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ABSTRACT

Keywords: Flavobacterium; matrix-assisted laser-desorption/ionisation time-of-
flight mass spectrometry (MALDI-TOF MS); whole-genome sequencing (WGS);

pathology; antimicrobial susceptibility; water quality.

This research aimed to investigate the biodiversity of Flavobacterium species and
the aetiology of flavobacterial diseases in Slovene farmed rainbow trout
(Oncorhynchus mykiss) throughout all seasons, assess the impact of infection on
fish health by qualitative and semiquantitative evaluation of gross and
histopathological lesions, determine antimicrobial susceptibility of flavobacteria
using the standardised broth microdilution method and evaluate associations
between water temperature, pH, dissolved oxygen, and flavobacterial infections. A
total of 540 rainbow trout were sampled, namely longitudinally across all seasons
in two farms and in two additional farms following mortality reports. We confirmed
the presence of two known pathogens, Flavobacterium psychrophilum and
Flavobacterium branchiophilum, in 23.7% and 2.04% of fish, respectively, and
described associated pathological lesions. Our results also show that F. hercynium
and F. hydatis can cause pathological lesions in fish. Numerous other lesser-
known flavobacteria and 41 putative new species were identified, although their
pathogenic potential remains to be clarified. Antimicrobial susceptibility testing
revealed that Flavobacterium species were predominantly multidrug-resistant.
F. psychrophilum showed high non-wild-type frequencies for oxytetracycline and
quinolones and high minimum inhibitory concentrations (MICs) for ceftazidime and
trimethoprim/sulfamethoxazole. However, all isolates were wild type for florfenicol.
Lesser-known species exhibited high MICs across at least three antimicrobial
classes, and some for all 10 antimicrobials tested. Adjustment of the standardised
method for F. psychrophilum enabled successful testing of F. branchiophilum and
other fastidious flavobacteria. F. psychrophilum infections were associated
significantly with elevated water pH at the inlet and winter season. In contrast,
F. branchiophilum infections correlated with increased water temperatures,

decreased dissolved oxygen at the outlet, and the summer season. This research
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contributes to a better understanding of flavobacterial infections in Slovene
aquaculture, enables informed strategies for disease treatment and control, and
provides a foundation for future studies on flavobacterial biodiversity and their

impact on fish health.
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IZVLECEK

Kljune besede: Flavobacterium; masna spektrometrija, ionizacija v matriksu z
lasersko desorpcijo — C¢as preleta ionov (MALDI-TOF MS); sekvenciranje
celotnega genoma (WGS); patologija; obcutljivost za protimikrobna zdravila;

kakovost vode.

Namen raziskave je bil preuciti biodiverziteto bakterij iz rodu Flavobacterium in
etiologijo flavobakterijskih bolezni pri gojeni Sarenki (Oncorhynchus mykiss) v
Sloveniji v vseh letnih Casih, raziskati vpliv okuzbe na zdravje rib s kvalitativno in
semikvantitativno oceno patoanatomskih in histopatoloSkih sprememb, dolociti
obcutljivost flavobakterij za protimikrobna zdravila z uporabo standardizirane
mikrodilucijske metode ter analizirati korelacije med temperaturo vode, pH in
vsebnostjo raztoplienega kisika ter flavobakterijskimi okuZbami. Skupno smo
vzorCili 540 Sarenk, in sicer v dveh ribogojnicah v okviru longitudinalnega
vzor€enja v vseh letnih Casih ter v dveh drugih ribogojnicah po prijavi poviSanega
pogina. V raziskavi smo ugotovili prisotnost znanih patogenov Flavobacterium
psychrophilum in Flavobacterium branchiophilum pri 23,7 % oziroma 2,04 % rib ter
opisali z okuZzbo povezane patoloSke spremembe. Poleg tega rezultati nakazujejo,
da lahko vrsti F. hercynium in F. hydatis povzroCata patoloSke spremembe pri
ribah. Ugotovili smo tudi Stevilne druge manj znane flavobakterije in identificirali 41
potencialno novih vrst, vendar njihova patogenost Se ni pojasnjena. Testiranje
protimikrobne obcutljivosti (AST) je pokazalo, da so bakterije rodu Flavobacterium
veCinoma multirezistentne. Visok delez izolatov F. psychrophilum je bil zunaj
obmoc¢ja divjega tipa za oksitetraciklin in kinolone; poleg tega so izolati imeli
visoke minimalne inhibitorne koncentracije @ (MIC) za ceftazidim in
trimetoprim/sulfametoksazol. Vsi izolati so bili diviega tipa za florfenikol. Manj
znane vrste flavobakterij so imele visoke MIC za vsaj tri skupine protimikrobnih
zdravil, nekatere pa za vseh deset testiranih ucinkovin. Prilagoditev
standardizirane metode za F. psychrophilum je omogocila uspeSno AST
F. branchiophilum in drugih za gojenje zahtevnih flavobakterij. Okuzbe s
F. psychrophilum so bile statisticno znacilno povezane s poviSanim pH vode na

