was also included in the study as Swedish Y. ruckeri BT2
strains have not, to the best of our knowledge, been characterized
previously.

2 | MATERIALS AND METHODS

2.1 | Strains and culture

Detailed information on the 263 Norwegian Y. ruckeri isolates as-
sessed by biotyping is provided in Table S1, including 46 isolates pre-
viously biotyped in our laboratory (Gulla et al., 2018) as well as BT2
isolate NVI-344, which was first described by Sparboe et al. (1986)
and also mentioned by Wheeler et al. (2009) and Ormsby (2015)
under the designation RD154. Isolates used in complementation and

biotype reversion experiments are listed in Table 1. Bacterial cultures
were prepared from cryopreserved stocks held at -80°C in Tryptic
Soy Broth (TSB) with 20% glycerol. Y. ruckeri was cultured on 5% bo-
vine blood agar (BA) orin TSB at 22°C. E. coli was cultured at 37°C on
Luria agar (LA) or in Luria broth (LB), supplemented with 0.3 mM 2,
6-diaminopimelic acid (DAP) (Alfa Aesar, Ward Hill, Massachusetts,
USA) for culture of E. coli MFD-pir (Ferriéres et al., 2010). The
pMJH-46 plasmid was maintained in E. coli SM10(\pir), grown with
100 mg/L ampicillin (Merck, Darmstadt, Germany) and 30 mg/L
chloramphenicol (Merck) at 30°C. Agar and liquid media for main-
taining the pAR3 plasmid vector and derivatives in Y. ruckeri and E.
coli were supplemented with 50 mg/L kanamycin (Merck).

2.2 | Biotyping

Methods for phenotypic biotype assessment were adapted from
those described by Evenhuis et al. (2009). Motility was assayed on
semi-solid Tryptic Soy Agar (TSA) with 0.3% agar incubated at 22°C.
The assay was prepared by surface-inoculating overnight BA cul-
tures of Y. ruckeri at the centre of the TSA plate. A visible expanding
zone of motile cells within the semi-solid TSA after 24 or 48 h was
considered positive for motility. Lipase activity on Tween 80 medium
was assayed by incubation at 22°C. Visible calcium precipitation
after 48 h incubation was considered positive. Due to inconsistent
calcium precipitation reactions for many CC1 isolates that also dis-
played flagellar motility (Figure S1), biotype assessment of isolates
belonging to this lineage did not include lipase activity.

2.3 | General molecular techniques

DNA extraction for MLVA and qualitative PCRs was performed by
boiling a bacterial colony for 7 min in nuclease-free water as de-
scribed previously (Gulla et al., 2018). Genomic DNA templates for
whole-genome sequencing, Sanger sequencing and PCR amplifica-
tion for cloning was extracted with the Gentra Puregene Yeast/Bact.
Kit (Qiagen, Hilden, Germany), according to the manufacturer's rec-
ommendations for Gram-negative bacteria. Plasmid templates for
PCR amplification for cloning were purified with the Qiagen Plasmid
Mini Kit (Qiagen).

Oligonucleotides (Table 2) were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). HotStarTaqg Master Mix (Qiagen)
was used for PCR amplification prior to Sanger sequencing and for
qualitative PCR assays, with standard cycling conditions according
to the manufacturer's recommendations including 30 s annealing at
60°C and 60 s extension time. All PCR products were verified by
agarose gel electrophoresis. Sanger sequencing was performed on
an Avant 3500x| Genetic Analyzer (Applied Biosystems Waltham,
MA, USA) using BigDye version 3.1 reagents according to manufac-
turer's description.

The MLVA genotyping was performed according to Gulla
et al. (2019). Briefly, DNA extracted from each isolate was used as
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TABLE 1 Bacterial strains and plasmids used for biotype reversion and complementation experiments

Bacterial strain or

plasmid Description
Yersinia ruckeri strains
NVI-344 (RD154) CC10, BT2
NVI-492 CC10, BT1, source of wild-type flhDC
NVI-10990 CC1,BT2
NVI-10705 CC1, BT1, source of wild-type fliP

Escherichia coli strains

Source or references

This study; Sparboe et al. (1986); Wheeler et al. (2009)
This study
This study
This study

MFD-pir MG1655 RP4-2-Tc:[ AMul::aac(3)IV-AaphA-Anic35- Ferriéres et al. (2010)
AMu2::zeo] AdapA::(erm-pir) ArecA
Plasmids
pMJH-46 Source of the bla promoter Addgene plasmid #67,272; Hossain et al. (2015)
pAR3 pBBR1 oriT KanR amilCP This study (Materials S1)
pAR3-fliP PARS3 containing the bla promoter and wild-type fliP This study
pAR3-fIhDC pAR3 containing wild-type flhDC This study

Note: NVI-344 is identical to the isolate described by Sparboe et al. (1986) and synonymous to RD154 mentioned in Wheeler et al. (2009) and

Ormsby (2015).

MFD-pir was acquired from Biological Resource Center of the Institut Pasteur (CRBIP).

pMJH-46 was acquired from Addgene, deposited by Mark Liles.
A complete description of pAR3 is provided in Materials S1.

template in two five-plex PCR assays featuring fluorescently labelled
primers, with subsequent capillary electrophoresis for size calling
of PCR products and in silico calculation of 10-loci MLVA profiles.
A minimum spanning tree based on MLVA results was generated
in BioNumerics v7.6.3 (Applied Maths NV, Sint-Martens-Latem,
Belgium).

2.4 | Whole-genome analyses
Genome assemblies for a total of 26 Y. ruckeri isolates (Table 3) of
diverse origin, covering various genetic lineages and both biotypes,
were utilized in the present study. Of these, seven were downloaded
from the National Center for Biotechnology Information (NCBI),
while the remaining 19 were generated as described below.

Sequencing libraries were prepared by use of either NEBNext
Ultra DNA Library Prep- (New England Biolabs, Ipswich, MA,
USA), TruSeq DNA PCR-Free- (lllumina, San Diego, CA, USA) or
NexteraFlex- (lllumina, San Diego, CA, USA) kits. Subsequent
lllumina sequencing was performed on either a HiSeq or MiSeq plat-
form, with paired end read lengths of 125, 150 or 300 base pairs.
See Table S2 for per-strain sequencing details. Adapter sequences in
raw reads were removed and low-quality nucleotides trimmed with
Trimmomatic v0.38 (Bolger et al., 2014), prior to de novo assem-
bly using SPAdes v3.13.0 (Bankevich et al., 2012) with the -careful
option.

All 26 Y. ruckeri genome assemblies were annotated with
Prokka v1.13 (Seemann, 2014) utilizing default settings, prior to
generation of a core gene alignment using Roary v3.12.0 (Page

et al., 2015) with the MAFFT aligner. The alignment was concate-
nated with snp-sites v2.4.1 (Page et al., 2016) and a maximum like-
lihood tree was generated using MEGA v10.2 (Kumar et al., 2018)
with 1000 bootstrap replicates and visualized in R using ggtree (Yu
etal., 2017).

The flagellar sequence region (position 2355800-2427400) was
extracted from the genome of Y. ruckeri NHV_3758 (accession no.
CP023184.1) and used as a reference for alignment of flagellar genes
(flh, fli and flg) in MEGA.

2.5 | Complementation experiments
Complementation experiments for restoration of motility in BT2
strains were performed by supplying wild-type variants of flagel-
lar genes in trans on the plasmid vector pAR3 (Materials S1). This
plasmid contains the pBBR1 plasmid origin, kanamycin resistance,
amilCP chromoprotein and an origin-of-transfer which allows for
mobilization by the chromosomally encoded conjugation machinery
in the E. coli MFD-pir donor strain.

Linearized vector (by restriction with Xbal, New England Biolabs,
Catalog # R0145) and target inserts were amplified by PCR with
sequence-overlapping primers (Table 2), using Q5 Hot Start High-
Fidelity DNA Polymerase (New England Biolabs) as specified by the
manufacturer, with annealing temperatures calculated with the NEB
Tm Calculator tool. PCRs included 22 cycles of amplification, with
extension at 72°C for 30 s or 60 s, respectively for amplification of
inserts or the vector backbone. PCR products were verified by aga-
rose gel electrophoresis.
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TABLE 2 Primer sequences used during complementation experiments

Usage

Sanger sequencing, fliH

Sanger sequencing, flhC

Sanger sequencing, fliP

pAR3 vector backbone amplification

Complementation, fliP expression

Complementation, fliP expression

Complementation, flhDC

PCR verification of vector

Oligo name Sequence (5'-3")

fliH_f GAGAGTGGCGAAATCGTRATTGG

fliH_r CAATTTGTCCAATGTAGACAACCAACG

flhC_f GCCACTTACTGCATGAGTTATCGTTG

flIhC_r GCCAGACAGATAAGACATCCATATCG

fliP_f ATGATGTCCCTGCACTGTGAATCCAAAG

fliP_r GGGAGATTAACTGTAGAAACTTTGCG

pAR3_f TAATGACTAGTCAAGTGGCTCCTCGCTC

pAR3_r TCTAGAGCTTGCCCTCATCTGTTACG

fliP_OL_f GAAAAAGGAAGAGTATCTAGACTAGTATGATGTCCCTGCACTGTGAATCC
fliP_OL_r CGAGGAGCCACTTGACTAGTCATTAGGGAGATTAACTGTAGAAACTTTGCG
bla_P_OL_f CAGATGAGGGCAAGCTCTAGATTTCAGGTGGCACTTTTCGGGGAAATGTG
bla_P_OL_r CATACTAGTCTAGATACTCTTCCTTTTTCAATATTATTGAAGC

flIhnDC_OL_f CGTAACAGATGAGGGCAAGCTCTAGACCACATTCAGTTATGTCTTCCTTGC
flhnDC_OL_r GCGAGGAGCCACTTGACTAGTCATTACCAGACAGATAAGACATCCATATCG
oriT_f GCTTGCCCTCATCTGTTACG

oriT_r GTTCGTGTAGACTTTCCTTGGTG

Note: Underlined nucleotides indicate overlapping sequence to the pAR3 vector backbone.

Bold nucleotides indicate overlap sequence between the bla promoter and fliP.

Strain NVI-10990 was complemented with pAR3-fliP, containing
fliP (corresponding to nucleotides 2,381,401-2,382,198 in acc.no.
CP023184) amplified with primers fliP_OL_f and fliP_OL_f from the
motile CC1 isolate NVI-10705, coupled with the E. coli wild-type bla
promoter for weak constitutive expression, amplified from pMJH-
46 (acc.no. JQ070344, nucleotides 9530-9662) with primers bla_P_
OL_fandbla_P_OL_r.

Strain NVI-344 was complemented with pAR3-flhDC, contain-
ing the flhDC operon (corresponding to nucleotides 2,428,041~
2,426,303 in acc.no. CP023184) from a motile CC10 isolate,
NVI-492, amplified using primers flnDC_OL_f and flhDC_OL_r.

The PCR-amplified backbone and respective inserts were as-
sembled with NEBuilder HiFi (New England Biolabs) and cloned into
chemically competent E. coli MFD-pir by heat shock according to
the manufacturer's instructions. Kanamycin-resistant colonies were
isolated followed by PCR-verification of the plasmid backbone with
primers oriT_f and oriT_r, and of the respective inserts with prim-
ers fliP_f and fliP_r, and primers fIhC_f and flhnC_r. Assembly of the
bla promoter and fliP was confirmed by PCR amplification using the
bla_P_OL_f and fliP_OL_r primers, with an expected amplicon size
of 986 bp.

Complementing plasmids were transferred to Y. ruckeri by con-
jugation, performed by combining two 25 ul PBS suspensions con-
taining approximately equal densities of E. coli MFD-pir donor and
Y. ruckeri recipients respectively. The 50 ul suspension was plated
and incubated overnight at 28°C on non-selective LB-agar supple-
mented with DAP. The resulting bacterial lawn was collected and
washed twice in 1 ml PBS by centrifugation (5 min at 6000G), fol-
lowed by suspension of the bacterial pellet in 0.1ml PBS and plat-
ing on 50 mg/L kanamycin LA without DAP. Kanamycin-resistant

transconjugants were isolated with subsequent species confirmation
by MALDI-TOF (Biotyper Microflex LT; Bruker Daltonics, Bremen,
Germany) and PCR-verification of the expression vector backbone
with primers oriT_f and oriT_r. Complemented strains were cured of
the vector by repeated subculture on non-selective agar media until
kanamycin-sensitive colonies were recovered and confirmed nega-
tive for the vector by PCR with the oriT primer-set.

2.6 | Biotype reversion experiments

To facilitate reversion to BT1, BT2 strains NVI-344 and NVI-
10990 were initially prepared in 10 parallels each consisting of
5 ml TSB-culture grown to stationary phase by overnight shaking
at room temperature. From each replicate culture, a 10 ul droplet
was deposited at the centre of a semi-solid TSA plate, which was
then sealed with parafilm and incubated for up to 6 weeks at 22°C
in a sealed box with a water reservoir to maintain humidity. Motile
cells from the leading edge of expanding growth zones were iso-
lated and flagellar genes fliP and flhC amplified by PCR and Sanger
sequenced.

2.7 | Microscopy

Staining of flagella was performed using a tannic acid and alum
mordant with a crystal violet stain as described by Heimbrook
et al. (1989). Cells were grown overnight in TSB at 22°C without agi-
tation, before being stained and observed by phase-contrast micros-
copy at 1000x magnification.
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3 | RESULTS

3.1 | Genotypic background

Ongoing efforts to MLVA genotype the collection of more than
800 Norwegian Y. ruckeri isolates cryopreserved at the Norwegian
Veterinary Institute continue to verify the long-standing dominance
of the CC1 lineage amongst domestic yersiniosis outbreaks (Gulla
et al., 2018). Conversely, Norwegian isolates recovered in other con-
texts, e.g. from disease in individual wild fish, ovarian fluid of clinically
healthy broodstock, or environmental biofilms, are, as previously de-
scribed, much more diverse. Such isolates represent a wide range
of putatively non- or low-virulent lineages, minor clonal complexes
and singletons. Inclusion of a large number of older isolates in the
present study further allowed identification of a previously unrecog-
nized Norwegian clonal complex proposed here as CC10. CC10 cur-
rently harbours six isolates recovered between 1985 and 1988 from
two geographically distant Norwegian salmon farms, and includes
the single BT2 isolate previously reported from Norway (Sparboe
etal., 1986), NVI-344 (also referred to as RD154). An up-to-date mini-
mum spanning tree visualizing results from MLVA genotyping of 601
Norwegian Y. ruckeri isolates, and associated biotyping results (see
below), is shown in Figure 1. MLVA further revealed that NVI-11000,
isolated from rainbow trout in Sweden, belongs to CC2 (not shown in
Figure 1), the dominant clonal complex amongst international rain-
bow trout isolates. CC2 has not yet been identified from Norway.

Biotype 1 @
Biotype 2 @

3.2 | Phenotypical analyses

Of 263 Norwegian Y. ruckeri isolates biotyped in the present study
(see Table S1 and Figure S1), seven isolates, originating from four dif-
ferent locations and recovered over a period of 33 years, were iden-
tified as BT2 by being non-motile and lacking lipase activity. Four
of these isolates originate from two neighbouring farms in northern
Norway in the 1980s and belong to CC10. The remaining two CC10
isolates studied, from a different location in mid-Norway, are both
motile BT1. The remaining three BT2 isolates, which were recovered
in 2017 from two Atlantic salmon sea farms located in neighbour-
ing fjords in mid-Norway, belong to CC1 and display identical MLVA
profiles.

While lipase activity and motility were linked in all non-CC1
isolates, some motile CC1 isolates displayed varying lipase activ-
ity ranging from weak to absent (Figure S1). Such isolates were
recorded here as BT1. Non-motile CC1 isolates (BT2) displayed no
lipase activity.

3.3 | Whole-genome analyses

A core genome of 2838 genes (protein identity 297%) was iden-
tified across the 26 Y. ruckeri genomes assayed, resulting in a
14,670 bp SNP-alignment as the basis for phylogenetic reconstruc-

tion. Clustering in the resulting tree demonstrates deep branching

CC9

MLVA connections
(no. identical loci):

9/10
8/10
7/10
----------- 6/10
[hidden]  <6/10

FIGURE 1 Minimum spanning tree based upon multi-locus variable number of tandem repeat analysis (MLVA) genotyping (Gulla

et al., 2018) of 601 Norwegian Y. ruckeri isolates, collected from 1985 to 2020. Declining MLVA similarity correlates with the declining
thickness of branch connections (see bottom right legend). Defined clonal complexes, interconnected throughout via 26/10 identical loci, are
bound by a grey border. Biotyping results for assayed isolates are shown in green (biotype 1) and red (biotype 2)
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between the MLVA-defined clonal complexes and highlights the in-
dependent origins of BT2 within CC’s 1, 2, 5 and 10 (Figure 2).

Alignment of flagellar gene sequences extracted from the NVI-
11000 genome assembly revealed the same 10 bp deletion in fliR as
previously observed in BT2 isolates from rainbow trout in Denmark
and Finland, fliRA2, which results in a frameshift from amino acid
147 onwards with the protein terminated early by a stop codon in
position 169 (Welch et al., 2011).

Sequence alignment of flagellar genes from the NVI-344 genome
with those of motile CC10 isolates revealed two non-synonymous
SNPs not previously identified in Y. ruckeri, that is, fliH (A205V)
and flhC (G143V). Sanger sequencing of these two genes in all cur-
rently known CC10 isolates subsequently verified that while the
fliH-variant is omnipresent within the CC10 lineage irrespective
of biotype, the flhC-variant was found exclusively in BT2 isolates
(Figure 3). The flhC mutation is situated in a sharp turn in the tertiary
structure where FIhC binds a zinc ion and interacts with FIhD in the
FIhD,C, complex (Wang et al., 2006). This complex functions as a
master transcriptional activator for flagellar and chemotaxis genes
(Liu & Matsumura, 1994), and is also involved in the regulation of
other genes (Bleves et al., 2002; Jozwick et al., 2017). Deletions or
detrimental mutations in flhDC are known to silence expression of
flagellar genes (Al Mamun et al., 1996; Chain et al., 2004; Jozwick
etal.,, 2017; Monday et al., 2004).

Alignment of flagellar genes further revealed a single non-
synonymous SNP, fliP(A224D) in NVI-10990, not present in any pub-
licly available Yersinia fliP sequences. This SNP was also confirmed
in the remaining non-motile CC1 isolates (NVI-10990 -10974 and
-10975) by Sanger sequencing, while being absent in motile CC1 iso-
lates. The flagellar export protein FliP functions with FliQ and FliR in
aP;Q R, complex, which constitutes the export gate of the flagellar
secretion channel, a key component of the flagellar export apparatus
(Kuhlen et al., 2018; Minamino & Macnab, 1999). Mutations in the
export gate complex proteins have been shown to cause loss of mo-
tility in Y. ruckeri previously, specifically two variants of frameshift-
inducing deletions in fliR (Welch et al., 2011). The fliP(A224D)
mutation results in a shift in amino acid class from non-polar to polar
close to the critical Asp197-Lys222 intramolecular bridge, which has
been shown previously to result in motility defects when mutated
(Kuhlen et al., 2018; Ward et al., 2018).

3.4 | Biotype reversion

From 10 replicate cultures each of isolates NVI-344 and NVI-10990,
incubated on semi-solid agar for detection of spontaneous BT re-
version, motile mutants were successfully recovered from a single
culture of NVI-344, and from five cultures of NVI-10990.