dotoku bazena ter zimskim obdobjem. Nasprotno pa so bile okuzbe s
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F. branchiophilum povezane s poviSanimi temperaturami vode, znizanjem
raztopljenega kisika na iztoku bazena ter poletnim obdobjem. Raziskava prispeva
k boljSemu razumevanju flavobakterijskih okuzb v slovenskem ribogojstvu,
omogoca oblikovanje premisljenih strategij za zdravljenje in obvladovanje bolezni
ter predstavlja osnovo za nadaljnje raziskave biodiverzitete flavobakterij in

njihovega vpliva na zdravije rib.
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ulceration and thin arrow its margin) next to the dorsal fin with Zenker’s
degeneration of the underlying skeletal muscle tissue (star) as well as mild to
moderate macrophage and neutrophil infiltration in the affected area and
surrounding tissues (X) (100x magnification); B) numerous filamentous
F. psychrophilum bacteria (star) adhering to and surrounding the caudal vertebra
(X), which is exposed due to severe peduncle ulceration and necrosis (400x%
magnification); C) severe necrosis of the gill filament tip with exposed cartilage
surrounded by filamentous F. psychrophilum bacteria (arrow), along with severe
hyperplasia and lamellar fusion in the proximal part of the affected filament (100x
magnification); D) severe gill epithelial hyperplasia with lamellar fusion and
multifocal small areas of necrosis (long thin arrow), multifocal haemorrhage (short
thin arrow) and mild lymphocyte infiltration (thick arrow) (200x magnification); E)
thrombus (thick arrow) adherent to the endothelium of the central venous sinus of
the gill filament with a mild macrophage infiltrate (long thin arrow) in the
surrounding connective tissue as well as mild hypertrophy, hyperplasia (short thin
arrows) and vacuolar degeneration of the epithelium (400x magnification); F)
lymphocytic and neutrophilic perivasculitis of the gill arch efferent branchial
arteriole with multifocal small areas of necrosis (arrows) (200x magnification);
haematoxylin and e0sin StaiNING ..........ooiiiiiiiii e 140
Figure 25: Histopathological lesions in internal organs of fish infected with
Flavobacterium psychrophilum: A) thrombus adherent to the endocardium
overlying the spongy myocardium with mild hyaline (long arrows) and hydropic
(short arrows) degeneration (400x magnification); B) necrotising endocarditis of
the atrioventricular valves (X) with vegetations (star) infiltrated by neutrophils and
lymphocytes (200x magnification); C) necrosis (star) at the compact/spongy
interface of the ventricular myocardium and moderate infiltration of epicardium,
myocardium and endocardium with lymphocytes and neutrophils (arrows) (HE,
200x magnification); D) necrosis and haemorrhage (star) in the splenic
parenchyma with severe Iymphocytic and neutrophilic perisplenitis (100x
magnification); E) infiltration of kidney haematopoietic tissue with neutrophils (X),
haemorrhage (star) and necrosis of tubules (short thin arrow) in the affected area,
hyaline droplet degeneration of the surrounding kidney tubules (long thin arrow)

and increased number and size of melanomacrophage centres (thick arrow) (200x
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magnification); F) small liver necrosis with mild neutrophil (thick arrow) infiltration
and erythocytes (thin arrow) indicating haemorrhage; note the lack of