Sanger sequencing of flhC in the reversal mutant of NVI-344
revealed a non-synonymous alanine-valine mutation at residue 143
of flhC (Figure 3). Although different from the wild-type glycine
found in motile strains, alanine is more similar to glycine than to the
branched amino acid valine found in the non-motile NVI-344.

~lwiLey-1*
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Sanger sequencing of fliP in reverted mutants of NVI-10990
revealed non-synonymous SNPs in residue 224 in all five mutants,
resulting in reversion to non-polar amino acid residues in this posi-
tion (Figure 4). Reversion to the original wild-type allele of fliP was
observed in one case.

All of the spontaneously reverted BT2 strains were phenotyp-
ically indistinguishable from their wild-type motile counterparts in

motility and lipase assays, and by microscopic observation of flagella.

3.5 | Complementation experiments

Plasmid-mediated complementation of NVI-344 and NVI-10990 with
wild-type variants of the flhDC operon and constitutively expressed
fliP, respectively, restored motility and lipase activity for both strains
(Table 4), with observable flagella in flagella-stained phase-contrast
microscopy (Figure 5). Motility and lipase activity was lost when the
strains were cured of the complementing plasmids.

4 | DISCUSSION

While non-motile BT2 Y. ruckeri mutants have emerged and estab-
lished independently on multiple occasions in international farming
of rainbow trout, often shortly after introduction of yersiniosis vac-
cines, these variants remain rarely reported from farmed Atlantic
salmon. This study presents the first characterization of BT2 Y.
ruckeri recovered from farmed salmon in Norway, where an increase
in the use of yersiniosis vaccines has occurred in recent years. Two
novel BT2 variants, belonging to distant phylogenetic lineages and
isolated three decades apart, were detected amongst the 263 Y.
ruckeri isolates biotyped. Neither of the two mutants seem to have
established widespread dominance, however, and are now possibly
extinct in natura, although at least one of the progenitor lineages
still thrives. The mutations responsible for loss of motility were
identified, and motility could in both cases be readily restored ex-
perimentally via culture-based reversion and plasmid-mediated
complementation.

As for all previously characterized BT2 Y. ruckeri, the non-motile
phenotypes of the two Norwegian variants described here are
linked to mutations in essential flagellar genes. Both phenotype-
altering mutations differed, however, from most previously doc-
umented cases of BT2 development in that they represented
non-synonymous shifts rather than frameshifting deletions (Barnes
et al., 2016; Welch et al., 2011). As detrimental non-synonymous
SNPs are arguably less conspicuous than frameshift-inducing indels
when exploring sequence data, they may be more difficult to iden-
tify as a likely cause for altered phenotype. This was certainly the
case with BT2 isolate NVI-344, which displayed two unique non-
synonymous SNPs in flagellar genes. The discovery of closely re-
lated motile isolates by MLVA genotyping was of key importance
to enable identification of the responsible mutation by comparing
the suspected genes between CC10 isolates of both biotypes. In
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Strain

Serotype MIVA Country Year

FIGURE 2 Maximum likelihood

++NVI-10990 01
""" NVI-10974 Ol
++NVI-10705 Ol
""" NVI-9967 Ol
<<<< NVI-3629 Ol
---- NHV_3758 Ol
-NVI-494 0Ol
~NVI-344 01
‘NVI-492 Ol
NVI-9681 02

Biotype | @
Biotype 2 @

1 Norway 2017 phylogenetic tree based on a core-

I Norway 2017 gene alignment of 26 Y. ruckeri isolates
1 Norway 2016 . .

| Norway 2015 produced with Roary using the MAFFT
1 Norway 1996 aligner. Assemblies were downloaded

from NCBI or produced in current study
(details in Table 3). Bootstrap values are
from 1000 replicates with values >0.8
hidden. Multi-locus variable number

of tandem repeat analysis (MLVA) ‘s’

1 Norway 1987
10 Norway 1987
10 Norway 1985
10 Norway 1987
3 Norway 2014

~NVI-6225 02 3 Norway 2008 L .
NVI-1347 02 3 Norway 1988 indicates the isolate does not belong to
NCTCI12268 O5 s Canada 1985 any of the MLVA clonal complexes defined
QMA0431 01 5 Australia 2007 here or by Gulla et al. (2018). Biotypes
‘QMA0427 Ol 5 Australia 2004 are shown in green (biotype 1) and red
‘QMA0435 Ol 5 Australia 2009 (biotype 2)
NVI-11076 01 7 Norway 2017
NVI-11050 o1 9 Norway 2017
NVI-11000 [0)} 2 Sweden 2017
NCTC12266 Ol 2 USA  pre-1990
--CSF007-82 01 2 USA 1982
ATCC29473 Ol 2 USA 1961
NCTC12269 06 S Canada pre-1990
BigCreek74 02 S USA 1974
NVI-10587 o1 8 Norway 2015
@ NCTC12270 07 s Denmark pre-1990
Strain 135 137 139 141 143 145 147 149 151
NHV_3758 (CC1/BT1) L s G ¢ s C C GG 66 T ¥ I T H A H Q
CTGTCTGGTTGTAGTTGTTGTGGCGGGACTTTTATCACCCACGCCCATCAA
NVI-492 (CCl0/BT1) L s 6 ¢ s C C GG 66 T F I T H A H Q
CTGTCTGGTTGTAGTTGTTGTGGCGEGACTTTTATCACCCACGCCCATCAA
NVI-344 (CC10/BT2) L §$s 6 ¢ s €C C G M T F I T H A H Q

NVI-344 f1hC(V143A)

CTGTCTGGTTGTAGTTGTTGTGGCGTGACTTTTATCACCCACGCCCATCAA

L s 6 ¢ s ¢ ¢C G A T F I T H A H Q
CTGTCTGGTTGTAGTTGTTGTGGCGCGACTTTTATCACCCACGCCCATCAA

FIGURE 3 Protein- and DNA-sequence data for flhC amino acid positions 135-151 in the genomes of isolates NHV_3758 (CC1/BT1;
accession no. CP023184), NVI-492 (CC10/BT1), NVI-344 (CC10/BT2), as well as the NVI-344 biotype reversal mutant

contrast, the causative SNP in BT2 isolate NVI-10990 was readily
identifiable as several whole-genome sequences from very closely
related motile isolates were already at hand. There is notably at
least one previous record of BT2 where the causative mutation(s)
could not be identified (Calvez et al., 2014; S. Calvez, pers. comm.),
which together with the results presented here could suggest that,
although more difficult to discover, BT2 development may arise as
commonly by non-synonymous SNPs as by indels.

In addition to our findings in Y. ruckeri from Norwegian Atlantic
salmon, we also investigated a single non-motile CC2 isolate (NVI-
11000) recovered in 2017 from rainbow trout farmed in Sweden,
revealing the same 10 bp fliR deletion as previously described in
BT2 isolates from rainbow trout in Denmark and Finland (Welch
et al, 2011). This finding contributes to further document the
wide distribution of the various BT2 sub-lineages within the inter-
nationally dominant rainbow trout-associated CC2 lineage (Gulla

et al., 2018). Notably, despite being a prominent producer of rain-
bow trout, CC2 has not yet been identified in Norway.

NVI-344, confirmed here as a member of the hitherto unde-
scribed CC10 lineage, represents the first recorded instance of Y.
ruckeri BT2, and indeed yersiniosis, in Norway (Sparboe et al., 1986).
This relatively minor clonal complex is restricted to five clinical cases
diagnosed in two Norwegian salmon farms between 1985 and 1988.
Available information on the severity of these CC10 cases is limited,
but the two affected farms being separated by more than 700 km
indicates a wider historical distribution than that documented here.
Moreover, while BT2 isolates were only detected in one of the farms,
these isolations predate BT1 detections from the other farm, indi-
cating that Y. ruckeri CC10 (with the BT1 phenotype) was likely also
present in Norway at some point prior to 1985.

While identification of Y. ruckeri BT2 in CC10 is interesting in the
context of independent BT2 emergences in salmonid aquaculture,
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Strain 216 218 220 222 224 226 228 230 232
NHV_3758 (CC1/BT1) L v Vv A S VL M AL GM M M V P P
TTGGTAGTGGCCAGCGTATTGATGGCTCTCGGTATGATGATGGTACCGCCG
NVI-492 (CC1l0/BT1) L vV A S V L M AL GM M M V P P
TTGGTAGTGGCCAGCGTATTGATGGCTCTCGGTATGATGATGGTACCGCCG
NVI-10990 (CC1l/BT2) L vv A S VL. M DL GM MM V P P

NVI-10990 fliP(D224V)+%

NVI-10990 fliP(D224A)

NVI-10990 fliP(D224G)

TTGGTAGTGGCCAGCGTATTGATGGATCTCGGTATGATGATGGTACCGCCG

L v v aAasSsS vV L MV L GM MMV P P
TTGGTAGTGGCCAGCGTATTGATGGTTCTCGGTATGATGATGGTACCGCCG

L v v A S vV L MAL G M MMV P P
TTGGTAGTGGCCAGCGTATTGATGGCTCTCGGTATGATGATGGTACCGCCG

L vwv A S VL M G L G M M M V P P
TTGGTAGTGGCCAGCGTATTGATGGGTCTCGGTATGATGATGGTACCGCCG

FIGURE 4 Protein- and DNA-sequence data for fliP amino acid positions 216-232 in the genomes of isolates NHV_3758 (CC1/BT1;
accession no. CP023184), NVI-10990 (CC1/BT2), as well as the five NVI-10990 biotype reversal mutants. (1) NVI-10990 fliP(D224V) was

observed in three cases

TABLE 4 Motility- (assessed on semi-solid TSA), lipase secretion-
(assessed on Tween80 agar) and presence of flagella- (assessed

by phase-contrast microscopy with flagella-stain) phenotypes

of the two BT2 isolates NVI-344 (CC10) and NVI-10990 (CC1),
respectively before and after reversion and complementation

Isolate Motility Lipase Flagella
NVI-344 - - -
NVI-344 pAR3-flhDC +

NVI-344 flhC(V143A) + + +
NVI-10990 = = =
NVI-10990 pAR3-fliP + + +
NVI-10990 fliP(D224V)*  + A A
NVI-10990 fliP(D224A) + + +
NVI-10990 fliP(D224G) ~ + + +

*Three independent mutants of NVI-10990 displaying the same
fliP(D224V) mutation and phenotype.

this lineage has not been registered since the late 1980s despite
hundreds of later Norwegian isolates being genotyped, and is now
possibly extinct. However, the three BT2 isolates belonging to the
contemporary and only clinically relevant Y. ruckeri lineage in Norway
in recent years, CC1, are of considerable current interest. While
confirming that BT2 mutants have the potential to arise within this
clonal lineage, the fact that of 204 biotyped CC1 isolates, collected
over four consecutive decades, only three isolates from early 2017
displayed the BT2 phenotype, indicates a low historical and current
prevalence in Norwegian aquaculture. The three isolates in ques-
tion, NVI-10974, -10975 and -10990, share identical MLVA-profiles
and the same causative BT-shifting SNP, indicating an unidentified

common origin. Indeed, they were all recovered over a single month
from two sea-farms in neighbouring fjords where a de-lousing vessel
had visited both facilities shortly prior to the outbreaks, constituting
perhaps the most likely route of transmission. Being that this phe-
notype within CC1 has not been detected since however, this might
have represented a dead-end emergence.

While it has been hypothesized that BT2 development may be
driven by lower levels of vaccine protection towards strains lacking
the strongly immunogenic flagella, any causal correlation has yet to
be verified. It is nevertheless interesting to note that the BT2 iso-
lates detected within the exclusively Norwegian CC1 lineage were
recovered shortly after introduction of widespread intraperitoneal
vaccination within the Norwegian salmon farming industry, although
it remains uncertain whether the affected fish had received such a
vaccine.

The various Y. ruckeri lineages now known to harbour BT2
strains, that is, CC1, CC2, CC5 and CC10, all represent deep-
branching phylogenetic lineages within the global Y. ruckeri pop-
ulation (Figure 2), demonstrating that BT2 mutations may likely
arise within any lineage. As previously mentioned however, while
BT2 Y. ruckeri have become remarkably successful in farming of
rainbow trout, emerging on different continents following multi-
ple independent mutation events within the clonal lineage CC2,
this situation is not mirrored in international Atlantic salmon aqua-
culture. Early BT2 isolates from salmon in the UK in the 1980s
and 1990s were then described as ‘rainbow trout-like’ (Wheeler
et al, 2009), a supposition later confirmed by MLVA placing
them within the globally dominating rainbow trout lineage CC2
(Gulla et al., 2018). A different Y. ruckeri lineage, CC4, has been
associated with yersiniosis in farmed salmon in the UK in recent
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NVI-344 pAR3-flhiDC NVI-344 fIhC(VI434)

NVI-344

(C)]

NVI-10990 NVI-10990 pAR3-fliP NVI-10990 fliP(D224G)

f

%0 . 2 ’

FIGURE 5 Motility assayed on semi-solid Tryptic Soy Agar (a) photographed after 24 h for motile strains and 48 h for non-motile strains,
and phase-contrast microscopy with flagella stain (b). Microscopy images are representative except for NVI-10990 complemented with
pAR3-fliP which displayed a lower proportion of flagellated cells (approximately 1 in 50). No flagellated cells were observed in the non-

motile isolates NVI-344 and NVI-10990

years with no reports of BT2 development (Ormsby et al., 2016),
while studies on isolates from Chilean salmon farming found ex-
clusively BT1 (Bastardo et al., 2011). To our knowledge, the well-
documented BT2 development within the salmon-associated CC5
from Australia (Barnes et al., 2016) represents the only known
post-millennial BT2 development in ‘salmon specific’ lineages
prior to the present study. One conceivable explanation why BT2
emergences have not established a similar dominance in salmon-
associated lineages as seen within the rainbow trout-associated
CC2, might relate to differing production forms for the two fish
species. As such, both of the novel BT2 variants from Norwegian
salmon characterized here were found over short time periods and
from marine farms only. A mutant of this essentially freshwater
pathogen arising in the marine environment, with harvested fish
not returning to freshwater, will likely face a dead-end in terms
of onwards transmission. As rainbow trout are generally farmed
internationally in freshwater, and as Y. ruckeri appear well adapted
for long-term survival in freshwater environments (Thorsen et al.,
1992; Romalde et al., 1994; Coquet et al., 2002), these conditions
will likely provide greater opportunities for persistence of even-
tual BT2 mutants and spread to subsequent fish stocks.

Although the success of Y. ruckeri CC1 in Norway over the past
three decades cannot be attributed to biotype shift, CC1 does dis-
play a seemingly intrinsic slow-swimming phenotype in comparison
to motile isolates within other examined lineages (Riborg, personal
observation). Lipase activity appears linked to this low-motility
trait as slow-swimming CC1 isolates display a weak or even nega-
tive lipase reaction while remaining motile (Figure S1). This situation
therefore contradicts the conventional BT2 definition as described
by Davies and Frerichs (1989), which regards lipase-activity and mo-
tility as positively correlated traits. This feature appears unique to
CC1 as we find all other motile strains to be lipase positive. We fur-
ther found that lipase activity may be increased to detectable levels
in motile CC1 isolates by leaving a liquid culture static for several

weeks prior to plating, while at the same time swimming-speed also
increases to be on par with motile non-CC1 strains. Due to the phe-
notypic ambiguity thus observed, the lipase assay was discarded
in the present study and biotyping of remaining CC1 isolates was
based on motility assessment alone. Reduced motility has notably
also been observed previously in the Australian salmon-pathogenic
lineage CC5, where a successive reduction in motility was observed
over time, in addition to some completely non-motile (BT2) strains
also arising (Barnes et al., 2016).

Mechanisms for conditional expression of flagellar motility in Y.
ruckeri are known, in particular from the temperature-dependant
regulation of motility documented in other VYersinia species
(Cornelis, 1992). Although Y. ruckeri is non-motile at lower tempera-
tures, flagella are still expressed (O’Leary et al., 1979) and thus ex-
posed to the immune systemin a cold-blooded host. As such, Jozwick
et al. (2019) recently demonstrated that flagellin expression was re-
pressed in a motile CC2 strain during infection in rainbow trout. This
was, however, a remarkably slow process requiring several days to
achieve complete repression of fliC transcription, while transcription
rates rapidly increased in the host post mortem (Jozwick et al., 2019).
During infection, tighter regulation of motility could presumably
provide some of the same advantages as potentially awarded by the
BT2 phenotype, while at the same time retaining access to the fla-
gella on demand. This might be a favoured strategy in some of the
salmon-associated lineages, or perhaps a step along an evolutionary
path towards ultimately dispensing of motility permanently.

During characterization of the two Y. ruckeri BT2 mutants NVI-
344 and NVI-10990 it was further discovered that prolonged incu-
bation on motility agar eventually produced spontaneous biotype
reversions mutants, which could be easily observed and recovered
(Figure 6). This highlights the risk of misidentifying BT2 isolates as
slow-swimming BT1, if the agar plate is not frequently monitored
throughout the incubation period. Interestingly, while all reverse
mutants regained motility by single base conversion at the exact
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FIGURE 6 Spontaneous biotype reversion after prolonged
incubation of the non-motile strain NVI-10990 (a) on semi-solid
Tryptic Soy Agar. The motile mutant (b) appeared after 8 days of
incubation

site suspected of causing a BT2-shift in the first place, most did not
revert to the original amino acid residue found in the motile wild-
type, but rather acquired alternative amino acids with similar char-
acteristics. While motility on 0.3% agar appeared fully restored for
these variants, it may be that protein function is affected negatively
in other ways. Nonetheless, the possibility for spontaneous BT-
reversion in Y. ruckeri documented here could imply that BT2 vari-
ants arising from point mutations in the wild are more flexible than
those caused by frameshift-inducing deletions, where spontaneous
reversion mutants are probably less likely to arise.

Aside from prolonged culture, motility in both NVI-10990 and
NVI-344 could also be restored via plasmid complementation
with wild-type functional copies of, respectively, fliP and flhDC.
Complemented NVI-10990 displayed slower swimming than equiv-
alent (CC1) motile isolates, correlating with the proportion of mi-
croscopically observable flagellated cells. Similar effects have been
observed previously with plasmid-mediated complementation of fl-
hA(D256G) and are likely due to competition from the chromosomally
situated mutated gene (Welch et al., 2011), and in our specific case
also affected by the expression levels of fliP from the bla-promoter.
In contrast, motility in complemented NVI-344 was greatly en-
hanced, likely due to increased copy number of the plasmid-borne
flhDC operon.

Identification and characterization of spontaneous biotype re-
versions, in combination with complementation experiments, ver-
ified that the identified mutations in fliP and flhC are responsible
for the BT2 phenotype observed within Y. ruckeri lineages CC1 and
CC10, respectively. Considering all previously characterized Y. ruck-
eri BT2 mutants have possessed mutations in genes encoding the
flagellar export apparatus specifically (Barnes et al., 2016; Welch
et al., 2011), the BT2-inducing mutation in fliP was unsurprising. The
flhC mutation was, on the other hand, somewhat unexpected, as mu-
tations in the flhDC operon have never before been linked to loss of

~lwiLEy- 1
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motility in Y. ruckeri, and it has been proposed as a protected locus in
this species (Jozwick et al., 2017). It may be the case that CC10 have
other adaptations that allow for the loss of flhDC function in this
lineage, or that some functionality is preserved with this missense
mutation in flhC even though motility is lost. Mutations in the flhDC
operon do, however, represent a common cause of motility-loss in
other pathogens (Al Mamun et al., 1996; Chain et al., 2004; Monday
et al., 2004) and it would represent a seemingly optimal mutation
site in terms of preserving resources via silencing the transcription of
all flagella-related operons. Interestingly, Jozwick et al. (2017) found
their constructed flhDC-deletion mutant to be more virulent in chal-
lenge trials, in contrast to naturally occurring BT2 mutations known
at the time. As such, it could be relevant to compare the virulence
of the BT2 isolates in CC10 with their BT1 counterparts. However,
given the current state of the yersiniosis situation in Norwegian
aquaculture, with CC1 completely dominating and CC10 remaining
absent for over 30 years, further examination of the effects of BT2
in Y. ruckeri CC1 should be prioritized.
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Supplemental table S1, strains originating from Norway evaluated in present study

Isolate County  Year Source Serotype  MLVA-CC  Biotype Biotype published previously
NVI-344 (RD154) T 1985 Salmo salar 01 10 2 Sparboe et al. 1986; Wheeler et al. 2009

NVI-486 T 1986 Salmo salar 10 2
NVI-492 ST 1987 Salmo salar 01 10 1
NVI-494 T 1987 Salmo salar 01 10 2
NVI-495 ™ 1987 Oncorhynchus mykiss 02 s 1

NVI-1175 (JR-1533) NL 1987 Salmo salar 01 1 Gullaetal. 2018
NVI-1277 T 1987 Salmo salar 10 2
NVI-1347 HL 1988 Salmo salar 02 3 1 Gullaetal 2018
NVI-1364 ST 1988 Salmo salar 10 1
NVI-1365 NT 1988 Salmo salar 01 s 1 Gullaetal. 2018
NVI-1366 NT 1988 Unknown 02 3 1 Gullaetal. 2018
NVI-1367 NT 1988 Unknown 02 3 1 Gullaetal. 2018
NVI-1389 NL 1989 Salmo salar 01 s 1
NVI-1594 S&F 1990 Salmo salar 02 3 1 Gullaetal. 2018
NVI-1660 M&R 1990 Salmo salar 02 3 1 Gullaetal. 2018
NVI-2135 oL 1991 Coregonus lavaretus 02 s 1 Gullaetal. 2018
NVI-2197 oL 1991 Coregonus lavaretus 02 s 1 Gullaetal. 2018
NVI-2205 oL 1991 Coregonus lavaretus 02 s 1 Gullaetal. 2018
NVI-2274 HL 1992 Salmo salar 02 3 1 Gullaetal. 2018
NVI-2275 S&F 1992 Salmo salar 01 s 1 Gullaetal. 2018
NVI-2329 HL 1992 Salmo salar 02 3 1 Gullaetal. 2018
NVI-2365 M&R 1992 Salmo salar 01 1 1 Gullaetal. 2018
NVI-2775 oL 1994 Oncorhynchus mykiss 02 s 1 Gullaetal. 2018
NVI-2954 S&F 1994 Salmo salar 02 3 1 Gullaetal. 2018
NVI-2966 HL 1994 Salmo salar 01 s 1 Gulla etal. 2018
NVI-2970 HL 1995 Salmo salar 01 s 1 Gullaetal. 2018
NVI-3629 M&R 1996 Salmo salar 01 1 1
NVI-3633 BR 1996 Coregonus lavaretus 3 1
NVI-3736 RL 1997 Salmo salar s 1
NVI-3753 M&R 1997 Salmo salar 1 1
NVI-3775 AK 1997 Salmo salar 1 1
NVI-3793 M&R 1997 Salmo salar 01 1 1
NVI-3854 1998 Salmo salar 01 1 1
NVI-3878 M&R 1998 Salmo salar 1 1
NVI-4017 M&R 1999 Salmo salar s 1
NVI-4046 M&R 1999 Salmo salar 1 1
NVI-4063 M&R 1999 Salmo salar 01 1 1
NVI-4092 M&R 1999 Salmo salar 01 1 1
NVI-4193 NL 2000 Salmo salar 1 1
NVI-4211 NL 2000 Salmo salar 01 1 1
NVI-4255 NL 2001 Salmo salar 01 1 1
NVI-4333 NL 2001 Salmo salar 01 1 1
NVI-4334 NL 2001 Salmo salar 01 1 1
NVI-4429 M&R 2001 Salmo salar 01 1 1
NVI-4431 NL 2001 Salmo salar 01 1 1
NVI-4439 M&R 2002 Salmo salar 1 1
NVI-4508 ST 2002 Oncorhynchus mykiss 1
NVI-4523 2002 Salmo salar 01 1
NVI-4566 ST 2002 Salmo salar 01 1 1
NVI-4605 2002 Salmo salar 1
NVI-4636 M&R 2002 Salmo salar 01 1 1
NVI-4805 M&R 2003 Salmo salar 01 1 1
NVI-5306 ST 2005 Salmo salar 01 1 1
NVI-5523 M&R 2006 Salmo salar 1 1
NVI-5570 M&R 2006 Salmo salar 01 1 1 Gullaetal. 2018
NVI-5635 HL 2006 Salmo salar N.R. s 1
NVI-5899 ST 2007 Salmo salar 01 1 1
NVI-5983 M&R 2007 Salmo salar 01 s 1
NVI-6092 M&R 2008 Salmo salar 01 1 1 Gullaetal. 2018
NVI-6130 M&R 2008 Salmo salar 01 1 1 Gullaetal. 2018
NVI-6225 M&R 2008 Salmo salar 02 3 1 Gullaetal. 2018
NVI-6287 M&R 2008 Salmo salar 01 1 1 Gullaetal. 2018
NVI-6288 M&R 2008 Salmo salar 01 1 1 Gullaetal 2018
NVI-6390 ST 2008 Salmo salar s 1
NVI-6400 ST 2008 Salmo salar 01 1 1
NVI-6523 ST 2008 Salmo salar 01 1 1
NVI-6524 NT 2008 Salmo salar 01 1 1
NVI-6688 M&R 2009 Salmo salar 1 1
NVI-6853 M&R 2009 Salmo salar 3 1
NVI-6920 ST 2009 Salmo salar 1 1
NVI-6939 M&R 2009 Salmo salar 01 1 1 Gullaetal 2018
NVI-6940 M&R 2009 Salmo salar 01 1 1 Gullaetal. 2018
NVI-6941 ST 2009 Salmo salar 01 1 1
NVI-7059 M&R 2009 Salmo salar 01 1 1 Gullaetal 2018
NVI-7080 ST 2009 Salmo salar 01 1 1



NVI-7107
NVI-7231
NVI-7299
NVI-7348
NVI-7485
NVI-7531
NVI-7597
NVI-7985
NVI-7989
NVI-8331
NVI-8507
NVI-8508
NVI-8509
NVI-8524
NVI-8525
NVI-8526
NVI-8527
NVI-8618
NVI-8638
NVI-8668
NVI-8670
NVI-8723
NVI-8725
NVI-8749
NVI-8780
NVI-8828
NVI-8931
NVI-9018
NVI-9055
NVI-9162
NVI-9163
NVI-9336
NVI-9591
NVI-9597
NVI-9598
NVI-9654
NVI-9656
NVI-9680
NVI-9681
NVI-9682
NVI-9698
NVI-9701
NVI-9706
NVI-9733
NVI-9750
NVI-9806
NVI-9807
NVI-9816
NVI-9817
NVI-9824
NVI-9837
NVI-9928
NVI-9934
NVI-9949
NVI-9966
NVI-9967
NVI-9987
NVI-9992
NVI-9997
NVI-9999
NVI-10024
NVI-10025
NVI-10050
NVI-10115
NVI-10123
NVI-10204
NVI-10206
NVI-10253
NVI-10266
NVI-10307
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NVI-10516
NVI-10545
NVI-10571
NVI-10587
NVI-10622
NVI-10705
NVI-10711
NVI-10724
NVI-10728
NVI-10730
NVI-10892
NVI-10935
NVI-10946
NVI-10951
NVI-10974
NVI-10975
NVI-10976
NVI-10986
NVI-10989
NVI-10990
NVI-11024
NVI-11028
NVI-11036
NVI-11049
NVI-11050
NVI-11065
NVI-11073
NVI-11074
NVI-11076
NVI-11087
NVI-11116
NVI-11117
NVI-11118
NVI-11119
NVI-11120
NVI-11121
NVI-11122
NVI-11123
NVI-11124
NVI-11125
NVI-11126
NVI-11127
NVI-11128
NVI-11129
NVI-11130
NVI-11132
NVI-11133
NVI-11134
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NVI-11136
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NVI-11201
NVI-11203
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NVI-11206
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NVI-11227
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NVI-11251
NVI-11252
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NVI-11277 ST 2018 Salmo salar 1 1
NVI-11278 ST 2018 Salmo salar 01 1 1
NVI-11279 ST 2018 Salmo salar 1 1
NVI-11280 ST 2018 Salmo salar 1 1
NVI-11281 ST 2018 Salmo salar 1 1
NVI-11287 ST 2018 Salmo salar 1 1
NVI-11288 ST 2018 Salmo salar 1 1
NVI-11289 ST 2018 Salmo salar 1 1
NVI-11290 ST 2018 Salmo salar 1 1
NVI-11291 ST 2018 Salmo salar 1 1
NVI-11294 RL 2018 Salmo salar 1 1
NVI-11295 RL 2018 Salmo salar 1 1
NVI-11296 RL 2018 Salmo salar 1 1
NVI-11297 RL 2018 Salmo salar 1 1
NVI-11304 HL 2018 Cyclopterus lumpus 1 1
NVI-11305 M&R 2018 Salmo salar 1 1
NVI-11306 M&R 2018 Salmo salar 1 1
NVI-11307 M&R 2018 Salmo salar 1 1
NVI-11308 M&R 2018 Salmo salar 1 1
NVI-11309 M&R 2018 Salmo salar 1 1
NVI-11310 M&R 2018 Salmo salar 1 1
NVI-11311 ST 2018 Salmo salar 1 1
NVI-11312 ST 2018 Salmo salar 1 1
NVI-11367 RL 2018 Salmo salar 1 1
NVI-11369 M&R 2018 Salmo salar 1 1
NVI-11390 M&R 2019 Salmo salar 1 1
NVI-11391 M&R 2019 Salmo salar 1 1
NVI-11395 FM 2019 Salmo salar 1 1
NVI-11400 ST 2019 Salmo salar 1 1
NVI-11401 RL 2019 Salmo salar 01 S 1

s: Do not belong to any defined MLVA clonal complex
N.R.: No reaction with any available antisera

Norwegian county abreviations: Finnmark (FM), Troms (T), Nordland (NL), Nord-Trandelag (NT), Sgr-Trandelag (ST), Mgre og Romsdal (M&R),
aland (HL), Rogaland (RL), Buskerud (BR) and Oppland (OL).



Figure S1

Lipase agar plates seeded with a 10l droplet from a still overnight culture, streaked across the
agar with an inoculation-loop. These particular plates were wrapped in parafilm to maintain
humidity and incubated for two weeks to observe the slowly developing lipase reaction of the
biotype 1 isolate NVI-10705, MLVA clonal complex CC1. While initially negative for lipase within
48h incubation, weak and/or variable lipase reactions were observed for three separate
subcultures of NVI-10705 (A, B and C) after two weeks. The same subcultures of NVI-10705 display
motility on 0.3% agar and visible flagella under phase-contrast microscopy (not shown). The NVI-
10705 phenotype is typical for CC1 isolates. Lipase reactions typical for non-CC1 biotype 1 isolates,
first visible after 24-48 hours incubation time, is observed in motile isolates from other genetic
lineages. This is exemplified by NVI-492 CC10 (D), NVI-9681 CC3 (E) and NVI-11076 CC7 (F), where

an excessive reaction is seen here due to the prolonged incubation time.



Table S2

Technical details on whole genome sequencing performed in this project.

Strain(s)

Library prep. kit

Sequencing technology

Read stats

NVI-10990

NVI-1347, NVI-6225, NVI-9681,
NCTC12266, NCTC12268, NCTC12269,
NCTC12270

NVI-344, NVI-492, NVI-494, NVI-3629, NVI-
9967, NVI-10587, NVI-10705, NVI-10974,
NVI-11000, NVI-11050, NVI-11076

NEBNext Ultra DNA
(New England Biolabs)

TruSeq DNA PCR-Free
(Ilumina)

NexteraFlex (Illumina)

[llumina HiSeq

[llumina HiSeq

[llumina MiSeq

150 bp paired end

125 bp paired end

300 bp paired end




Description of the pAR1, pAR2 and pAR3 plasmids

Molecular techniques

Plasmids were maintained in E. coli cultured on Luria agar (LA) or in Luria broth (LB) with appropriate
antibiotics (Table A). Plasmids were purified with the Qiagen Plasmid Mini Kit (Qiagen, Hilden, Germany)
from overnight E. coli cultures incubated at 37°C, except for pMJH-46 and pORTMAGE-3 which were
incubated at 30°C, with shaking. Q5 Hot Start High-Fidelity 2X Master Mix (New England Biolabs, Ipswich,
Massachusetts, USA, Catalog #M0494) was used for PCR amplification for cloning purposes.

Custom DNA oligonucleotides (Table B) were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
PCR amplification for cloning purposes utilized 1 ng of purified plasmid DNA as template with 10 ul Q5
polymerase in 20 pl reactions containing 500 nM each of forward and reverse primers. Unless stated
otherwise, the following PCR program was used: Initial denaturation at 98°C for 30 s, followed by 22 cycles of
denaturation at 98°C for 5 s, primer annealing for 20 s and primer extension at 72°C for 60 s, followed by a
final extension at 72°C for 2 minutes. Primer annealing temperatures were calculated with the NEB Tm
Calculator tool (https://tmcalculator.neb.com) for each primerset. For shorter amplicons the primer
extension step at 72°C was reduced to 30 s (oriT and R6K) or 10 s (T1, T2 and T3).

PCR for verification purposes was performed with HotStarTaq Master Mix (Qiagen) under standard cycling
conditions according to the manufacturer’s recommendations, using primer annealing at 60°C for 30 s and
adjusting the extension times according to the expected product size.

PCR products were verified by gel electrophoresis in 1% agarose gels run with TBE buffer at 100V for 30-60
min depending on PCR product size.

Gel-purification was performed with QIAquick Gel Extraction Kit (Qiagen) from agarose gel bands excised
with a sterile scalpel under UV light.

Chemically component E. coli cells were purchased or prepared according to Chan et al. (2013) using the
CaClz method with LB medium.

PCR amplified DNA was assembled with NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs,
Catalog #E2621) and transformation of chemically component cells by heat-shock was performed as
described by the NEBuilder manual.

PAR1
The pAR1 plasmid was generated as a conjugationally transferable plasmid with kanamycin resistance based
on the low/medium copy number and broad host range plasmid origin pBBR1. Bidirectional terminators
were included for isolation purposes. Blue chromoprotein amilCP was included as a visual indicator.

The bidirectional synthetic terminator (ST) BBa_B1006 (Huang 2007) was assembled by annealing
oligonucleotides ST_f and ST_r generating dsDNA in a single primer extension step with 10 pl Q5 polymerase
in a 20 pl reaction with 1000 nM of each primer. The reaction was subjected to 98°C denaturation for 30 s,
followed by oligo annealing by stepwise reduction in temperature from 70°C to 60°C for 10 s per degree, and
a single synthesis step at 72°C for 2 minutes. The product was then gel-purified from a 1.2% agarose gel to
remove residual oligonucleotides. Purified ST was used as template for generating terminator 1 (T1) by
amplification with primers T1_f and T1_r which introduces overlap sequence to the reverse primer region of
the amilCP amplicon. Terminator 2 (T2) was synthesized by amplification of ST with primers T2_f and T2_r
which introduces overlap sequence to the KanR promoter and oriT.

KanR and its native promoter was amplified from pJL1-eforRed with primers KanR_f and KanR_r.



oriT was amplified from pMJH46 with primers oriT_f and oriT_r.

amilCP and promoter was amplified from pGR-Blue with amilCP_f and amilCP_r primers, introducing
overlapping sequence to the reverse primer region of the KanR amplicon.

pBBR1 was amplified from pORTMAGE-3 with pBBR1_f and pBBR1_r, introducing overlapping sequence to
oriTand T1.

PCR products of KanR, oriT, amilCP, pBBR1, T1 and T2 were gel-purified and subsequently verified by agarose
gel and quantified by comparison to DNA size/mass ladders (New England Biolabs) from gel electrophoresis
images. The fragments were combined in equimolar amounts and assembled with NEBbuilder in a 60 min
assembly reaction, following transformation of chemically component NEBturbo according to the
manufacturer’s recommendations. The pAR1 plasmid was recovered from E.coli isolates resistant to
kanamycin and blue in color. All individual DNA fragments were verified by PCR. Functional tests of oriT and
the broad-host range capabilities of pBBR1 were performed by conjugational transfer from E. coli MFD-pir to
various gram-negative bacterial species (conjugation as described in the manuscript).

pAR2

The pAR2 plasmid was generated by modification of pAR1 by adding restriction sites and a R6K origin
between oriT and pBBR1.

R6K was amplified from pUC18R6KT-mini-Tn7T-Km with primers R6K_f and R6K_r, generating overlapping
sequence to oriT, with Acil and Xbal restriction sites, and pBBR1, with Sacl and Spel restriction sites.

pBBR1 was amplified from pORTMAGE-3 with pBBR1_2_f and pBBR1_2_r, resulting in a shorter variant of
pBBR1 while introducing overlaps to T1, with Bam and Sacl restriction sites, and to R6K.

The remaining backbone, from oriT to T1, was amplified from pAR1 with primers pAR2_BB_f and pAR2_BB_r.

All PCR-products were gel-purified and quantified as described for pAR1. Fragments were combined in
equimolar amounts and assembled with NEBbuilder in a 20 min assembly reaction, transformation
performed with chemically component NEBturbo, followed by PCR verification and functional tests as
described for pAR1.

PAR3
The pAR3 plasmid was generated by modification of pAR2 by replacing R6K with a two-way terminator to
fully isolate the region intended for inserts in the complementation experiments described in the manuscript.

PAR2 was linearized by restriction with Xbal (New England Biolabs, #R0145) followed by PCR amplification
of the plasmid, except for the R6K region, with primers pAR3_BB_f and pAR3_BB_r.

T3 was amplified from ST with primers T3_fand T3_r.

The backbone and T3 amplicons were gel-purified, assembled, cloned and verified as described for pAR1.

Table A
Bacterial strain or plasmid  Description Source or reference
Escherichia coli strains
. MG1655 RP4-2-Tc::[ AMul::aac(3)IV-AaphA-Anic35- N
MFD-pir AMu2::zeo]| AdapA::(erm-pir) ArecA Ferriéres etal. 2010
NEB Turbo F' proA*B* lacl® AlacZM15 / fhuA2 A(lac-proAB) glnV galK16 New England Biolabs,
galE15 R(zgb-210::Tn10)TetS endA1 thi-1 A(hsdS-mcrB)5 Catalog#C2984H

Plasmids

Addgene plasmid #68374
Source of amilCP Deposited by Nathan Reyna
pGR-Blue 100 mg/l ampicillin Bradshaw et at,, 2016



pJL1-eforRed

PMJH-46

pORTMAGE-3

pUC18R6KT-mini-Tn7T-Km

Source of kanR
50 mg/l kanamycin

Source of oriT
100 mg/1 ampicillin & 30 mg/I chloramphenicol

Source of pPBBR1
50 mg/l kanamycin

Source of R6K
50 mg/l kanamycin

pBBR1, oriT, KanR, amilCP

Addgene plasmid #106320
Deposited by James Collins
Huang etal, 2018

Addgene plasmid #67272
Deposited by Mark Liles
Hossain et al,, 2015

Addgene plasmid #72678
Deposited by Csaba Pal
Nyerges et al., 2016

Addgene plasmid #64969
Deposited by Herbert Schweizer
Choi etal 2005

pAR1 50 mg/l kanamycin This study
pBBR1, R6K, oriT, KanR, amilCP

PAR2 50 mg/l kanamycin This study
pBBR1, oriT, KanR, amilCP

PAR3 50 mg/l kanamycin This study

Plasmids with Addgene plasmid# were purchased from Addgene.
MFD-pir was acquired from Biological Resource Center of the Institut Pasteur (CRBIP).
Antibiotics were purchased from Merck (Darmstadt, Germany).
Media for growing E. coli MFD-pir was supplemented with 2, 6-diaminopimelic acid (Alfa Aesar, Ward Hill,
Massachusetts, USA), and with erythromycin 30 mg/l while in pure culture and not carrying a plasmid.