hepatocellular vacuolation (400x magnification); haematoxylin and eosin staining

Figure 26: Histopathological lesions in gills of fish infected with Flavobacterium
branchiophilum: A) a group of F. branchiophilum bacteria and sloughed epithelial
cells (thick arrow) in a pseudocyst, lamellar aneurysms (star) and hydropic or
vacuolar degeneration (thin arrows) of gill epithelium (400x magnification); B)
filamentous F. branchiophilum bacteria (thick arrow) along the gill epithelium with
hyperplasia and fusion of gill lamellae; the epithelium shows mild lymphocytic
infiltration (short thin arrows) and multifocal single-cell necrosis (long thin arrows)
(400x magnification); haematoxylin and eosin staining..........cccccevvvciiiiieeeieeenn, 146
Figure 27: Microtitre plates for two selected Flavobacterium psychrophilum
isolates. A) Isolate F1824 with smooth margins; B) Isolate F341 with rhizoid
margins. For each microtitre plate, two images were merged between columns 6
and 7 so that all 96 wells are clearly visible..........cccccovviiiiiiiiiie 150
Figure 28: The distribution of minimum inhibitory concentrations (MICs) of 54
Flavobacterium psychrophilum isolates for 10 antimicrobials (A-J) determined
using the broth microdilution method. The tested concentration range (ug/ml) is
presented on the x-axis and the number of isolates on the y-axis. The solid black
and dashed blue vertical lines represent the epidemiological cut-off values (ECVs)
and the provisional epidemiological cut-off values for wild type (COwr) for
F. psychrophilum, respectively. Where possible, the green bars represent the wild

type (WT) isolates, and the red bars represent the non-wild type (NWT) isolates

Figure 29: Microtitre plates for two selected Flavobacterium branchiophilum
isolates. A) Isolate F1517 on Anacker and Ordal (AO) broth; B) Isolate F1628 on
diluted cation-adjusted Mueller-Hinton broth supplemented with additional cations
(DCAMHB+C). For each microtitre plate, two images were merged between
columns 5 and 6 so that all 96 wells are clearly visible ............cccccccceiiiii, 155
Figure 30: The distribution of minimum inhibitory concentrations (MICs) of eight
Flavobacterium branchiophilum isolates determined using the broth microdilution
method for AMP, ampicillin; CTZ, ceftazidime; ENR, enrofloxacin; ERY,
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erythromycin; FLO, florfenicol; GEN, gentamicin; MER, meropenem; OXO, oxolinic
acid; OXY, oxytetracycline; TRS, trimethoprim/sulfamethoxazole. The range of
dilutions tested (ug/ml) for each antimicrobial is shaded gray. MICs higher than the
highest concentration tested are given as the first concentration above the tested
range, and MICs equal to or lower than the lowest concentration tested are
underlined. The red and green numbers represent the MICs determined using
diluted cation-adjusted Mueller-Hinton broth with additional cations (DCAMHB+C)
and Anacker and Ordal (AO) broth, respectively .........ccccccovviiiiiiiiiiiiiiiiiiiiiinnnn. 156
Figure 31: Mean water quality parameters per sampling; heatmap with normalised
scale indicates low (0) or high (1) values, allowing comparison across water
parameters and sampling points (LONG, longitudinal sampling; IND, individual
7= 10 0] 0] 11 o ) H PR 166
Figure 32: Hierarchical clustering of fish (n = 351; at least one other fish pathogen)
based on semiquantitatively assessed infection with other fish pathogens. The
heatmap shows infection severity from 0 (none) to 3 (severe). In the top
dendrogram, fish are clustered based on similar infection profiles, and in the left
dendrogram, fish pathogens are clustered based on their co-occurrence in the

SAME fIS N e e e 174
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1 INTRODUCTION