Table B
Name Seq e (5'to3") Template Product
ST_f CGCTCGTAAGAGGTCACTGACCTAACAAAAAAAAAACCCCGCCCCTGACAGGGCG  No template ST
ST.r CGATAACTGACTCTGCCACTCAAGACCAAAAAAAACCCCGCCCTGTCAGGGGCG
T1f GCACGCAAACCTGTGGTCGCCTAACGCTCGTAAGAGGTCACTG ST T1
Tlr CGATAACTGACTCTGCCAC
KanR_f CTCACGTTGTGTCTCAAAATCTCTG pJL1-eforRed  KanR
KanR_r CAATTCTGATTAGAAAAACTCATCGAGCATC
oriT_f GCTTGCCCTCATCTGTTACG pMJH46 oriT
oriT_r GTTCGTGTAGACTTTCCTTGGTG
amilCP_f GATGCTCGATGAGTTTTTCTAATCAGAATTGACATCGCATCTTTTTGTAC pGR-Blue amilCP
amilCP_r TTAGGCGACCACAGGTTTGCGTGC
pBBR1_f GGTCTTGAGTGGCAGAGTCAGTTATCGAGGCGGTACAGCCGATAGTCTGG pORTMAGE-3  pBBR1
pBBR1_r GCCGGCGTAACAGATGAGGGCAAGCTGTATAAGAGACAGCTGGCCTGCC
T2_f GGGTACACCAAGGAAAGTCTACACGAACGCTCGTAAGAGGTCACTGACC ST T2
T2_r CATCAGAGATTTTGAGACACAACGTGAGCGATAACTGACTCTGCCACTC
pBBR1_2.r GATTTAAATCCGGACTAGTGAGCTCTCATGCCAGCCCGTGGATATGTGGACG PpORTMAGE-3  pBBR1
pBBR1_2_f GCATGCCTGCAGGATCCGAGCTCGAGGCGGTACAGCCGATAGTCTGGAAC
R6K_f GCTCTAGATTTAAATAACGTTGCTAGCTAACGCAGGAAAGAACATGGGCAGTTC mini-Tn7T R6K
R6K r GAGCTCACTAGTCCGGATTTAAATCTAAGGGCTTCTCAGTGCGTTACATCCC
pAR2_BB_f CTAGCAACGTTATTTAAATCTAGAGCTTGCCCTCATCTGTTACGCCG pAR1 PAR2 backbone
PAR2_BBr GAGCTCGGATCCTGCAGGCATGCTGTACCGCCTCGATAACTGAC
PAR3_BB_f CTAGTGAGCTCTCATGCCAGCCC pAR2 PAR3 backbone
PAR3_BB.r AGCCACTTGACTAGTCATTATCTAGAGCTTGCCCTCATCTGTTACG
T3_f TAATGACTAGTCAAGTGGCTCCTCGCTCGTAAGAGGTCAC ST T3
T3_r GCTGGCATGAGAGCTCACTAGCGATAACTGACTCTGCCAC
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Abstract

Although a number of genetically diverse Yersinia ruckeri strains are present in
Norwegian aquaculture environments, most if not all outbreaks of yersiniosis in
Atlantic salmon in Norway are associated with a single specific genetic lineage of se-
rotype O1, termed clonal complex 1. To investigate the presence and spread of viru-
lent and putatively avirulent strains in Norwegian salmon farms, PCR assays specific
for Y. ruckeri (species level) and Y. ruckeri clonal complex 1 were developed. Following
extensive screening of water and biofilm, the widespread prevalence of putatively
avirulent Y. ruckeri strains was confirmed in freshwater salmon hatcheries, while Y.
ruckeri clonal complex 1 was found in fewer farms. The formalin-killed bacterin yers-
iniosis vaccine was detected in environmental samples by both PCR assays for several
weeks post-vaccination. It is thus important to interpret results from recently vacci-
nated fish with great care. Moreover, field studies and laboratory trials confirmed that
stressful management procedures may result in increased shedding of Y. ruckeri by
sub-clinically infected fish. Analysis of sea water sampled throughout thermal delous-
ing procedures proved effective for detection of Y. ruckeri in sub-clinically infected
populations.

KEYWORDS
aquaculture, Atlantic salmon, delousing, qPCR, Yersinia ruckeri

Atlantic salmon, Salmo salar, with occasional outbreaks in farmed
Arctic char, Salvelinus alpinus. Although currently under relatively

The gram-negative bacterium Yersinia ruckeriis the causative agent of
yersiniosis, also known as enteric redmouth disease, a haemorrhagic
septicaemia prevalent in farmed salmonids throughout the world
(Bastardo et al., 2015; Davies & Frerichs, 1989; Ross et al., 1966).
While yersiniosis is most commonly associated with farmed rainbow
trout internationally, in Norway, the disease is restricted to farmed

good control due to recent widespread adoption of intraperitoneal
(ip) vaccination, the incidence of yersiniosis in Norwegian freshwater
farms increased in the period 2006-2010, and in the sea-phase of
culture c. 2013-2017 (Gulla & Olsen, 2020).

A number of different Y. ruckeri serotypes have been recognized
(Davies, 1990; Romalde et al., 1993), but most disease-associated

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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variants belong to serotype O1 (McCarthy & Johnson, 1982;
Davies, 1990; Barnes et al., 2016; Gulla, Barnes, et al., 2018). Recent
studies have further revealed that this serotype is shared across a
number of discrete genetic lineages, with some displaying a strong
affinity towards specific host species (Barnes et al., 2016; Gulla,
Barnes, et al., 2018). In Norwegian salmon farming, one such lin-
eage, termed clonal complex 1 (CC1), was found responsible for all
major yersiniosis outbreaks diagnosed since the late 1980s, while
the serotype O2 lineage CC3 had caused sporadic and often less
severe disease (Gulla, Barnes, et al., 2018). This study also identi-
fied a number of genetically diverse, putatively avirulent genotypes
from freshwater environments and ovarian fluid of clinically healthy
brood-fish. This verifies the presence in Norwegian salmon-farming
environments of both established virulent and putatively avirulent Y.
ruckeri strains, although their relative prevalence, within and across
farms, remains uncharted.

Yersinia ruckeri is capable of establishing latent sub-clinical in-
fections in salmonid fish (Ross et al., 1966). The infection may then
be maintained within the population by intermittent shedding of the
bacterium by asymptomatic carriers (Busch & Lingg, 1975; Hunter,
Knittel & Fryer 1980). While the cause/s of the recurring outbreaks
experienced during the freshwater phase of culture and the recent
increase in the incidence of yersiniosis in large sea-farmed salmon
in Norway remain unclear, these outbreaks could conceivably be
associated with activation of such latent infections. Outbreaks in
salmon at sea have been associated with transfer from freshwater
or other stressful handling operations (Carson & Wilson, 2009; Gulla
et al., 2019; Sparboe et al., 1986). In recent years, the introduction
of non-medicinal delousing, where large numbers of fish are treated
in a relatively small volume of water in closed systems (Roth, 2016),
represents an additional stressful handling event for large fish at sea
(Overton et al., 2019). Stress-induced outbreaks of disease, including
yersiniosis, may follow such treatment (Gismervik et al., 2019; Gulla
etal,, 2019).

While subclinical infections are generally difficult to detect at
low prevalence, screening for aquatic infectious agents utilizing a
non-invasive, environmental DNA (eDNA)-based polymerase chain
reaction (PCR) approach offers the possibility of screening the pop-
ulation as a whole (Bernhardt et al., 2021; Rusch et al., 2018; Shea
etal., 2020; Strand et al., 2019). This methodology should be suitable
to monitor levels of Y. ruckeri shedding from carrier fish. Several PCR
assays have been previously developed for the detection of Y. ruckeri
in both fish and environmental samples (Gibello et al., 1999; LeJeune
& Rurangirwa, 2000; Temprano et al., 2001; Del Cerro et al., 2002;
Bastardo et al., 2012; Keeling et al., 2012; Ghosh et al., 2018, Lewin
et al., 2020). In recent years, PCR-based screening for Y. ruckeri has
been commonly used as a biosecurity tool in Norwegian freshwater
salmon farms, but reports from the industry of false-positive PCR
test results have complicated their interpretation. Additionally, as
both virulent and avirulent strains may be detected by Y. ruckeri PCRs
specific at the species level, there is a need for assays, targeting rel-
evant pathogenic strains, which in the current Norwegian context is
Y. ruckeri CC1. We therefore sought to develop novel PCRs, specific

to the Y. ruckeri species and Y. ruckeri CC1, respectively. These assays
were utilized in tandem to assess eDNA-based PCR-screening for
the general presence of Y. ruckeri and the virulent Y. ruckeri CC1 in
Norwegian salmon aquaculture and to monitor shedding from sub-
clinical and active infections.

2 | MATERIALS AND METHODS

2.1 | Strains and culture

Bacterial strains used for specificity testing (Table 2; Table 3) were
cultured on suitable agar media and incubated at appropriate tem-
peratures and durations. Species verification was performed with
MALDI-TOF (Biotyper Microflex LT; Bruker Daltonics). Isolates of
uncertain taxonomic status were classified and confirmed as non-
Y. ruckeri by whole-genome-based analyses (Figure S1) as described
previously (Riborg et al., 2022).For spiking experiments, Y. ruckeri
CC1 strain NVI-10705 was cultured in Tryptic Soy Broth at 22°C
with shaking until mid-log phase, from which a dilution series was
prepared with sterile phosphate-buffered saline (PBS) chilled on ice
and enumerated by plating on 5% bovine blood agar (BA) in trip-
licate. For the challenge trials, Y. ruckeri NVI-10705 was grown in
Brain Heart Infusion Broth at 15°C with shaking for 20 hr, harvested
by centrifugation and re-suspension in PBS, followed by enumera-
tion on a cell counter (Casy Inovatis; Roche Diagnostics) and by plat-
ing of a 10-fold dilution series on BA. All BA plates were incubated
at 22°C for 2days prior to counting.

2.2 | DNA extraction
DNA templates for specificity testing were prepared from cultured
colonies using the QlAamp DNA kit (Qiagen) according to the manu-
facturer's recommendations for Gram-positive or Gram-negative
bacteria as appropriate, and assessed for purity and quantity with a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific).
DNA for standard curves and determination of limits of detec-
tion were extracted from NVI-10705 with Gentra puregene (Qiagen)
as recommended by the manufacturer for Gram-negative bacteria.
Fluorometric quantification of DNA was done with a Qubit dsDNA
HS Assay Kit on a Qubit 4 Fluorometer (Thermo Fisher Scientific).
Samples consisting of salmon tissue, biofilm swabs (eSwab with
1 ml Liquid Amies transport medium; Copan Diagnostics) and water
filters (47mm nitrocellulose 0.45um pore-size filters; Whatman;
Cytiva) were processed by individual protocols prior to lysis and
purification (using a common protocol) with the DNeasy Blood &
Tissue kit (Qiagen). As such, environmental swabs were processed
by vortexing for 5 s followed by transfer of 1 ml transport medium
to a 1.5 ml Eppendorf tube. The sample material was then pelleted
by centrifugation at 80003 for 10 min, and the supernatant was dis-
carded. Tissue samples were transferred to 1.5 ml Eppendorf tubes
and macerated with a sterile scalpel. Filters were gently folded and
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transferred to 1.5 ml Eppendorf tubes. Macerated tissue and swab
pellets were subsequently suspended in a lysis buffer consisting of
180pl buffer ATL and 20l proteinase-K. Twice the volume of lysis
buffer (400pl) was added to tubes with filters to keep them sub-
merged during lysis. Tissue, swab and filter samples were then lysed
overnight at 56°C with agitation on a Thermomixer (Eppendorf AG).
Post-lysis, filters were carefully removed with sterile tweezers while
compressing the filter with a pipette to recover all of the lysate, prior
to the addition of twice the volume of buffer AL and ethanol as de-
scribed in the DNeasy manual. The resulting 1200l mixture was
loaded onto a single spin column in two separate aliquots of 600 pl.
All lysates were otherwise further processed according to the man-
ufacturers description for purification of total DNA from animal
tissues with the DNeasy Blood & Tissue kit. Extracted DNA was el-
uated in 100 pl buffer AE.

2.3 | PCRdevelopment
The CC1-specific locus was identified by alignment of genomes
in Mauve (development version 20,150,226) (Darling et al., 2010),
comparing Y. ruckeri CC1 and non-CC1 MIVA genotypes identi-
fied previously (Riborg et al., 2022), followed by BLAST searches
(Altschul et al., 1997) on local and public databases with candidate
sequences to identify CC1-specific targets suitable for PCR analy-
sis. An intergenic region between the class C beta-lactamase (acc.
no. WP_004721718) and a predicted AAA family ATPase (acc. no.
WP_096823432) was identified as specific for, and ubiquitous
within, Y. ruckeri CC1, and formed the basis for the CC1-specific PCR
assay. By the same approach, a LuxR family transcriptional regula-
tor (acc. no. WP_038241605) was found to be conserved across all
of the investigated Y. ruckeri genomes and used as target for the Y.
ruckeri species-specific assay. Primer and probe sequences (Table 1)
were determined with Primer Express Software v3.0.1 (Applied
Biosystems) and purchased from Thermo Fisher Scientific.

PCR reactions comprised 10 pl TagMan Fast Advanced Master
Mix (Applied Biosystems), primers and probes at 600nM and
200nM, respectively, and 5 ul of template DNA in 20 ul total reaction

TABLE 1 Primer and probe sequences used in qPCR assays

Assay

specificity Name Sequence (5'-3')

Y. ruckeri YrF CTAATGTGCAGAGCGCAGATG
YrR GCGGACTGAATAACGATGATTG
YrP FAM-CCTGTACCGTCGTCAGG-MGB

Y. ruckeri CC1 YrCC1F GAATTAGGCGCAACTCAATTTGAC
YrCC1R GCTGGTAAGGGATGTTATGTTTCA
YrCC1P VIC-TATGACGACTGAGTGTTTAC-

MGB

Note: Minor groove binding (MGB) probes were labelled with FAM
(6-carboxyfluorescein) or VIC (proprietary, Life Technologies).
Abbreviations: F, forward; P, Probe; R, Reverse.
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volume. The reactions were cycled in a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad Laboratories) with the following PCR
program: UNG incubation at 50°C for 2 min, polymerase activation
at 95°C for 20s, followed by 50cycles of 95°C for 3 s and 62°C for
20s. Samples yielding exponential amplification curves with cycle
threshold values of 42 or less were considered positive.

2.4 | PCRvalidation

A dilution series of Y. ruckeri CC1 DNA was analysed in triplicate to in-
vestigate the amplification efficiency and linearity of both assays, and
serve as standard curve for quantification. Limits of detection (LOD)
were established by analysing 20 parallels of DNA samples in relevant
dilutions. LOD was defined as the lowest amount producing at least
95% (219/20) positive results. The specificity of both PCR assays was
tested using 1 ng purified DNA from a diverse panel of bacterial refer-
ence strains, clinical isolates primarily from diseased fish and isolates
from aquaculture environments (Table 2). Specificity was further in-
vestigated by assaying a broad panel of Y. ruckeri isolated from various
geographical and biological origins, serotypes and biotypes, including
representatives from all known MLVA clonal complexes and some sin-
gletons as described by Gulla, Barnes, et al. (2018) (Table 3). The assays
were also challenged with 100ng DNA extracted from heart tissue of
healthy Atlantic salmon and from Y. ruckeri-free biofilm (collected from
an in-house research aquarium). Possible interference from a back-
ground matrix of non-target DNA was investigated by adding purified Y.
ruckeri CC1 DNA equivalent to LOD directly to PCR reactions together
with the salmon heart tissue or biofilm DNA templates. The ability to
detect a low number of Y. ruckeri cells in the various sample types was
investigated by spiking triplicates of 200ml sterile PBS, 25mg macer-
ated salmon heart tissue and 25mg (wet-weight) biofilm, with 100yl
of a Y. ruckeri CC1 2-fold dilution series (starting at 9.6x 10°CFUmI™).

2.5 | Screening of freshwater hatcheries

Screening of freshwater hatcheries consisted of two distinct sample
sets. Biofilm samples for both sample sets were collected by swab-
bing effluent pipes and the inner walls of tanks at the air/water inter-
face. Samples were transported chilled, overnight to the laboratory,
and stored at 4°C for up to 48 hr pending further processing.

2.51 | Sample-set one

Twenty-four Norwegian salmon hatcheries that had not experienced
yersiniosis problems in recent years were sampled in 2017 as part of
a previous study (Gulla, Wiik-Nielsen, & Colquhoun, 2018). Samples
from hatcheries which had been identified in 2017 as PCR positive
for Y. ruckeri (data not shown) were then re-analysed in the current
work with the two novel PCR assays. This sample set also included
salmon tissues (kidney and intestine), sampled on-site, suspended in
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TABLE 2 Bacterial strains of various taxa used for specificity tests with the Y. ruckeri (Yr) and Y. ruckeri CC1 (YrCC1) gPCR assays

Bacterial species

Aeromonas hydrophila

Aeromonas salmonicida ssp. salmonicida

Arthrobacter globiformis
Bacillus cereus

Brochothrix thermosphacta
Carnobacterium piscicola
Edwardsiella piscicida

Escherichia coli

Francisella noatunensis ssp. noatunensis

Moritella viscosa

Nocardia asterioides
Pasteurella sp.

Pasturella skyensis
Photobacterium phosphoreum
Piscirickettsia salmonis
Proteus mirabilis
Pseudomonas fluorescens
Renibacterium salmoninarum
Rhanella inusitata
Rhanella sp.

Undescribed Yersiniaceae
Undescribed Yersiniaceae
Undescribed Yersiniaceae
Rhodococcus equi
Rhodococcus erythropolis
Serratia marcescens
Serratia sp.
Staphylococcus aureus
Tenacibaculum finnmarkense
Vibrio salmonicida

Vibrio splendidus

Vibrio tapetis

Yersinia entomophaga
Yersinia fredriksenii
Yersinia intermedia
Yersinia intermedia
Yersinia kristensenii
Yersinia kristensenii
Yersinia kristensenii
Yersinia sp.