Flavobacteria are one of the main causes of bacterial diseases in salmonid
aquaculture worldwide. Flavobacterial diseases are traditionally attributed to three
bacterial species, namely Flavobacterium psychrophilum (Davis, 1946),
Flavobacterium columnare (Davis, 1922), and Flavobacterium branchiophilum
(Wakabayashi et al., 1989). Additionally, several other Flavobacterium spp. have
been described to cause disease in fish, and their numbers are rapidly increasing
(Loch and Faisal, 2015; Heckman et al., 2023). Nevertheless, studies investigating
the histopathological lesions in fish infected with these lesser-known flavobacteria
are scarce (Faisal et al., 2011; Loch, 2012). Additionally, previous research
highlights the complexity of the aetiologies associated with flavobacteriosis (Good
et al., 2015; Loch and Faisal, 2015; Li et al., 2021). Therefore, complete
identification of the causative pathogen is always recommended. Flavobacteria
can cause disease in a variety of fish species, albeit salmonids, particularly
rainbow trout (Oncorhynchus mykiss), are most susceptible (Bernardet and
Bowman, 2006; Loch and Faisal, 2015). In Slovene aquaculture, rainbow trout is
the most commonly farmed fish species and is therefore of great economic
importance (Statistical Office of the Republic of Slovenia, 2025). Because of the
worldwide distribution of flavobacteria as well as the clinical signs and gross
lesions observed in farmed fish, flavobacterial diseases are probably also common
in Slovene fish farms. However, this has not yet been investigated, and there are

currently no data on Flavobacterium spp. in Slovene fish.

Over the past decade, the Clinical and Laboratory Standards Institute (CLSI) has
published standardised guidelines for antimicrobial susceptibility testing (AST) of
F. psychrophilum (CLSI, 2014, 2020a) and F. columnare (CLSI, 2020a), allowing
comparability of results between studies. However, AST and interpretation of
results for other Flavobacterium spp. remain challenging, with limited research
available. The results of some studies suggest that most flavobacteria are
multidrug resistant (Mwega et al., 2020; Heckman et al., 2023). Research on the
antimicrobial resistance (AMR) in flavobacteria is needed to enable the selection

of appropriate treatment against these important fish pathogens.
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Environmental factors are particularly important in aquatic ecosystems where both
the host and the pathogen are strongly influenced by changes in water conditions.
Although water quality is considered an important factor contributing to the
occurrence of flavobacterial diseases (Barnes and Brown, 2011; Strepparava et
al., 2014), a limited number of studies have investigated this relationship.
Therefore, the role of water parameters in the initiation and pathogenesis of
flavobacterial diseases is still poorly understood (Straus et al., 2015; Elmore,
2016).

1.1 RESEARCH OBJECTIVES AND HYPOTHESES

To better understand the importance of flavobacteria in Slovene rainbow trout
aquaculture, we aimed to investigate the biodiversity of Flavobacterium spp. and
the aetiology of flavobacterial diseases throughout the year, to assess the impact
of infection with different Flavobacterium spp. on rainbow trout health by
qualitative and semiquantitative evaluation of gross and histopathological lesions,
to determine the antimicrobial susceptibility of Flavobacterium spp. to the
antimicrobials commonly used in aquaculture using the latest standardised broth
microdilution method (CLSI, 2020) and to evaluate the association between
selected environmental factors (water temperature, pH, and dissolved oxygen) and

the occurrence of flavobacterial infections in selected Slovene fish farms.

The research aimed to test the following hypotheses:

1. Flavobacteria are widespread in rainbow trout from Slovene fish farms and
affect fish health.

2. Environmental factors, such as water temperature, pH, and dissolved oxygen in
the water, influence the dynamics of flavobacterial infections.

3. Flavobacteria isolated from rainbow trout in Slovene fish farms are multidrug-

resistant.
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2 LITERATURE REVIEW

2.1 THE GENUS FLAVOBACTERIUM

The genus Flavobacterium, first proposed in 1923 by Bergey et al. (1923), belongs
to the family Flavobacteriaceae in the phylum Bacteroidota. The description of the
genus has been emended several times (Bernardet et al., 1996; Dong et al., 2013;
Kang et al., 2013; Kuo et al.,, 2013). Since the emendation of the genus
Flavobacterium based on 16S rRNA sequence comparisons (Bernardet et al.,
1996), the taxonomy of several validly described species within the genus remains
unresolved. Even well-studied species may still be misclassified (Bernardet and
Bowman, 2006; Gélinas et al., 2024). Notably, F. columnare, one of the three
known flavobacterial fish pathogens, was only recently, in 2022, reclassified into
four distinct species: F.columnare, Flavobacterium covae sp. nov.,
Flavobacterium davisii sp. nov., and Flavobacterium oreochromis sp. nov.
(LaFrentz et al., 2022). In addition, the genus Chryseobacterium, once the most
common non-Flavobacterium genus within the family Flavobacteriaceae recovered
from freshwater fish, with several species causing pathological lesions similar to
pathogenic Flavobacterium spp. (Loch, 2012; Loch and Faisal, 2017) was
reclassified to a new family Weeksellaceae fam. nov. in 2019 (Garcia-Lopez et al.,
2019). These ongoing changes require continuous vigilance to remain aligned with

current taxonomic classifications.