Yersinia ruckeri (CC2)

Yersinia ruckeri (CC1)

Strain designation
ATCC 14715
ATCC 14174
NCIMB 89077
NVI-3588
NCFB 16767
NCFB 2762"
NCIMB 148247
ATCC 25922
NCIMB 142657
NCIMB 135847
NVI-6532
NVI-9100
NCIMB 135937
NCIMB 12827
NVI-5692
NCIMB 10823
NCIMB 10067
ATCC 33209
NVI-11515
NVI-11513
NVI-11511
NVI-11512
NVI-11514
NVI-6122
NCIMB 111487
NCIMB 10351
NVI-11516
NCIMB 11787
NVI-5134
NCMB 22627
NVI-7628
NVI-7627
NVI-2267
NVI-1098
NVI-11508
CCUG 26592
CCUG 26588
NVI-11509
NVI-11510
NVI-11061
ATCC 294737
NVI-10705

Biological source
Silver salmon

Brook trout

Soil

Unknown

Pork sausage
Cutthroat trout
European eel
Clinical isolate
Atlantic cod
Atlantic salmon
Unknown
Lumpsucker
Atlantic salmon
Unknown

Atlantic salmon
Human, urine
Unknown

Chinook salmon
Biofilm, aquaculture
Biofilm, aquaculture
Biofilm, aquaculture
Biofilm, aquaculture
Biofilm, aquaculture
Unknown

Soil

Sheep

Biofilm, aquaculture
Human, septic arthritis
Atlantic salmon
Atlantic salmon
Ballan wrasse
Ballan wrasse
Aquaculture
Unknown

Biofilm, aquaculture
Domestic pig
Domestic pig
Biofilm, aquaculture
Biofilm, aquaculture
Biofilm, aquaculture
Rainbow trout

Atlantic salmon

PCR Yr

PCR
YrCC1



RIBORG ET AL. [ Journal of A“FWI LEY 1215

|Fish Diseases # ¥~
TABLE 3 Yersinia ruckeri strains of various MLVA genotypes used for specificity tests with the Y. ruckeri (Yr) and Y. ruckeri CC1 (YrCC1)
PCR assays

Strain PCR
designation Biological source Country Year Serotype Biotype MLVA-CC? PCR Yr YrCC1
NVI-1292 Salmo salar Norway 1987 o1 1 1 + +
NVI-8074 Salmo salar Norway 2011 o1 1 1 4 +
NVI-9698 Salmo salar Norway 2014 o1 1 1 + +
NVI-9812 Salvelinus alpinus Norway 2014 o1 1 1 + +
NVI-10428 Salmo salar Norway 2016 o1 1 1 + +
NVI-10542 Salmo salar Norway 2016 o1 1 1 + +
NVI-10989 Salmo salar Norway 2017 o1 1 1 + +
NVI-10990 Salmo salar Norway 2017 o1 2 1 + +
DVJ-93010 Oncorhynchus mykiss UK 1993 o1 1 2a + -
DVJ-93046 Oncorhynchus mykiss UK 1993 o1 2 2a aF =
CSF007-82 Oncorhynchus mykiss USA 1982 o1 1 2b + -
TW-11.68 Carassius auratus USA 1983 o1 1 2b + =
TW-F190 Oncorhynchus mykiss USA 1995 o1 2 2b + -
NVI-1382 Oncorhynchus mykiss Italy 1984 o1 1 2c + =
TW-F183 Oncorhynchus mykiss USA 1995 o1 1 2c + -
NVI-9925 Oncorhynchus mykiss Finland 2010 o1 2 2c aF =
NVI-1347 Salmo salar Norway 1988 02 1 3 + -
NVI-9681 Salmo salar Norway 2014 02 1 3 + =
RD502 Salmo salar UK 2010 08/01° 1 4 + -
TW-11.43 Oncorhynchus mykiss Australia 1959 o1 1 5 + =
RD336 Salmo salar UK 2001 02 1 6 + -
NVI-11077 Biofilm, aquaculture Norway 2017 o1 1 7 aF =
NVI-11055 Salmo salar, egg-fluid Norway 2017 o1 1 8 + .
NVI-11054 Salmo salar, egg-fluid Norway 2017 o1 1 9 + =
RD154 Salmo salar Norway 1985 o1 2 10 + -
NVI-492 Salmo salar Norway 1987 o1 1 10 + =
NVI-11065 Salmo salar, egg-fluid Norway 2017 o1 1 s + -
NVI-11073 Biofilm, aquaculture Norway 2017 o1 1 s + =
TW-11.30 Morone americana USA 1977 o1 N.D. s + -
TW-11.57 Salmo trutta USA 1980 02 N.D. s + =
NVI-1398 Oncorhynchus mykiss Sweden 1986 o7 N.D. s + -
YR122A Salmo salar Finland 1988 06 N.D. s + =
NVI-1389 Salmo salar Norway 1989 o1 1 s + -
RD356 Salmo salar UK 2005 05/01" 1 s + =
NVI-5635 Salmo salar Norway 2006 N.R. 1 s + -
NVI-11065 Salmo salar, egg-fluid Norway 2017 o1 1 S aF =
NVI-11073 Biofilm, aquaculture Norway 2017 o1 1 s + -
NCTC 12268 Oncorhynchus mykiss Canada 1985 05 1 s + -
NCTC 12269 Oncorhynchus mykiss Canada <1990 06 1 s + -
NCTC 12270 Anguilla anguilla Denmark <1990 o7 1 s + =

Abbreviations: N.D., Not done; N.R., No reaction with any available Y. ruckeri antisera.
®MLVA clonal complex according to Gulla et al. (2018), with ‘s’ indicating singleton or undefined clonal complex.
bSerotyping ambiguity dependent on strain-origin of antisera.
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RNAlater (Qiagen) and kept chilled (during transport) for 24 h before
being frozen at -20°C pending further processing.

2.5.2 | Sample-set two

The second sample set encompassed environmental samples alone,
sampled as previously described from 16 Atlantic salmon hatcher-
ies in Norway, collected between October 2019 and February 2020.
These were analysed using the two novel quantitative PCR (qPCR)
assays described in the present study. A single site was screened
prior to vaccination, and then weekly for three consecutive weeks
to investigate the possibility for detecting vaccine residues in the
environment.

2.6 | Screening during active marine outbreak

To assess environmental Y. ruckeri levels during an active outbreak
at sea, water samples were collected at a marine ongrowing site
in Norway during a yersiniosis outbreak in large (4-5 kg), unvac-
cinated Atlantic salmon. Surface water samples (4 L) were collected
in disposable plastic containers and filtered on-site through 0.45pum
pore-size nitrocellulose filters (Whatman) using a portable peristal-
tic pump (Masterflex portable sampler; Cole-Parmer) with a 47 mm
inline filter-holder (Millipore). All equipment was thoroughly rinsed
with ambient water between samplings. Filters were transported
chilled to the laboratory for storage at -20°C pending further pro-
cessing. Tissue samples (head kidney) from fish in the affected and
neighbouring cages were collected with sterile scalpel and tweezers,
suspended in RNAlater and transported chilled to the laboratory.

2.7 | Screening during thermal delousing

To investigate the presence of Y. ruckeri during delousing operations,
water samples were collected from three different marine salmon
farms in Norway during thermal delousing. The studied fish at site
A were unvaccinated, clinically healthy but were exposed to Y. ruck-
eri at sea via an infected neighbouring cage. Fish treated at site B
were vaccinated against yersiniosis (unknown method) but had ex-
perienced an outbreak of yersiniosis during the freshwater phase.
Yersiniosis history and vaccination status for fish treated at site C are
unknown. Clinical yersiniosis was not apparent in any of the popula-
tions at the time of sampling. Thermal delousing involves crowding
of the fish which are then pumped into a treatment barge where
they are exposed to heated sea water (28-34°C dependent on ambi-
ent sea water temperatures) for approximately 30s, prior to being
pumped back into the sea-cage (Roth, 2016).

Approximately 60,000-120,000 fish were treated in each of the
treatments sampled. Water samples (0.5 L) were collected in dispos-
able plastic containers from the sea cage prior to treatment, and from
the treatment chamber prior to, during (twice) and post-treatment.

Water samples were shipped to the lab chilled overnight and im-
mediately filtered through an analytical test filter funnel (Nalgene
Analytical Test Filter Funnel; Thermo Fisher Scientific) with 0.45um
pore-size nitrocellulose filters (Whatman) using a peristaltic pump
(Masterflex; Cole-Parmer). High water turbidity necessitated the
use of multiple filters for some samples, in which case DNA was ex-
tracted from individual filters and independently analysed by gPCR
with average values presented as results.

2.8 | Simulated thermal delousing in latently
infected salmon

A trial was designed to emulate a field situation involving fish sub-
clinically infected with Y. ruckeri from the freshwater phase being
subjected to a stressful handling event in sea water, while monitor-
ing shedding of Y. ruckeri by weekly sampling of eDNA. The trial
made use of a cohabitant infection model where ip injected shedder
fish were used to infect naive cohabitants, as described below.

The challenge trials were conducted at the Industrial and Aquatic
Laboratory (ILAB) with ~35g Atlantic salmon of mixed sex. The fish
were fed daily with a commercial diet (Nutra Olympic; Skretting AS).
A water temperature of 14°C was maintained throughout the trial
with water flow adjusted to maintain adequate dissolved oxygen lev-
els. When necessary, fish were killed by tricaine methanesulfonate
(Finquel MS-222) overdose. Shedders (n = 60) anaesthetized with
MS-222 were marked subcutaneously using Visual Implant Elastomers
(Northwest Marine Technology) and ip injected with 100ul PBS sus-
pension containing 3x10° CFU Y. ruckeri CC1 using a 0.5mm gauge
needle. Negative control shedders (n = 60) were injected with 100pl
sterile PBS. Naive cohabitants (n = 480) were randomly distributed be-
tween eight 150L tanks with freshwater, each tank receiving 60 fish.
Fifteen infected shedders were then added to four of the tanks, while
15 negative control shedders were added to the four remaining tanks.

Following an initial period of mortality in shedders and cohabi-
tants in the tanks holding infected shedders, mortality ceased and
the fish were maintained as previously. After 7 weeks, the photope-
riod was changed from 12 to 24 h light to induce smoltification, fol-
lowed by a change from freshwater to natural sea water (32 + 2 ppt)
at week 10. During week 13, the number of fish in all tanks was
adjusted to 42, with excess fish being killed and sampled (head kid-
ney) for bacteriology (streak on BA) and qPCR to assess subclinical
Y. ruckeri carrier status. One week later, all the fish were fasted
for 24h before two tanks containing presumptive sub-clinically
infected fish and two control tanks were subjected to simulated
thermal delousing. For each of these tanks, groups of three fish
were sequentially held in a fine-meshed net and submerged for 30s
in a 100L tank containing heated sea water (33.8°C). Additional ox-
ygenation held O, values at or above saturation level during treat-
ment. Treated fish were then immediately transferred to a recovery
tank (50L) containing 14°C oxygenated sea water. Following treat-
ment of each tank, fish were returned to the 150L holding tanks
and water samples (1 L) were collected from the treatment and
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recovery tanks for gPCR analysis. Fish from the remaining four
tanks (two infected and two control tanks) not subjected to hot
water were instead subjected to stress by handling and confine-
ment by first reducing the water volume to 50L and then further
confining the fish by netting all of the fish for 1 min, repeated three
times. After experimental stress (thermal or confinement), all fish
were monitored until termination of the trial and were killed after a
total of 20 weeks before being sampled for bacteriology and gPCR.

3 | RESULTS

3.1 | gPCR performance

Both PCR assays demonstrated linear performance over a 6 log
range (Figure 1) with PCR efficiency of 99% and LODs equal to
five Y. ruckeri genome equivalents. No amplification signals were
observed on analysis of pure cultures of non-target bacterial spe-
cies with either assay (Table 2). The Y. ruckeri species-specific assay
was positive for all Y. ruckeri isolates tested, while amplification with
the CC1 assay was observed exclusively for isolates confirmed as
CC1 by MLVA genotyping (Table 3). No amplification was observed
with DNA extracted from healthy salmon or presumed Yersinia-free
biofilm, and no inhibition was observed when these templates were
combined with Y. ruckeri CC1 genomic DNA. Spiking experiments
verified the ability of both assays to detect low numbers of Y. ruckeri
cells with 240 CFU per spiked sample detected in all triplicates of all

sample types (water, salmon tissue and biofilm).

3.2 | Screening of freshwater hatcheries

Sample-set one consisted of DNA extracts from 11 freshwater

hatcheries positive for Y. ruckeri in a screening study concluded in

Nanogram purified Yersinia ruckeri CC1 DNA

43E-06  4.3E-05 4.3E-04  43E-03 4.3E-02 4.3E-01 43E+00  4.3E+01
45 . .
Assay specificity: Y. ruckeri CC1
40 e 2 y =-1.456In(x) + 39.984
c 8 R?=0.9999
2 35
=2
230
o]
25
20 1 Assay specificity: Y. ruckeri
y =-1.464In(x) + 39.822
15 R?=0.9999

10 + + +
1.OE+00  1.0E+01  1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07

Theoretical number of Yersinia ruckeri CC1 genomes

FIGURE 1 Standard curves based on gPCR analysis of serial
dilutions of Yersinia ruckeri CC1 strain NVI-10705 purified DNA in
triplicate. Upper x-axis show ng DNA, lower x-axis show estimated
number of Y. ruckeri CC1 genomes. The assay specific to Y. ruckeri
is indicated by triangles, the assay specific Y. ruckeri CC1 by circles.
Triplicates with negative samples, represented by empty shapes
without means, were excluded from standard curve calculations.
qPCR, quantitative polymerase chain reaction
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2017 (Gulla, Wiik-Nielsen, & Colquhoun, 2018). Of 48 individual Y.
ruckeri positive samples from these sites, CC1 was detected in only
a single environmental sample from a single site, and in two kidney
samples from dead fish at another site (Figure 2). Remaining kidney
tissue samples from live fish were found negative by both assays.
Positive environmental samples were thus heavily dominated by
non-CC1 Y. ruckeri.

Sample-set two consisted of environmental swab samples col-
lected from 16 Atlantic salmon hatcheries between October 2019
and February 2020. Due to a growing suspicion of detection of Y.
ruckeri CC1 DNA from vaccine remnants in this sample set, the re-
sults were considered in relation to time since vaccination (Figure 3).
While CC1 was detected at some sites that were not recently vac-
cinated (sites 5, 6 and 7), all produced high Ct-values (39-40) ap-
proaching the LOD. For recently vaccinated sites, the results for both
assays correlated well, close to LOD. An exception was observed for
site 15, which had a number of samples positive for Y. ruckeri with
low Ct-values while being negative for CC1, indicating the presence
of non-CC1 strains at this site. At sites 11 and 12, both of which were
only partially vaccinated, Y. ruckeri CC1 was detected exclusively in
samples from the recently vaccinated production units (Figure 4).
Site 1 was screened prior to vaccination, and then weekly for three
consecutive weeks using environmental swab samples. All samples
were negative prior to vaccination, while all samples were positive 1
week post-vaccination. Most samples were still positive 2-3weeks
post-vaccination, albeit with increasingly high Ct-values (Figure 5).

3.3 | Screening during active marine outbreak
Yersinia ruckeri CC1 was detected in sea water (4 L) sampled adjacent
to the affected sea cage and up to 100m downstream from an ac-
tive yersiniosis outbreak at a marine ongrowing site (Figure 6). Head
kidney samples from salmon in the affected cage were all positive
for Y. ruckeri CC1, while samples from neighbouring cages with ip
vaccinated fish were negative with both assays (not shown).

3.4 | Screening during thermal delousing

Yersinia ruckeri and Y. ruckeri CC1 were detected in samples collected
during thermal delousing treatment at two marine Atlantic salmon
ongrowing sites (A and B), while at the third site (C) Y. ruckeri and Y.
ruckeri CC1 were detected in the treatment chamber prior to, but not
during treatment (Figure 7).

3.5 | Simulated thermal delousing

In the challenge trial designed to emulate a field situation involv-
ing stressful handling, mortality in ip infected shedder fish reached
100% in 10days, while most of the cohabitant mortality occurred in
weeks 2-4, eventually plateauing at 20-28% cumulative mortality
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FIGURE 2 Stacked bar chart showing qualitative gPCR

results from using the two novel assays on sample-set one. The
sample material consisted of three different sample types, that is,
environmental swabs, kidney and intestinal tissue, collected from 11
Atlantic salmon hatcheries. Samples were collected in 2017, prior to
widespread use of ip vaccination against yersiniosis in Norway, from
sites that had not experienced problems with the disease in recent
years. qPCR, quantitative polymerase chain reaction
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(Figure 8). Y. ruckeri CC1 was detected by gqPCR in effluent water
from all infected tanks during weeks 2-4, while mortality in cohabit-
ants was ongoing. During the following weeks, Y. ruckeri CC1 was
detected only sporadically from tank water, with Ct-values close
to LOD and thus not readily visible in Figure 8. Change in photo-
period regimen or salinity did not seem to induce significant shed-
ding. Thermal stress, however, resulted in significant shedding in
both treatment and recovery tanks, with concentrations of Y. ruckeri
CC1, as estimated by qPCR, similar to those observed during the ac-
tive outbreak phase in the early weeks of the experiment (Figure 8).
Unfortunately, water was not sampled for gPCR during the crowd-
ing treatment. Y. ruckeri was not detected in effluent water samples
collected the week following stress exposures. Neither of the ex-
perimental stress events resulted in mortality during treatment, nor
over the following weeks. From a total of 24 head kidney samples
assayed for Y. ruckeri CC1 by qPCR in week 13, three were positive
(12.5%), and at termination of the trial after 20weeks, three out of
40 kidney samples were positive (7.5%). Y. ruckeri could not be iso-
lated from kidney smears on BA at weeks 13 and 20. There were no
mortalities nor Y. ruckeri detections in any of the negative control

tanks throughout the experiment.

4 | DISCUSSION

The recent discovery in Norwegian salmon farming of a single

virulent Y. ruckeri lineage (CC1), apparently co-existing alongside a

Site9  Site 10 Site 11 Site 12 Site 13 Site 14 Site15 Site16

<2 months since vaccination

WY ruckeri CC1 ONegative

FIGURE 3 Stacked bar chart showing qualitative qPCR results from using the two novel assays on sample-set two. The sample material
consisted of environmental swab samples from 16 Atlantic salmon hatcheries, collected in 2019 and 2020. Sites 9 through 16 had employed
Yersinia ruckeri vaccines less than 2 months prior to sampling, while sites 1 through 8 did not. gPCR, quantitative polymerase chain reaction
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FIGURE 4 Stacked bar chart showing qualitative qPCR results
for Yersinia ruckeri CC1 from environmental swab samples collected
at two sites in sample-set two that were partially vaccinated,
respectively 10 and 16 days prior to sampling (see also Figure 3).
Results from production units that were not recently vaccinated
(">2 months’) are also shown. The lowest Ct-values observed at
each site were 28 (site 11) and 30 (site 12). gPCR, quantitative
polymerase chain reaction
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FIGURE 5 Stacked bar chart showing qPCR results for Yersinia
ruckeri CC1 from environmental swab samples collected at site 1
(sample-set two, prevaccination data for this site are also depicted
in Figure 3), a presumed Y. ruckeri-free freshwater aquaculture
site, prior to vaccination against yersiniosis and weekly after
vaccination. Samples were categorized by Ct-values to indicate
relative amounts of Y. ruckeri DNA targets in them. The lowest Ct-
values 1 week post-vaccination were 31 (one sample) and 32 (four
samples). The lowest Ct-value 2 weeks post-vaccination was 35
(three samples). gPCR, quantitative polymerase chain reaction

diverse array of putatively avirulent strains unrelated to clinical dis-
ease (Gulla, Barnes, et al., 2018 ), has highlighted the need for more
information relating to the distribution and prevalence of these
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FIGURE 6 Quantification of Yersinia ruckeri CC1 (estimated
DNA targets per litre) in filtered sea water samples (4 L) collected
upstream and downstream of an Atlantic salmon sea cage during an
active yersiniosis outbreak

bacteria in salmon production. Via development and use of two
highly sensitive PCR assays, respectively, specific at the species- (Y.
ruckeri) and genotype- (Y. ruckeri CC1) level, we were able to verify
non-CC1 Y. ruckeri as prevalent and dominating across freshwater
salmon farm environments in Norway. Moreover, during PCR sur-
veys of sea water sampled during both field and experimental ther-
mal delousing, we observed rapid shedding of Y. ruckeri CC1 from
sub-clinically infected fish, emphasizing the potential biosecurity
risks involved during such stressful procedures.