The minimal standards for describing new taxa of the family Flavobacteriaceae
were established by Bernardet et al. (2002). The characteristics that distinguish
Flavobacterium species from members of other genera in the family
Flavobacteriaceae were listed by Bernardet and Bowman in 2006 (Bernardet and
Bowman, 2006). The genus Flavobacterium is the type genus of the family
Flavobacteriaceae, and the type species of the genus is Flavobacterium aquatile
(Bernardet and Bowman, 2006, 2015). The genus has expanded rapidly in the last
two decades, from 26 species in 2006 (Bernardet and Bowman, 2006) to 329
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validly published species in June 2025 (GBC, 2025), and new species are still

being discovered at a rapid pace.

Members of the genus Flavobacterium are gram-negative rods that are typically
0.3 to 0.5 ym wide and 2-5 ym long. Cells may also be shorter (1 um long),
filamentous (10—-40 um long), or pleomorphic. A capsular layer was observed in
several species. They exhibit pale to bright yellow or orange pigmentation due to
the production of flexirubin and/or carotenoid pigments. Most species are strictly
aerobic and display a slow gliding motility, and few are nonmotile
(F. branchiophilum). They are ubiquitous, chemoorganotrophic organisms widely
distributed in soil, freshwater, and seawater in warm, temperate, and polar
regions. Optimal growth temperature varies widely, although most temperate
species prefer temperatures between 20 and 30 °C and most psychrophilic
species between 15 and 20 °C. No member of the genus requires sodium chloride
(NaCl) or seawater for growth, and NaCl even inhibits the growth of several
species. All tested species are catalase-positive, indole-negative, and
predominantly cytochrome oxidase-positive. Menaquinone-6 is the only or
predominant respiratory quinone, and phosphatidylethanolamine is the major polar
lipid. Whole-cell fatty acid profiles include predominantly C1s.0, C1s:0is0, C15:0is0 3-
OH, C1s0 anteiso, C1s5:1 w6c, Cis:1 iso G, Cie0 iso 3-OH, and Ci70 iso 3-OH,
additionally any combination of Cis0 iso 2-OH, Ci6:1 w7c, and/or Cie:1 W7t.
However, it is difficult to assess whether all Flavobacterium species display similar
fatty acid profiles, mostly due to considerable heterogeneity in the conditions used
to cultivate flavobacteria. The DNA's G + C content ranges between 30 and 41
mol% (Bernardet and Bowman, 2006, 2015). Flavobacterium spp. exhibit high
genetic diversity, which is supported by the presence of an open pangenome and
a predominance of accessory genes. Recombination events and, to a lesser
extent, horizontal gene transfer play an important role in shaping this diversity and

allow adaptation to a wide range of ecological niches (Kim et al., 2023a).

Most species also have strong proteolytic activity, and about half of the species
can reduce nitrate to nitrite and oxidise carbohydrates. Numerous species can

degrade gelatine and casein, hydrolyse starch and esculin, and some also other
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polysaccharides, whereas only a few species can degrade DNA and urea. Some
flavobacteria can utilise a wide range of carbohydrates, whereas others utilise few
or no carbohydrates and prefer proteins. For example, F. psychrophilum is unable
to use carbohydrates but produces proteases and lipases and can uptake and
process the degradation products of host proteins and lipids. The ability of many
Flavobacterium species to degrade a variety of biomacromolecules by producing
polysaccharide-degrading enzymes and extracellular proteases, and lipases
contributes to the severe necrotic lesions commonly observed in fish infected with

pathogenic species (Bernardet and Bowman, 2006, 2015).