PCR is widely used as a biosecurity screening tool for fish-
pathogenic agents in Norway, and such assays used for detection
of Y. ruckeri have generally targeted the 16S rRNA gene. Specific
16S-based gPCR detection at the species level and beyond is,
however, challenging due to the often highly conserved nature
of this gene between closely related species (Cloud et al., 2000;
Linton et al., 1997; Nishio et al., 1997; Ryu et al., 2013). In our
experience, such assays directed at Y. ruckeri may generate false-
positive signals when used on environmental samples, likely due to
undescribed members of the Yersiniaceae carrying 16S rDNA se-
quence motifs near identical to Y. ruckeri (e.g., NVI-11511, -11,512
and -11,514, Table 2 and Figure S1). In light of these experiences,
we chose to forgo the potential benefits of increased sensitivity
offered by the multi-copy 16S rRNA gene, and instead focus on
genetic loci present in Y. ruckeri but absent in other Yersiniaceae
native to aquaculture environments. Development of PCRs for
specific detection of pathogenic strains against a background of
less-virulent or avirulent members of the same bacterial species
offers an additional challenge. The availability of continuously
growing public genome databases has, however, eased identifica-
tion of genetic loci specific to particular taxa. Through scrutiny of
publicly available Y. ruckeri genomes and genomes sequenced in
our laboratory, we could thus establish a PCR specific for the single
Y. ruckeri lineage (CC1) currently associated with serious disease in
Norwegian salmon farming.

It is generally accepted that Y. ruckeri infections may persist
sub-clinically at a low prevalence in affected fish stocks (Bruno &
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FIGURE 7 Quantification of Yersinia
ruckeri and Y. ruckeri CC1 (estimated DNA
targets per litre) in filtered sea water
samples collected from sea cages (‘cage’)
and treatment chambers (‘pre treatment’)
prior to and during (at three intervals)
thermal delousing. Two additional
treatments were sampled at site C the
following day, with the same equipment,
where Y. ruckeri (not Y. ruckeri CC1) was
only detected in the treatment chamber
prior to one of the treatments (not shown)
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FIGURE 8 Cumulative mortalities (right vertical axis; percent) and quantification of Yersinia ruckeri CC1 (left vertical axis; estimated DNA
targets per litre) in filtered water collected throughout the challenge trial. Sampling points as indicated on the horizontal axis are weekly
samples (1-20), and sampling of tanks used for treatment (T) and recovery (R) of fish subjected to thermal stress (on far right). Sequential
events indicated on the horizontal axis represent change in lightning regimen (a), change in salinity (b), fish number adjustments with

kidney sampling (c), experimental stress (d) and trial termination with kidney sampling (e). Y. ruckeri CC1 quantification in weekly samplings
are averages across four tanks, while quantification during thermal stress (T and R) are averages from two tanks. Cumulative mortality
percentages are plotted as averages with bars indicating the observed range across four tanks

Munro, 1989; Willumsen, 1989) and that acute outbreaks of yersin-
iosis in Atlantic salmon may follow stressful management proce-
dures (Gismervik et al., 2019). However, screening of fish-tissues
for detection of such low-prevalence infections requires killing of
many individuals and negative results will always be associated
with a certain degree of uncertainty. On the other hand, screening

of environmental DNA (eDNA) offers the possibility of surveying
the host population as a whole, but is dependent on the particular
pathogen of interest being shed from the infected fish. Although we
found both biofilm and filtered water equally reliable for Y. ruckeri
screening in salmon-farming environments, biofilm sampling was
chosen, as this was quicker and less technically demanding, while
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also producing easily transportable samples. As mature biofilms are
not normally found within experimental aquarium facilities, how-
ever, we based our eDNA sampling during the laboratory challenge
trial on filtered water samples.

Our screening studies suggest that Norwegian salmon farms
are commonly colonized by Y. ruckeri genotypes other than CC1
(Figures 2 and 3). Recently vaccinated sites excluded, CC1 consti-
tuted a low proportion of Y. ruckeri detections in Atlantic salmon
hatcheries. While this may suggest CC1 to be less prevalent than
non-CC1 Y. ruckeri in general, it does not exclude the possibility that
sub-clinically CC1 infected fish remain undetected. In our laboratory
trials, consistent detection of water-borne Y. ruckeri CC1 was only
possible during the active outbreak phase and during experimental
stressing of sub-clinical carriers (Figure 8). Detection of water-borne
Y. ruckeri was otherwise sporadic with Ct-values close to the LOD,
indicating infrequent shedding from carrier fish.

While culture of Y. ruckeri from environmental sample mate-
rial is generally challenging, MLVA genotyping directly on eDNA
templates from two of the freshwater sites that were positive for
Y. ruckeri while negative for Y. ruckeri CC1 corroborated the qPCR
results by producing MLVA-profiles incompatible with Y. ruckeri
CC1 (not shown). Low-virulent Y. ruckeri strains associated with sal-
monid aquaculture have been reported also from Australia (Barnes
et al., 2016) and the UK (Verner-Jeffreys et al., 2011), possibly in-
dicative of a natural, non-pathogenic presence in such freshwater
environments. Previous studies have demonstrated the capability of
Y. ruckeri to survive for extended periods of time in sterile freshwa-
ter (Thorsen et al.,, 1992), sediments and sand (Bomo et al., 2004;
Romalde et al., 1994), and to form hardy biofilms on various mate-
rials (Coquet, Cosette, Junter, et al., 2002; Coquet, Cosette, Quillet,
et al, 2002; Wrobel et al, 2020). It remains unclear, however,
whether the putatively avirulent strains documented here depend
upon proximity to, and/or interaction with, a salmonid hosts in order
to thrive in these environments.

While suitable for environmental Y. ruckeri screening in general,
the high sensitivity of both PCR assays developed here also ren-
dered them capable of detecting eDNA presumably originating from
Y. ruckeri vaccines for at least 3weeks after administration by ip in-
jection (Figures 3, 4 and 5). These vaccines consist of killed Y. ruckeri
CC1 cells and thus also contain genomic DNA from the Y. ruckeri CC1
vaccine strain. Still, this apparent persistence of intact PCR targets
from the vaccine was surprising as relatively rapid degradation of
inactivated bacteria was expected in such systems, where microbial
activity is high. Likely explanations include vaccine residues gradu-
ally leaking from the injection site and/or being deposited in biofilms
in the production environment. The specific vaccine technology used
or the common practice of co-injection of this water-based vaccine
together with an oil-based multi-component vaccine yielding a depot
effect, may influence both the degree of leakage and persistence of
inactivated Y. ruckeri in these environments. Nevertheless, as some
freshwater farms employ up to two rounds of yersiniosis vaccination
by immersion, followed by subsequent ip administration, interpre-
tation of Y. ruckeri PCR detections at such sites will inevitably carry
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some degree of uncertainty. Although PCR technologies have been
described that do not amplify DNA from dead cells, for example,
by use of viable/dead staining with Ethidium monoazide bromide
or derivatives thereof (Soejima et al., 2007), these methods require
significant optimization and are critically reliant on low turbidity (Fu
et al., 2020; Santander et al., 2019), making them generally unsuit-
able for sample materials such as environmental swabs and filtered
water from fish farms.

Historically, yersiniosis in sea-farmed Atlantic salmon in Norway
has been considered a minor problem, primarily occurring in sub-
clinically infected stocks shortly after sea transfer. In recent years,
however, the disease has also become more common in larger sea-
farmed fish, often manifesting within a couple of weeks following
non-medicinal delousing. Such procedures, introduced in the face
of increasing development of salmon-louse resistance to chemo-
therapeutants, may often cause acute mortality, skin damage and
poor fish welfare (Folkedal et al., 2021; Nilsson et al., 2019; Overton
et al.,, 2019; Sviland Walde et al., 2021), and are undoubtedly ex-
tremely stressful to the subjected fish. In this study, we found eDNA
from sea water equally suitable for Y. ruckeri detection by PCR as
compared to freshwater, with unambiguous detection of the bac-
terium by both developed assays as far as 100m downstream of
a salmon sea-cage experiencing an active Y. ruckeri CC1 infection
(Figure 6). However, considering the dilution effect and the rela-
tively high Ct-values observed, eDNA analyses are likely not sen-
sitive enough for reliable detection of sub-clinical carrier status in
sea-cage held populations of salmon.

In light of these findings, our investigation of Y. ruckeri in salmon
at sea sites was instead focused on eDNA sampling during thermal
delousing, a form of non-medicinal delousing where large numbers
of fish are treated within a limited volume of heated water. Here,
high amounts of Y. ruckeri CC1 were detected in treatment water
on two farms during delousing of suspected sub-clinically infected
salmon stocks (sites A and B in Figure 7). Interestingly, we did not
detect the bacterium in water sampled from these sea-cages prior
to treatment, strongly suggesting that Y. ruckeri shedding was pro-
voked by handling and treatment. It should be noted that detec-
tions in the treatment chamber prior to delousing at sites B and C
may represent inactivated Y. ruckeri post-disinfection procedures.
Simulated thermal delousing on sub-clinically infected fish in the
laboratory subsequently confirmed that the combination of han-
dling and thermal stress did in fact result in significantly increased
Y. ruckeri shedding (Figure 8). Despite the apparently low number
of sub-clinically infected fish present at the time of experimen-
tal thermal treatment, as assessed by sampling from fish 1 week
prior (12.5% positive), the amount of Y. ruckeri released into the
treatment water corresponded to levels observed during the acute
phase of yersiniosis earlier in the same experiment. However, no
further clinical disease was recorded subsequently to stress expo-
sure, possibly indicating a partly immunized population following
the initial outbreak when sub-clinical infection was established,
and/or that the stress involved was insufficient to induce another
outbreak.
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In conclusion, we developed two Y. ruckeri gPCR assays, specific
at the species- and genotype- (CC1) level, respectively. While the
CC1-specific assay is most relevant under the current Norwegian
situation, the species-specific assay is suitable for international ap-
plication. Using these two assays in combination we could readily
detect Y. ruckeri in freshwater salmon-farm environments in Norway,
where putatively avirulent strains of this bacterium were found to
dominate. While this approach proved highly sensitive for Y. ruck-
eri screening in such environments, it is important to be aware that
yersiniosis vaccination several weeks in advance of sampling may
give rise to false-positive results. Screening of treatment water in
marine salmon-farms undergoing thermal delousing further corrob-
orated that yersiniosis outbreaks may follow due to stress-related
shedding of Y. ruckeri from sub-clinical carrier fish, possibly exacer-
bated by physical damage experienced by the fish during treatment.
Lab trials further verified that the thermal delouser treatment cham-
ber, in which large numbers of fish are treated within a relatively
small volume of water, represents an ideal eDNA sampling site for
evaluating the Y. ruckeri carrier status of salmon stocks. Conceivably,
sampling during such treatments or other stressful situations may
also represent a relevant source of eDNA for detection of other in-
fectious pathogens in marine aquaculture.
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Abstract

While both virulent and putatively avirulent Yersinia ruckeri strains exist in aquaculture
environments, the relationship between the distribution of virulence-associated factors and de
facto pathogenicity in fish remains poorly understood. Pan-genome analysis of 18 complete
genomes, representing established virulent and putatively avirulent lineages of Y. ruckeri, revealed
the presence of a number of accessory genetic determinants. Further investigation of 68 draft
genome assemblies revealed that the distribution of certain putative virulence factors correlated
well with virulence and host-specificity. The inverse-autotransporter invasin yrlim was, however,
the only gene present in all virulent strains, while absent in lineages regarded as avirulent. Strains
known to be associated with significant mortalities in salmonid aquaculture display a combination
of serotype O1-LPS and yrllm, with the well-documented highly virulent lineages, represented by
MLVA clonal complexes 1 and 2, displaying duplication of the yriim locus. Duplication of the yriim
locus was further found to have evolved over time in clonal complex 1, where some modern, highly

virulent isolates display up to three copies.

Author summary

Yersinia ruckeri is the causative agent of enteric redmouth disease in aquaculture, primarily
affecting salmonid fish. Acute outbreaks in aquaculture are generally caused by a limited number of
highly virulent strains, while strains of significantly lower virulence are known to exist in the
environment. While many Y. ruckeri virulence factors have been identified and studied, the
relationship between their presence and a virulent phenotype remains poorly understood. In the
present work, a pan-genome study across Y. ruckeri strains of varying virulence revealed a number
of previously described virulence factors as present in all genome sequences. Others were also
present in many avirulent strains. Although a number of genetic determinants were
overrepresented in virulent lineages, only the presence of the inverse-autotransporter invasin-like
gene yrllm correlated fully and exclusively with a virulent phenotype. Highly virulent lineages
display a combination of serotype 01-LPS and yrlIm, with yrlIm being amplified to up to three

copies in highly virulent lineages affecting Atlantic salmon in Norway and rainbow trout globally.
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Introduction

Yersinia ruckeri is the causative agent of enteric redmouth disease (ERM), also known as yersiniosis
in salmonids and other cold-water species of fish. While the disease has been primarily associated
with farmed rainbow trout internationally, it also affects farmed Atlantic salmon in Norway,
Finland, Australia, Chile and in the UK (Sparboe et al. 1986; Rintamaki et al. 1986; Costa et al. 2011;
Bastardo et al. 2011; Wheeler et al. 2009). It has further been isolated from a wide range of other
fish species, both farmed (Gudmundsdottir et al. 2014; Barnes et al. 2016; Liu et al. 2016) and wild
(Willumsen 1989; Barnes 2011; Wade 2019). In Norway, Y. ruckeri strains appear to fall into at
least three categories regarding their ability to cause disease in farmed salmon. All serious
yersiniosis outbreaks since the late 1980s have been caused by a single genetic lineage of highly
virulent serotype 01, known as MLVA clonal complex 1 (CC1) (Gulla et al. 2018). Another MLVA
clonal complex (CC3) belonging to serotype 02 is considered only mildly pathogenic, being
associated primarily with sporadic detections or low-mortality outbreaks (Gulla et al. 2018). A
genetically diverse third category of isolates, predominantly sharing the same serotype (01) as
virulent CC1, are also found in Norwegian aquaculture environments and healthy fish. Despite
commonly being present, these heterogeneous non-CC1, non-CC3 isolates are presumed avirulent

as they have never been associated with disease (Riborg et al. 2022b).

Differences in Y. ruckeri virulence are also recognised internationally, with serotype 01 generally
associated with high virulence and serotype 02 isolates considered to be of low or moderate
virulence (Bullock et al. 1978; McCarthy & Johnson 1982; Barnes 2011). Serotype 01 (CC5) isolates
dominate amongst disease cases in Atlantic salmon in Australia, while outbreaks of yersinosis in
rainbow trout in the USA, UK and mainland Europe are almost exclusively caused by the serotype
01 CC2 lineage (Barnes et al. 2016; Gulla et al. 2018). Reports of avirulent isolates from Australia
(Barnes et al. 2016) and the UK (Verner-Jeffreys et al. 2011) may indicate an international situation
similar to that in Norway, with disease outbreaks dominated by highly virulent clones against a

background of essentially avirulent, environmental strains.

Differences in virulence between Y. ruckeri lineages must be reflected in their genomes.
Identification of key genetic differences should thus broaden our understanding of this widespread
and economically important aquaculture pathogen. A considerable degree of host-specificity is
apparent amongst various Y. ruckeri lineages (Gulla et al. 2018), but cross-species virulence has
been demonstrated, albeit at reduced efficiency (Haig et al. 2011), suggesting the presence of

common virulence mechanisms. To gain a better understanding of the genetic elements necessary
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for the virulent phenotype observed in certain strains, a diverse collection of Y. ruckeri strains was
whole-genome sequenced and analysed together with publicly available genomes. As mobile
elements and putative virulence factors may contain highly repetitive sequences, a hybrid [llumina
and MinION nanopore long-read sequencing approach was utilized for selected representative

strains to obtain complete circular and highly accurate genome assemblies.

Results & Discussion

Core-gene phylogenetic reconstruction

The maximum-likelihood phylogeny (Fig 1) inferred from 2388 core genes shared across the 86 Y.
ruckeri genomes investigated verifies the existence of multiple discrete lineages separated
according to host species and/or geography (Barnes et al. 2016), and accurately reflects the MLVA-
based population structure described previously (Gulla et al. 2018). Disregarding the distantly
related YRB lineage, the tree bifurcates into two lineages (A and B), one of which (lineage A)
contains all of the well-documented virulent isolates. This includes CC2 found globally in rainbow
trout (Gulla et al. 2018), CC5 from Australian salmon (Barnes et al. 2016) as well as those of non-01
serotypes such as strains BigCreek74 and SC09. Lineage A also contains all disease-associated
Norwegian isolates, belonging respectively to the currently dominating CC1 and to CC10 from the
late 1980s (Sparboe et al. 1986; Riborg et al. 2022a), as well as the mildly virulent CC3 (serotype
02). Two notable exceptions to the association between virulence and affiliation to lineage A are
CC7 and CC9, which in Norway are associated with biofilms in salmon rearing facilities and egg-
fluid of apparently healthy salmon. Challenge trials with NVI-11076 (CC7) have demonstrated its
avirulent nature in Atlantic salmon (manuscript in preparation). Isolates belonging to CC9 from
Australia and New Zealand have been described as of low virulence, with New Zealand isolates
being associated with screening of healthy fish or sporadic minor losses in Chinook salmon for
which vaccination was not considered necessary (Barnes et al. 2016). The relatively close
phylogenetic relationship between the well-documented virulent sub-lineages CC2 and CC5, and the
putatively avirulent CC7 and CC9 (Fig 1), could facilitate identification of virulence-discriminatory

genetic determinants in this part of the tree.

Juxtaposed to lineage A lies lineage B (further subdivided into B1 and B2), which contains isolates
mostly originating from biofilm, health screening of clinically healthy farmed fish (CC8) and wild

fish. In Norway, isolates from these sub-lineages are considered avirulent, as they have never been
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associated with disease outbreaks despite being widely present in aquaculture environments.

While various serotypes are found within lineage B, most belong to serotype O1.

The strain YRB forms a distinct distal lineage together with a single isolate (NVI-3736) from wild
salmon in Norway. While relatively distantly related to the remaining isolates studied (Fig S1), both
genomes display the same distinguishing genetic characteristics of the species in terms of genome
size and gene content. The pangenome is considerably affected by including these two genomes,
increasing by 507 total genes while 129 genes are lost from the core (Fig S2), but status as core or

accessory for the virulence-related genetic determinants discussed later was not affected.
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Fig 1: Maximum likelihood tree based on 2,387 genes, 49,389 core gene SNPs (16,762 SNPs were identified
with the YRB lineage excluded; Fig S2), with presence/absence data for specific systems or genes. MLVA
clonal complexes (CC) and lineages are indicated on branches. Bootstrap values as percentages of 200
replicates are indicated if < 75 percent. Branch lengths between the YRB lineage and remaining genomes are
truncated (see Fig S1). Presence of genetic determinants indicated by green shading for Ysa Type 3 secretion
system, Yst1 Type 2 secretion system, virB/virD4 Type 4 secretion system (VirB), Toxin complex (Tc), the
putative invasins yrlim, yrinv and undescribed invasin WP_042527435, sorbitol utilization genes (gut/srl),
the alkyl sulphatase associated with SDS degradation (yarS), and the serotype O1-LPS synthesis cluster.
Partial deletions of Ysa, Yst1 and the O1-LPS cluster are shown as absent if genes regarded as critical for

function are not present. Serotype NR indicate no reaction with available antisera (01, 02, 05).

Pan-genome analysis

Based on the phylogenetic reconstruction described above, representative isolates of putatively
virulent and avirulent sub-lineages/CCs were selected for Nanopore sequencing to produce
complete hybrid (Nanopore/Illumina) genome assemblies. Publicly available complete genome
sequences (QMA0440, BigCreek74, SC09, CFS007, KMM821 and YRB) were also included (Table 1).
As a large number of diverse plasmids were identified among these assemblies, most of which were
exclusive to a single genome, plasmids were excluded from the pan-genome analysis and
investigated separately. With plasmids excluded, most of the genetic diversity amongst the
complete assemblies could be related to a limited number of major deletions and a large number of
diverse mobile elements. Accessory mobile elements ranging from single insertion sequence (IS)
elements and small transposons (Tn), to large integrative and conjugative elements (ICE), as well as
prophages and various cryptic phage-like elements, were identified. A large portion of the

accessory genome resides within a few specific regions of the genome (Fig 2).

Table 1: Complete genome assemblies and plasmids used for pan-genome analyses.
=

Strain g Chromosome Plasmid Reference
Main | Sub-/CC accession Size Name accession | Size

NVI-10705 A 1 CP099805 3,809,437 pYR4 CP099806 | 115,589 Current
pYR5 CP099807 | 5,191

NVI-492 A 10 CP099813 3,654,750 pYR5 CP099814 | 5,286 Current

NVI-9681 A 3 CP099811 3,764,054 pYR7 CP099812 | 121,362 Current

SC09 A s CP025800 3,799,871 pLT CP025802 | 57,905 Liuetal. 2015
pWKY CP025801 | 73,051

BigCreek74 A S CP011078 3,699,725 - Unpublished

KMM821 A 2 CP071802 3,773,395 pYR2 CP071803 | 16,925 Unpublished
pYR3 CP071804 | 103,906

CFS007-82 A 2 LN681231 3,799,036 pYR2 LN681229 | 16,923 Nelson et al. 2015
pYR3 LN681230 | 103,917

QMA0440 A 5 CP017236 3,856,634 - Barnes etal. 2016

NVI-11076 A 7 CP099808 3,763,098 - Current

NVI-11050 A 9 CP099815 3,853,871 - Current

NVI-4479 B1 s CP098710 3,660,364 - Current

NVI-4840 B1 s CP098703 3,657,071 pYR8 CP098705 | 6,876 Current
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pYR9 CP098704 | 78,774
NVI-5089 B1 s CP098701 3,724,773 pYR10 CP098702 | 89,273 Current
NVI-10587 B1 8 CP099809 3,700,651 pYR11 CP099810 | 4,985 Current
NVI-8270 B2 s CP098694 3,655,667 - Current
NVI-11073 B2 S CP098722 3,585,796 - Current
NVI-11065 B2 s CP098723 3,703,894 - Current
YRB YRB s CP009539 3,605,216 - Johnson etal. 2015
NVI-11294+ A 1 CP098716 3,808,409 pYR4 CP098717 | 115,590 Current

pYRS CP098718 | 5,191
NVI-11267t A 1 CP098719 3,808,455 pYR4 CP098720 | 115,590 Current

pYRS CP098721 | 5,191
NVI-10571t A 1 CP098724 3,783,355 pYR4 CP098725 | 76,483 Current

pYR5 CP098726 | 5191
NVI-8524+ A 1 CP098691 3,808,529 pYR4 CP098692 | 115,590 Current

pYR5 CP098693 | 5,191
NVI-6614+ A 1 CP098697 3,783,289 pYR4 CP098699 | 80,438 Current

pYR5 CP098700 | 5,191

pYR6 CP098698 | 83,000
NVI-4570t A 1 CP098706 3,773,829 pYR4 CP098707 | 80,847 Current

pYR5 CP098709 | 5,191

pYR6 CP098708 | 71,441
NVI-1292t A 1 CP098711 3,765,691 pYR4 CP098712 | 80,847 Current

pYRS CP098713 | 5,191
NVH_3758% A 1 CP023184 3,766,700 pYR4 CP032236 | 80,843 Wrobel etal. 2018a

Wrobel et al. 2018b

NVI-1176+ A 1 CP098714 3,829,170 pYR4 CP098715 | 80,847 Current
NVI-7011 A 1 CP098695 3,758,144 pYR4 CP098696 | 80,847 Current

s: no MLVA CC defined

t: Not included in Fig 2. These CC1 assemblies vary only in complete- or partial prophage sequences (all of
which are represented in Fig 2), plasmids, and yrlim- copy number (Fig 5).

The significantly larger pYR4 variant (115,590bp) is due to a Mu-like prophage. The reduced size of pYR4 in
NVI-10571 is due to loss of Tn-related sequences. KMM821 plasmids were identified as pYR2 and pYR3 by
BLAST. pYR11 in NVI-10587 is nearly identical to Aeromonas veronii plasmid pWP3-W19-ESBL-03_3
(NZ_AP022041).

A deletion encompassing 20 genes within the O-antigen biosynthesis cluster in Y. ruckeri has been
previously shown responsible for the 02 serotype (Barnes et al. 2016). Our dataset indicates that
this deletion is a common feature of all non-01 serotypes, including isolates that are unreactive to
antisera from defined serotypes, implying that all serotypes derive from a common serotype 01
ancestor. BLAST searches based on ORFs from the LPS O1-antigen cluster revealed this
phenomenon in all 86 genome assemblies studied here, with the exception of NVI-3736 in the YRB
lineage. The O1-antigen cluster in this isolate appears to be intact but does not result in a visible
reaction with O1-specific antisera. With the sole exception of NVI-3736, these finding are in
agreement with a previous study that reported PCR targeting this region as being positive
exclusively for serotype 01 strains (Welch & LaPatra 2015). The serotype 01 LPS-antigen cluster
contains genes essential for synthesis of nonulosonic acid, a sialic acid component of the O-
polysaccharide repeat of 01 Y. ruckeri (Welch & LaPatra 2015). Sialic acid-containing LPS is

associated with host mimicry and evasion of the innate immune response in vertebrate hosts
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(Severi, Hood & Thomas 2007), and its presence may thus explain the dominance of serotype 01
amongst highly virulent strains. Additionally, serotype 01 LPS has been shown to be critically
important for resistance to serum Kkilling in rainbow trout (Welch 2020) and this specific 01

antigen structure may possibly confer serum resistance.

The Yst1 type II (T2SS) and Ysa type III (T3SS) secretion systems are situated between core genes
mutS and fumA (Liu et al. 2016). This locus may contain accessory transposons, and is partially or
completely lost in several sub-lineages (Fig 3). With the exception of CC10, all serotype 01
sequences have a putative biofilm adhesin polymer cluster associated with this locus, similar to
pgaABCD in E. coli which synthesizes and exports biofilm-enhancing linear homopolymers (Wang et
al. 2014). Several non-01 sequences alternatively display a putative O-antigen modification cluster
at this site. BLAST searches against the complete dataset of all 86 assemblies link this O-antigen
cluster with serotype 02, suggesting that gain of this O-antigen cluster along with loss of the 01-
antigen cluster may be required for the 02 serotype. Another putative O-antigen cluster of similar
size and genetic composition is located some 300 Kbp downstream (between ushA and copA) and
also linked to the 02 serotype, but occurs also in serotypes 04 and 06. The pattern of distribution of
these accessory features between serotype 02 strains and the distantly related strain YRB, is a
strong indication of horizontal gene transfer involving fairly large genomic segments. Other
putative O-antigen modification clusters are notably also present at various locations within the
accessory genome and may be involved in producing other serotypes and/or subtypes of serotype

01, as described in some serotyping schemes (Romalde et al. 1993).

Another highly variable region may contain toxin complex (Tc) genes and a fimbria cluster, and in
most strains various cryptic and prophage-related elements. These cryptic genes are similar in
putative function but highly variable in sequence between strains and comprise ~10% of the
accessory genome. Yet another highly variable region is found upstream of a putative large
exoprotein (WP_045844312), which resembles a contact-dependent growth inhibition operon, and
contains accessory O-antigen modification genes and oxidase enzymes in CC1 and some other
serotype O1 strains. This region may also contain transposons carrying a putative peptidase or

hypothetical genes.

DEAD-box helicases and restriction systems are common Tn payloads in Y. ruckeri (Barnes et al.
2016). Most strains have acquired several accessory restriction systems, and at least one DEAD-box
helicase in addition to that present in the core genome. Restriction systems are also common within

prophages and cryptic phage-like elements. While prophages make up a substantial portion of the



191
192
193

194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215

216
217
218
219
220
221
222
223

accessory genome, no known virulence-related prophages were identified, nor does the presence of
any prophage seem to align with the virulence trait. The T6SS-like anti-feeding prophage (AFP),

which has been previously related to virulence (Jank et al. 2015), is present in all assemblies.

The presence/absence of genes involved in sorbitol-utilization (Sorbitol-specific membrane
transport and utilization, gut/srl; Barnes et al. 2016) and sodium dodecyl sulfate (SDS) degradation
(yraS$ alkyl sulphatase, WP_080717331) varies between lineages and correlates with the
phenotypes of CC1 (negative for both traits), CC2 (degrades SDS) and CC3 (utilizes sorbitol).
Sorbitol utilization has previously been considered a trait specific to serotype 02 (O'Leary et al.
1982; Cipriano & Pyle 1985), although rare instances of sorbitol-fermenting serotype 01 strains
have been reported (Stevenson & Airdrie 1984; Rintamaki et al. 1986). In our dataset, the sorbitol
utilization genes are present in most isolates that display deletion of the LPS O1-antigen cluster, i.e.
non-01 serotypes, but they are also present throughout lineage B2 which include several serotype
01 isolates (Fig 1). The ability to degrade SDS has been previously associated with virulence, as a
‘heat-sensitive factor’ (Furones et al 1990; Furones, Gilpin & Munn 1992), but this has since been
refuted (Navais et al. 2014). Here, we find the presence of the alkyl sulphatase involved in primary
degradation of SDS to correlate well with core-gene based phylogeny, but not with virulence or
serotype. Disruption of lacZ was identified in isolates NVI-4840 (lineage B1) and NVI-8270 (lineage
B2) due to insertion of, respectively, a transposase and transposase-related sequence. These
isolates were found to be ortho-nitrophenyl-B-galactoside (ONPG) negative (API2Z0E, not shown).
ONPG negative Y. ruckeri strains have, to our knowledge, only been reported once previously
(Stevenson & Daly 1982). The scarcity of reports of ONPG-negativity, and the sorbitol-fermenting
serotype 01 phenotype, suggests that strains belonging to lineage B have been poorly represented
in previous studies. Genes absent in the YRB lineage include the lac repressor, the formate
hydrogenlyase cluster, and genes involved in L-ascorbate metabolism, although impact on

phenotype is not known.

Of the wide variety of pilin/fimbriae gene clusters found both chromosomally- and in plasmids,
many of which probably overlap in function, four were considered to be of particular interest. One
(A) is present in 8 of the 16 complete genome sequences, but its presence does not correlate well
with phylogeny or virulence. Another (B), located within the core-genome flagellar region, was
reported by Barnes et al. (2016) to be exclusively missing in ‘serotype O1 strains from the USA’ i.e.
CC2. Here, we found these genes also absent in CC7, and lineages B and YRB. Some adjacent
hypothetical proteins, including a predicted outer membrane LPS/capsule polymerase, have nearly

identical distributions, but are also present in CC2. The third (C) fimbria cluster is associated with
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the Tc cluster, while the fourth (D) is present in all complete sequences, albeit with a duplicated

pilin subunit gene in CC1.

A large putative ICE containing a conjugative plasmid-like (Tra) type IV secretion system (T4SS) is
present in SC09 and in the putatively avirulent NVI-11076 (CC7). Another ICE, although with a
virB/virD4-type T4SS, was found to be present in CC1 and CC2, as well as in strains SC09 and NVI-
11076. This virB/virD4 ICE has been implicated in virulence previously (Liu et al. 2020).

Four accessory inverse-autotransporter invasin-like genes (IAT-invasins) were identified, some of
which have been previously linked to Y. ruckeri virulence (Wrobel et al. 2018a; Wrobel et al. 2020).
Of these four, individual strains carry up to two different IAT-invasins, situated in transposons or

(apparently) seamlessly integrated into the genome at various genomic locations.
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Fig 2: Maximum likelihood core-gene phylogenetic tree (bottom left) and circular representation of genomic
comparisons generated with the BLAST Ring Image Generator (BRIG) from complete Y. ruckeri genome
assemblies. Plasmid sequences were removed from the data prior to analysis. Lineages and MLVA clonal

complexes (CC) are indicated on the phylogenetic tree tree branches, with strains regarded as virulent
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labelled as such. The branch length of YRB is truncated (see Fig S1). Coloured rings represent genomic
sequences used as BLAST queries, corresponding to the colour labelling on tree nodes. Ordering top-bottom
on the tree and inner-outter on the circular representation is identical (virulent strains in innermost rings).
Solid colour in each respective ring represents >95% nucleotide identity to the pan-genome reference. Cut-off
identity for BLAST was 85%. The innermost ring (black line with nucleotide distances indicated) represents
the pan-genome reference sequence, consisting of the chromosome of strain NVI-10705 for the first
3,818,566 bp, followed by additional Y. ruckeri chromosomal sequences with each segment separated by a
800 bp artificial gap with black fill, and ordered by commonality or general association. Prominent features
within the NVI-10705 chromosome are labelled by black fill on the outermost ring (grey). Annular graphs
towards the centre represent GC percent (black) and GC skew (purple and green). All chromosomal
sequences from additional complete genomes belonging to CC1 (see Table 1) are represented, and vary from
NVI-10705 only in prophage-related sequences (not shown) and plasmids (Table 1). Hemagglutinin repeat-
containing protein is present in all sequences (n = 86) but divergent in YRB (82% nucleotide identity).
Abbreviations used: Restriction system (RS), toxin-antitoxin (TAT), insertion sequence (IS), transposon (Tn),
integrative and conjugative elements (ICE), Toxin Complex (Tc), inverse autotransporter (IAT), no reaction

(NR), DEAD-box helicase (DEAD), Anti-feeding prophage (AFP).

Accessory virulence-associated determinants

In addition to accessory features identified during pan-genome analyses involving complete
assemblies, the full dataset of 86 genomes was screened for the presence of several specific
virulence factors described previously (Table 2). Many of these were found to be ubiquitous, also
within the YRB outgroup, and are thus unlikely responsible for the observed variation in virulence
between strains.

Table 2: Distribution of verified and putative virulence factors previously described or discovered
here, across the 86 genome assemblies (BLASTn).

Name Classification Reference Distribution
yrpl Protease Secades & Guijarro, 1999 Core
yrpAB Peptidase Navais et al. 2014 Core
yhIBA Hemolysin Fernandez et al. 2007 Core
Yst2 Type Il secretion system Liuetal. 2016 Core
Anti-feeding prophage Type VI-like secretion system Janketal. 2015 Core
Ruckerbactin Siderophore iron acquisition Fernandez et al. 2004 Core
cdsAB L-cysteine acquisition Méndez et al. 2010 Core
znuABC Zinc acquisition Dahiya & Stevenson 2010a Core
barA-uvrY Response regulator Dahiya & Stevenson 2010b Core
ompF Outer membrane protein Wang et al. 2018 Core
filamentous hemagglutinin Outer membrane protein Ormsby et al. 2019 Core
Ystl Type Il secretion system Liuetal. 2016 Shell
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Ysa Type III secretion system Gunasena, Komrower & Macintyre 2004 Shell
yrlim IAT-invasin Wrobel et al. 2018a Shell
yrinv IAT-invasin Wrobel et al. 2018a Shell
Unnamed invasin IAT-invasin this paper Shell
yraS HSF/SDS Furones et al. 1990 Shell
Biofilm polymer cluster Putative secreted polymer this paper Shell
Tc Toxin complex Barnes etal. 2016 Shell
VirB/VirD4 Type IV secretion system Liu etal. 2020 Shell
Novel invasin IAT-invasin this paper Cloud
STIR, tcpA Putative secreted proteins Liu etal. 2020 Cloud

Core indicates presence in 100%, shell in 15-95%, and cloud in less than 15% of genome assemblies (n=86).
Some features relevant for virulence for which no particular gene or system have been attributed, e.g.
phospholipase activity and various pilin/fimbriae clusters, were not screened. Plasmids are not shown. The
biotype 2 trait which has a casual association with virulence is caused by non-synonymous SNPs or small
indels (Welch et al. 2011) and thus outside the scope of this study. Rare deletions in Yst2, the tight adherence
operon and iron acquisition have been described previously (Barnes et al. 2016) but were not observed

amongst the sequences studied here.

Plasmids

Human-pathogenic Yersinia spp. are well known for plasmid-borne virulence (Cornelis et al. 1998),
and the possibility of plasmid-mediated virulence in Y. ruckeri has been frequently discussed (De
Grandis & Stevenson 1982; Stave, Cook & Roberson 1987; Guilvout et al. 1988; Garcia et al. 1998;
Méndez et al. 2009; Wrobel et al. 2018b). A wide variety of plasmids were identified amongst the
complete genome sequences studied here, ranging from small ~5 Kbp cryptic mobilizable plasmids,
to large conjugative plasmids of up to ~120 Kbp carrying complete conjugative T4SS (Tra). While
plasmids were identified in most sub-lineages/CCs considered virulent, they seem less common in
the putatively avirulent ones, with several isolates displaying complete absence (Table 1).
Additional plasmids not shown here notably exist amongst the non-complete genome assemblies.
BLAST searches in all 86 genomes for plasmids identified within complete assemblies (BLASTn,
replication protein) revealed them to be strictly sub-lineage/CC-specific with two exceptions, i.e.
the small mobilizable cryptic plasmid pYR5 present in both CC1 and CC10, and the large conjugative
plasmids pYR3 and pYR4, present in CC2 and CC1 respectively. Plasmids pYR3 and pYR4 may be
considered as variants of the same plasmid as they share the same replicative and conjugative
plasmid backbone (Wrobel et al. 2018b). A large pilin cluster and the conjugative T4SS present on
pYR3 and pYR4 have been previously implicated in virulence (Méndez et al. 2009; Wrobel et al.
2018b), which is further supported here by their unique presence in the highly virulent CC1 and

CC2. The variety of plasmids identified amongst virulent strains, and the complete absence of
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plasmids in CC5 (also virulent), strongly indicates that no specific plasmid or the presence of
plasmids in general are essential for virulence in salmonid fish. The omnipresence of pYR3/pYR4
across the highly virulent and successful CC1 and CC2 does however indicate some competitive

advantage for this plasmid relating to virulence or survival in aquaculture environments.

The toxin complex locus

Insecticidal Toxin Complexes, or simply Toxin Complexes (Tc), are high-molecular weight secreted
protein complexes known to provide insecticidal properties (Pinheiro & Ellar 2007), with activity
against mammalian cells demonstrated for the Tc gene products of Y. enterocolitica and Y. pestis
(Tennant et al. 2005; Hares et al. 2008). Although the presence of Tc genes in Y. ruckeri has been
mentioned previously (Barnes et al. 2016; Cascales et al. 2017), no study has investigated them
specifically. We found the presence of the Tc gene cluster, consisting of A, B and C toxin components
TcA (WP_162486770), TcdB (WP_234049470) and RhsA (WP_096823580), to align well with
pathogenicity towards Atlantic salmon (CC1, CC3 and CC10 in Norway, and CC5 in Australia). These
genes are, however, absent in the rainbow trout-associated CC2, which notably constitutes the most
studied Y. ruckeri sub-lineage to date, and this may be the reason for Y. ruckeri not being included in
studies of Yersinia Tc genes (Fuchs et al. 2008; Springer et al. 2018). The Tc cluster has an identical
distribution as fimbria cluster C located immediately upstream. A role in virulence or host-
specificity for the Tc genes and/or this associated fimbria cluster seems likely given the distribution
of these genes. They cannot be crucial components for Y. ruckeri virulence in general, however,

given their absence in the highly virulent and globally prominent CC2.