2.2 FLAVOBACTERIAL DISEASES, GROSS AND HISTOPATHOLOGICAL
LESIONS

The diseases of fish caused by various bacterial species of the genus
Flavobacterium are known as flavobacterioses (Bernardet and Bowman, 2006;
Loch and Faisal, 2015). Flavobacteria are ubiquitous in nature and are part of the
normal bacterial flora on the surface of fish and fish eggs, albeit several species
are opportunistic pathogens that may exhibit various degrees of virulence
(Bernardet and Bowman, 2006, 2015). Nonetheless, high-intensity rearing
systems create favourable conditions for opportunistic infections, and
flavobacterial diseases are notoriously challenging to treat and control (Kumru et
al., 2020; Heckman et al., 2023). Flavobacteriosis was first reported by Davis in
1922 (Davis, 1922), and flavobacteria have since been recognized as one of the
main causes of bacterial diseases in freshwater fish worldwide and are
responsible for considerable economic losses, particularly in salmonid
aquaculture. Despite extensive scientific efforts over the last century to prevent
and control outbreaks of flavobacterioses, progress has been hindered by the
rapid expansion and constant restructuring of genera, as well as species and

strains associated with the disease (Heckman et al., 2023).

Flavobacterial diseases are traditionally attributed to three bacterial species,
namely F. psychrophilum (Davis, 1946), F. columnare (Davis, 1922), and

F. branchiophilum (Wakabayashi et al., 1989). However, several other
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Flavobacterium species suspected of causing disease in freshwater fish have also
been described and continue to be discovered at a rapid pace (Heckman et al.,
2023; Lee et al., 2023). Most of these species were associated with disease due to
their isolation from the external or internal tissues/organs of clinically diseased
fish. However, studies investigating the gross and histopathological lesions
associated with the proposed pathogenic Flavobacterium species are scarce. Only
a few of these species, namely Flavobacterium bernardetii (Saticioglu et al.,
2021a; Lee et al., 2023), Flavobacterium collinsii (Lee et al., 2023),
Flavobacterium inkyongense (de Alexandre Sebastido et al.,, 2019),
Flavobacterium johnsoniae (Carson et al., 1993; Soltani et al., 1994; Rintamaki-
Kinnunen et al.,, 1997; Flemming et al., 2007), and Flavobacterium tructae
(synonym Flavobacterium spartansii) (Zamora et al., 2014; Loch and Faisal, 2016;
Kampfer et al., 2020; Mallik et al., 2023), have had their pathogenic potential
investigated through experimental infection, including re-isolation of the causative
agent from external and internal tissues and evaluation of gross and
histopathological lesions (Heckman et al., 2023). However, the pathogenicity of
F. bernardetii, F. collinsii (Lee et al., 2023), and F. inkyongense (de Alexandre
Sebastido et al., 2019) has not been conclusively proven. Several other
Flavobacterium spp. have been isolated from diseased fish, including
Flavobacterium araucananum (Kampfer et al., 2012), Flavobacterium bizetiae
(Muhle et al., 2021), Flavobacterium chilense (Kampfer et al., 2012),
Flavobacterium frigidimaris (Loch and Faisal, 2014), Flavobacterium hydatis
(Mantareva et al., 2022), Flavobacterium kayseriense (Saticioglu et al., 2021b),
Flavobacterium oncorhynchi (Zamora et al., 2012; Loch and Faisal, 2018),
Flavobacterium piscis (Zamora et al., 2014; Loch and Faisal, 2018),
Flavobacterium plurextorum (Zamora et al., 2013; Loch and Faisal, 2014),
Flavobacterium succinicans (Good et al., 2015; Adamek et al., 2018; Loch and
Faisal, 2018; Einarsdottir et al., 2020), and Flavobacterium turcicum (Saticioglu et
al., 2021b). However, experimental infection or histopathological investigation was

not performed.

The sole presence of flavobacteria in fish does not necessarily mean that a true

infection is present. Therefore, the use of histopathology in disease aetiology
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studies is important to differentiate between pathogenic and commensal
flavobacteria (Burreson, 2008; Gupta et al., 2009). The complex taxonomy of
flavobacteria and the absence of consistently effective experimental challenge
models obscure our understanding of the potential risks these putative pathogens

pose to fish aquaculture (Heckman et al., 2023).