The Yts1-Ysa locus

The Yts1 T2SS and Ysa T3SS of Y. ruckeri correspond to the Yts1 and Ysa of Y. enterocolitica
(BLAST), located within the 199 kb ‘plasticity zone’ of enteropathogenic biotype 1B strains
(Thomson et al. 2006). While some evidence suggests a role in survival within host macrophages
(Bent et al. 2015), the exact role during infection of these secretion systems is not well understood.
Both systems are nonetheless required for full virulence of Y. enterocolitica in mammalian hosts
following per-oral administration (Haller et al. 2000; Iwobi et al. 2003; Venecia & Young 2005). The
Yst1-Ysal locus is present throughout the deepest branching Y. ruckeri lineages, indicating its
presence in the founding lineage, although it appears to be lost in several sub-lineages within
lineage B which exclusively contain putatively avirulent strains. The phylogenetic placement of
strains that have suffered deletions in the Yst1-Ysal locus suggests several independent deletion

events, as does the variation in genes deleted (Fig 3). While the Ysa T3SS is largely conserved in
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virulent strains, all investigated isolates of the virulent CC10 display a large deletion that includes
the phosphorelay system, operator region, and a range of essential injectosome proteins, indicating
that Ysa is not essential for virulence in Atlantic salmon. The loss of the Yts1 T2SS is, on the other
hand, seemingly exclusive to certain putatively avirulent sub-lineages/CCs and may thus be
required for virulence. However, the broad presence of both intact Ysa and Yts1 in several other
putatively avirulent strains does not implicate these systems in playing a major role in enabling

virulence.
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& Core genome CDS
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Fig 3: Genetic organization of the Ysa-Yts1 locus, between mutS and fumA in the Y. ruckeri core genome. Each
gene is colored according to association with a system or other specific role as indicated by the panel on the
left. Nomenclature for Ysa (ysa) and Yst1 (gsp) is according to Venecia and Young (2005) and Iwobi et al.
(2003). The putative O-antigen cluster consists of protein sequences (green) WP_045844464-67 and
WP_042527525. Genotypes, labelled A to H, represent the following sequences: (A) NVI-10705 and typical
configuration of serotype 01 sequences that possess intact Ysa and Yst1; (B) NVI-9681 and typical
configuration of serotype 02 with a O-antigen cluster in green; (C) SC09; (D) NVI-492 with partial Ysa
deletion characteristic of CC10; (E) NVI-11073 with Ysa deletion; (F) NVI-5635 with partial Ysa and Yst1
deletion and a putative ICE inserted between mutS and the partial Ysa; (G) NVI-4479 with complete deletion
of Ysa and Yst1; (H) NVI-11065 with complete deletion of Ysa and Yst1 including DUF 1996. The dotted line

indicates a contig split (incomplete genome sequence).

Chromosomal type IV secretion system

T4SSs are capable of transmitting DNA and proteins to neighboring cells through a conjugative
pilus and are essential components of conjugative plasmids and ICE, although specialized variants
adapted for natural competence or virulence exist, and T4SS are key virulence factors in a number

of bacterial species (Zhu et al., 2000; Cascales & Christie 2003; Voth, Broederdorf, & Graham 2012).
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The virB/virD4-type T4SS ICE present in CC1, CC2 and strains SC09 and NVI-11076, have been
linked to virulence in Y. ruckeri strain SC09 by a recent series of publications. These studies focused
on a set of effector genes located immediately downstream of the core ICE components, the
products of which are presumably secreted into host cells by the ICE T4SS or a different secretion
system during infection (Liu et al. 2019; Liu et al. 2020). The downstream genes mobilized by the
ICE are however quite variable between strains (Liu et al. 2020), and in other Y. ruckeri
strains/lineages generally have functions associated with DNA-repair and recombination (Fig 4).
While the effector genes are present exclusively in strain SC09 (Table 2), the presence of this
virB/virD4-type T4SS ICE in the highly virulent CC1 and CC2, while uncommon in Y. ruckeri
otherwise, may indicate some role in virulence. Besides secretion of effectors, some specialized
T4SS contribute to virulence by the T4SS pilus conferring attachment to host cells (Vayssier-
Taussat et al. 2010), and even non-pilus T4SS surface structures may grant cell-to-cell adhesive
capabilities (Gonzalez-Rivera et al. 2019). As such, while this locus cannot be essential for virulence

in salmonids, a potential role in Y. ruckeri virulence should not be ruled out.

Regulatory eex mobC
Integrase | Helicase DUF 2 34 5§ |6 8 91011 virD4 | ardC 1S3 sbcC  comEC

1S3 rad30

. ICE constant (virB)

\ . IS element

IS3  rad50 [ ICE variable, CC1
D ! [ ICE variable, SC09 (stir)
\ ‘ D ICE variable, CC2

Fig 4: Genetic organization of the accessory VirB/VirD4 ICE and associated genes. Genes are coloured

according to function or association with each variant. Genes indicated by number represent virB2 - virB11.
virB3 and virB4 are fused. Genotypes A to D represent the following sequences: (A) NVI-10705 and typical
configuration in CC1 isolates with downstream genes exclusive to CC1; (B) SC09 with downstream genes
exclusive to this strain; (C) CFS007-82 with typical configuration of CC2 isolates; (D) NVI-11076 (CC7) with

some of the downstream genes present in CC2.
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Inverse autotransporter invasins

The inverse autotransporter (IAT) protein family, also known as type Ve-secreted proteins, are
characterized by an N-terminal $-barrel domain embedded in the outer membrane of Gram-
negative bacteria. This structure functions both as an anchor and facilitator for secretion of the C-
terminal domain of the same protein, which becomes exposed on the surface of the cell (Tsai et al.
2010). These proteins are often referred to as adhesins or invasins as they have been shown to
facilitate adhesion to and invasion of host cells or tissues (Tsai et al. 2010; Leo et al. 2015; Sadana et
al. 2017). Two IAT-invasins in Y. ruckeri have been studied in detail recently in a series of papers
that describe yrilm and yrinv and their contribution to biofilm formation and virulence (Wrobel et
al. 2018a; Wrobel et al. 2020). In our dataset, we identified four IAT-invasins, all consisting of an N-
terminal inverse-autotransporter domain, an array of bacterial immunoglobulin-like domains

(BIG), and a C-terminal lectin-like domain.

yrilm contains up to 22 nearly identical BIG-domains, is situated between the virulence factors yhiA
hemolysin and AFP (Wrobel et al. 2018a), within a composite transposon flanked by 1S256
transposase direct repeats (Fig 5a). Strikingly, the distribution of yrlim seems to correlate fully with
virulence, being present in all sub-lineages well documented as causing yersiniosis in fish, while
being absent from all those considered avirulent (Fig 1). Its presence in the virulent Australian CC5
(Atlantic salmon), and absence in CC7 and CC9, may explain the observed difference in virulence

between these relatively closely related sub-lineages.

The paralogous and notably shorter yrinv is also present in many virulent strains, although
occurring throughout lineage B2 while absent in the virulent CC5, and can therefore not be
considered essential for, or an enabler of, virulence. Furthermore, an IAT-invasin (WP_042527435)
gene is widespread amongst Yersinia species at >60% AA identity, identical protein domain-
organization and chromosomal location (between aroP and ampE), to our knowledge previously
undescribed, is present in Y. ruckeri lineages B2 and YRB and thus appears to be negatively
correlated with pathogenicity in salmonids. Finally, a novel IAT-invasin [accession pending]
represents a paralogue of yrinv and yrilm, with size and protein domain-organization similar to
yrinv, although found exclusively in two nearly identical isolates within lineage B (NVI-4479, NVI-

4493) and is thus not of significance for Y. ruckeri virulence.
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Fig 5: Genetic organization of the yrllm locus, between yhl4 and AFP18 in the Y. ruckeri core genome and
maximum likelihood core gene phylogeny of complete CC1 genomes indicating year of isolation, yrlim copy
number and variant (bottom right). The complete sequence of strain NVH-3758 (CP023184; not included in
this tree), isolated in Norway in 1987, contains a single copy of yrilm (Wrobel et al. 2018a). Locus variants,
labelled A to K, represent the following complete genomes: (A) NVI-6614 and NVI-10571 (CC1); (B) most
modern CC1; (C) CFS007-82 (CC2); (D) KMM821 (CC2); (E) NVI-701 (CC1) and NVI-9681 (CC3); (F) NVI-1176
and NVI-1292 (CC1), and QMA0440 (CC5); (G) BigCreek74; (H) NVI-492 (CC10); (I) SC09; (J) empty site with
partial IS256 in lineage B2; (K) empty site with no IS256 in lineages B1 and YRB, and MLVA clonal complexes
CC7 and CCO.

yrllm gene amplification

Gene amplification involving complex transposons is a mechanism utilized by bacteria to rapidly
increase expression levels of a beneficial protein under extreme selection pressure, and it is often
associated with increased antibiotic resistance following amplification of resistance cassettes
(Sandegren & Andersson 2009). Amplification of yrllm is present in both of the complete genome
sequences for CC2 (Fig 5). The temporal (1982/2000) and spatial (USA/Russia) separation of these
strains indicates that yr/Im duplication may be a characteristic feature of CC2. In contrast, early
isolates (late 1980s) of the exclusively Norwegian CC1, contain only a single yriim copy, whereas all
later isolates are found to harbour two or three copies, suggesting gradual gene amplification over

the last few decades. (Fig 5b).
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Not only does amplification of yrlim likely increase expression levels, the additional allele displays
differing numbers of BIG-repeats, likely affecting the length of the protein extending from the cell
surface which may in turn affect adherence to host cells or other surfaces. However, as most
available Y. ruckeri genome sequences are based on short read sequencing technologies that are
inherently unsuitable for accurately sequencing such complex repeat structures, amplification of

yrllm may be more widespread than revealed here.

While the presence of flanking direct repeats may facilitate amplification, these also make the
element prone to loss by homologous recombination in the absence of a positive selection pressure
(Sandegren & Andersson 2009). Loss of yrlim by homologous recombination seems to have
occurred in some lineages in which a sequence corresponding to a single partial IS256 remains at
this locus (Fig 5). The complete absence of [S256 sequence in lineages B1 and YRB, as well as in CC7
and CC9, indicates loss by a different mechanism, or that the element was never present in these

lineages.

Conclusions

A relatively small number of highly virulent strains of Y. ruckeri are capable of causing serious
disease outbreaks in salmonid aquaculture. Our findings point to the presence of a single gene, the
[AT-invasin yrilm, as the likely main contributor to virulence in Atlantic salmon and rainbow trout
pathogenic strains, as this gene is present in all virulent sub-lineages and is amplified in the highly
virulent CC1 and CC2. Amplification of yrlIm may contribute towards explaining the increasing
impact of yersiniosis in Norwegian aquaculture from the mid-2000s and onwards (Gulla et al. 2018;
Gulla & Olsen 2020). In virulent strains of non-01 serotypes, where yrilm is present, the lack of
serotype O1 LPS may be responsible for the oft-cited lower virulence of such strains. While a
multitude of other virulence-associated accessory features are also present in the pan-genome,
some are more common in virulent lineages and likely provide some general or host-specific
benefits. However, they seem to be less critical as they are generally not omnipresent amongst
virulent strains. Further analysis is needed to verify the role of Yrllm and the importance of yrilm
copy number in virulence. In addition, further work is needed to define the role of the other
accessory genetic determinants that may or may not contribute to variance in virulence and host

specialization.
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Materials and Methods

Strains & culture

Detailed information on the Y. ruckeri isolates sequenced is provided in Table S1. Isolates were
cultured at 22°C on 5% bovine blood agar (BA) or in tryptic soy broth (TSB). Sorbitol and ONPG
phenotypes were assessed with API20e (BioMérieux, Marcy-1'Etoile, France) according to the
manufacturers recommendations, although incubated at 22°C for 48 hours. SDS phenotype was
assessed on TSA agar plates with 1% SDS prepared according to Furones, Gilpin & Munn (1992),
with colonies surrounded by crystalline deposits after 48h incubation at 22°C interpreted as a
positive result. MLVA typing was performed according to Gulla, Mohammad & Colquhoun (2019) or
data derived from previous work (Gulla et al. 2018; Riborg et al. 2022a). Serotypes were derived
from previously published data or typed using in-house polyclonal rabbit antisera for Yersinia

ruckeri 01, 02 and 05 with the slide agglutination technique.

Preperation of sequencing templates

For Illumina sequencing, DNA templates were extracted from pure cultures on BA with the QlAamp
DNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s recommendations for
Gram-negative bacteria. For nanopore sequencing, DNA templates were extracted from overnight
culture in TSB with the Gentra Puregene Yeast/Bact. Kit (Qiagen) following the manufacturer’s
descriptions for Gram-negative bacteria. DNA templates were assessed for purity with a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), quantified by Qubit dsDNA
HS Assay Kit on a Qubit 4 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA), and checked

for integrity by agarose gel electrophoresis.

Whole genome sequencing

Genome assemblies were downloaded from the National Center for Biotechnology Information
(NCBI), derived from previous work (Riborg et al. 2022a), or generated from 300bp paired end
sequencing libraries prepared with NexteraFlex (Illumina, San Diego, CA, USA) and sequenced with
the MiSeq platform (Illumina). Trimmomatic v0.38 (Bolger, Lohse & Usadel, 2014) was used for
trimming adapter sequences, cropping low-quality nucleotides from raw reads and filtering out raw
reads prior to de novo assembly with SPAdes v3.13.0 or v3.9.0 (Bankevich et al. 2012) using the ‘--
careful’ option and otherwise default settings, or with Unicycler v0.4.8 (Wick et al. 2017) with

default settings (‘normal’ mode) (see S1 Table).
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Phylogenetic analysis

Annotation generated and downloaded genome assemblies was performed with Prokka v1.13
(Seemann, 2014) with default settings. Core-gene alignments were generated using Roary v3.12.0
(Page et al. 2015) with the MAFFT aligner, using a 95% identity cut-off, with a core definition of
presence in 100% of isolates (option ‘-e --mafft -i 95 -cd 100’), and concatenated using snp-sites
v2.4.1 (Page et al. 2016). Maximum likelihood trees were generated with MEGA v10.2 (Kumar et al.
2018), bootstrap re-sampling (200 replicates) was used to assess branch support . Trees were
visualized with MEGA (Figs 2, 5b and S1), or in R (R Core Team, 2012) with the ggtree package (Yu
etal. 2017) (Fig 1).

Generation of complete genome assemblies

For generation of complete genome assemblies, to complement the already/publicly available
complete assemblies, strains were selected based on core-gene phylogeny to cover the majority of
relevant Y. ruckeri strains/lineages. Sequencing libraries for each strain selected for nanopore
sequencing were prepared from 500 ng of genomic DNA with the Oxford Nanopore ligation
sequencing kit (SQK-LSK109, Oxford Nanopore Technologies (ONT), Oxford, UK), following the
protocol for Flongle as described by the manufacturer, with no fragmentation performed. External
reagents used were the NEBNext Ultra Il end repair/dA-tailing module (New England Biolabs,
catalog #E7546) and AMPure XP paramagnetic beads (Beckman Coulter Life Sciences, CA, USA,
catalog #A63880). Sequencing libraries were loaded onto Flongle flow cells (FLO-MIN106, ONT)
and sequenced for 24 h with a MinlON sequencer (ONT). Base calling was performed with Guppy
v4.0.15 (ONT). Base called reads were filtered NanoFilt v2.7.1 (De Coster et al 2018) by quality (‘-q
8’) and length (8Kbp, ‘-1 8000’). To ease hybrid assembly, base called reads were filtered by
increasing length until an uncompressed file size of approximately 500MB was obtained. Hybrid
assemblies were produced with Unicycler with default settings by supplying trimmed Illumina

reads and base called, filtered nanopore reads for each strain.

To assess assembly quality of the highly repetitive yriim-region (between yhlA and AFP18 in the
core genome), the region was, for the hybrid assemblies, aligned with nanopore-only assemblies
produced with Flye version 2.9 (Kolmogorov et al. 2019; genome size set to 4Mbp and otherwise
default options), as well as with five individual base called filtered nanopore reads spanning the
entire yrlim-region. In cases where Unicycler was in agreement with all individual nanopore reads,
the Unicycler assembly was accepted. Otherwise, if the Flye assembly was in agreement with all

individual nanopore reads, the Flye assembly was polished by mapping [llumina reads with
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Bowtie2 v2.3.4 (Langmead & Salzberg 2012) and the consensus of mapped reads was extracted
with sam2consensus v2 (developed by Edgardo M. Ortiz & Deise ]. P. Gongalves). The consensus
was then used as a template to manually edit the Unicycler-produced hybrid assembly to account
for missing repeats (mapped consensus sequence added) or excessive repeats (sequence deleted).
Individual nanopore reads successfully aligning to both yhlA and AFP18 were always in agreement
with each other in terms of the presence and number of duplicated yr/lm and internal 300bp BIG-

domain repeats.

Secondary circular contigs were identified as plasmids by BLAST and/or identification of a plasmid
replication protein. Plasmids were removed from assemblies prior to complete pan-genome

analyses.

Pan-genome analysis

The complete genome of strain NVI-10705 (CC1) was selected as the base for building the pan-
genome. Each additional genome was utilized as a reference sequence with the current pan-genome
aligned as a query with BLAST Ring Image Generator (BRIG) v0.95 (Alikhan et al. 2011), using the
option ‘perc_identity 85’ and otherwise default BLAST settings. Genetic features not already present
in the pan-genome were characterized according to annotation (Prokka annotations and
annotations of the assemblies downloaded from NCBI) or BLASTp, or by genetic context (i.e. new
hypothetical genes that were intermixed with prophage genes were characterized as ‘prophage-

related’) and added to the pan-genome.

In silico screening analysis

All genomes were assayed for novel and previously described putative virulence factors (including
serotype- and metabolism-related) by BLASTn. Genes found to be split between different contigs in
the Illumina-only sequences (e.g. yrllm) were assayed using a truncated version as a query. For
gene clusters (e.g. Tc genes and putative O-antigen clusters) and larger systems (e.g. secretion
systems and 01-LPS), nucleotide sequences of three genes evenly spaced throughout the cluster
were used as queries. In cases where these three searches did not agree (e.g. for Ysa and Yst1 in
some instances), sequences were assessed individually by manual inspection to obtain

presence/absence data for Fig 1.

Genetic maps (Figs 3, 4, 5) were visualized with DNAplotlib v1.0 (Der et al. 2017) based on

annotated sequence data. BIG-domains in IAT-invasins were identified by BLASTp.
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Fig S1: Core gene phylogeny, radial-style ML trees. The left tree is a subtree with lineage YRB

excluded, with the attachment point of the YRB branch indicated by blue arrow. The right tree is the

complete tree. See Fig 1 for bootstrap details and relevant metadata for each sequence.
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552
553  Fig S2: Summary statistics from Roary output respectively for complete genome assemblies only

554  (top) and all assemblies (bottom), with (left) and without (right) YRB lineage genomes. The core

555  gene alignment from ‘All assemblies (n=86)" was used to generate the trees in Fig 1 and Fig S1.
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