It is becoming increasingly evident that one or more aetiological agents can
contribute to the onset of flavobacterial diseases (Good et al., 2015; Loch and
Faisal, 2015; Li et al.,, 2021). In addition, different species may cause similar
pathology and present similar morphology, thus complete identification of the
causative pathogen is always recommended (Bernardet and Bowman, 2006;
Faisal et al., 2011; Loch and Faisal, 2015). However, many flavobacteria may not

be easily identified using conventional diagnostic methods (Gélinas et al., 2024).

Flavobacteria can cause disease in all life stages of fish and a variety of fish
species, with salmonids, especially rainbow trout, being the most susceptible
(Bernardet and Bowman, 2006; Loch and Faisal, 2015). Depending on the
bacterial species and other factors, particularly the species and life stage of the
fish, flavobacteria can infect the skin or gills of the fish, cause systemic infection,
or both (Smith, 2019). The course of flavobacteriosis can be from peracute to
chronic and can lead to high mortality (up to 90% in infections with
F. psychrophilum), especially in juvenile fish, or low but continuous mortality,
which is more common in adult fish (Loch, 2012; Loch and Faisal, 2017). The
optimal temperature range for different species varies widely. Psychrophilic
species, such as F. psychrophilum, cause disease at cold temperatures (< 15 °C),
while temperate species, such as F. columnare, prefer warm temperatures (> 12
°C). Therefore, flavobacterial diseases may occur in fish farms year-round
(Bernardet and Bowman, 2006; Loch and Faisal, 2015).

Flavobacteria are considered extremely rare human pathogens, mostly in
immunocompromised people (Zurbuchen et al., 2023). F. oncorhynchi has recently
been identified as the causative agent of necrotising chorioamnionitis and

intrauterine fetal death (Ferreira et al., 2024). Notably, some flavobacteria reported
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to cause infections in humans have since been reclassified to other genera,
including Flavobacterium meningosepticum (now known as Elizabethkingia
meningoseptica) and Flavobacterium indologenes (now classified as

Chryseobacterium indologenes) (Vandamme et al., 1994; Kim et al., 2005).

2.2.1 Well-known fish-pathogenic flavobacteria

2.2.1.1 Flavobacterium psychrophilum

F. psychrophilum was first described in North America in 1946 (Davis, 1946) and
has since been reported as an important fish pathogen worldwide (Nematollahi et
al., 2003a; Barnes and Brown, 2011; Li et al.,, 2021). Naturally present in
freshwater environments, it can likely survive for several months or even years
without a host (Madetoja et al., 2003). It is also a common commensal organism
on the gills and skin of apparently healthy fish and fish eggs (Jarau et al., 2018;
Calvez et al., 2021). F. psychrophilum is the aetiological agent of bacterial cold-
water disease (BCWD) or rainbow trout fry syndrome (RTFS), causing skin, fin,
and gill lesions, as well as systemic infections (Nematollahi et al., 2003a; Barnes
and Brown, 2011). The peracute and acute disease can lead to high mortality,
especially in juvenile fish (up to 90%) (Nilsen et al., 2011), with survivors suffering
from poor growth and spinal deformities. In addition, subacute and chronic
infections cause low but persistent mortality and reduced market value, resulting in
ongoing economic losses (Loch, 2012; Loch and Faisal, 2017). Infections most
commonly occur at water temperatures between 4 and 15 °C (Holt et al., 1993).
Salmonids are most susceptible to infection with F. psychrophilum. However, the
disease has also been reported in several other fish species, including ayu
(Plecoglossus altivelis), common carp (Cyprinus carpio), crucian carp (Carassius
carassius), European eel (Anguilla anguilla), pale chub (Zacco platypus), perch

(Perca fluviatilis), roach (Rutilus rutilus), and tench (Tinca tinca) (Smith, 2019).

The terms RTFS and BCWD describe different aspects of the same disease
caused by F. psychrophilum, the distinction being based mainly on the life stage of

the affected fish, the course of the disease, and regional terminology. RTFS
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applies primarily to young fish (fry and fingerlings), while BCWD is more commonly
associated with older fish. RTFS is more commonly used to describe the acute,
systemic form of the disease, whereas BCWD refers to the more chronic form with
mainly skin involvement. Additionally, RTFS is the preferred term in the European
Union, while BCWD is more commonly used in the United States of America
(Barnes and Brown, 2011; Smith, 2019).

Infection with F. psychrophilum is characterized by the formation of erosions and
deep ulcers in the skin, particularly at the caudal peduncle and the caudal fin,
often involving the whole tail and revealing the underlying musculature and bones
(Bruno et al., 2013). Additionally, large cystic lesions filled with serohaemorrhagic
or pus-like fluid can develop in the skin and musculature (Nilsen et al., 2011). One
of the first clinical signs is yellowish-white spots on the skin or fins, which progress
to necrosis. Other clinical signs and/or gross lesions include lethargy, anorexia,
increased skin mucus secretion, hyperpigmentation, especially on the caudal part
of the body (black tails), corneal opacity, ocular haemorrhage and exophthalmos,
ascites, anaemia of the gills, liver, and kidneys, gill necrosis, enlarged spleen,
intestinal hyperaemia, haemorrhage and oedema of the vent, spinal deformities,
and neurological signs leading to erratic or spiral swimming (Kent et al., 1989;
Lorenzen et al., 1991; Bruno, 1992; Ekman and Norrgren, 2003; Bruno et al.,
2013; Loch and Faisal, 2017). Spinal deformities, such as kyphosis, lordosis, and
scoliosis due to compressed or fused vertebrae and collapsed intervertebral
spaces, and neurological signs may persist even after recovery from the disease
(Kent et al., 1989; Madsen et al., 2001; Loch and Faisal, 2017).

Histopathological investigation reveals necrosis and haemorrhage in most internal
organs (Lorenzen et al., 1991; Bruno, 1992; Ekman and Norrgren, 2003; Park et
al., 2023). Notably, in the early stages of infection, an inflammatory reaction is
usually absent (Ferguson, 2006), although various numbers of neutrophils,
macrophages, and lymphocytes may be observed (Ekman and Norrgren, 2003;
Miwa and Nakayasu, 2005; Soares et al., 2019). Filamentous bacteria may be

visible in the affected tissues and the phagocytes of the spleen and kidney
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(Lorenzen et al., 1991; Decostere et al.,, 2001; Wiklund and Dalsgaard, 2003;
Marancik et al., 2014).

The skin is often eroded and ulcerated, while the surrounding preserved epidermis
may become hyperplastic, with vacuolar or ballooning degeneration and necrosis
of epithelial cells. In the underlying or surrounding dermis, there are haemorrhage,
oedema, and necrosis, as well as Zenker's degeneration of the underlying
musculature (Ekman and Norrgren, 2003; Nilsen et al., 2011; Aly et al., 2013;
Marancik et al., 2014). In addition, F. psychrophilum has an affinity for cartilage,
causing lysis and inflammation, particularly in cranial cartilage and the
intervertebral discs of the spinal column in juveniles (Ferguson, 2006). In the gills,
epithelial and goblet cell hyperplasia can occur, which can eventually lead to
fusion of gill lamellae and filaments (Soares et al.,, 2019). Haemorrhage,
degenerative lesions, and necrosis can be found in the gills and internal organs,
especially the spleen, kidney, and liver (Lorenzen et al., 1991; Bruno, 1992; Nilsen
et al., 2011; Aly et al., 2013; Soares et al., 2019).

The spleen is usually the most severely affected internal organ with congestion,
haemorrhage, haemosiderosis, oedema, necrosis, and a loss of definition of the
splenic border due to inflammation and fibrin deposition (Bruno, 1992; Ekman,
2008; Bruno et al., 2013). Perisplenitis is a very common and possibly
pathognomonic lesion in F. psychrophilum infection (Nilsen et al.,, 2011).
Inflammatory infiltrates composed of neutrophils, macrophages, and lymphocytes
can also be observed within vascular channels and splenic parenchyma.
Activation of the splenic reticuloendothelial system (RES) is described as one of
the earliest signs of systemic cellular damage (Marancik et al., 2014). Lesions
described in the kidney include hyaline droplet degeneration and necrosis of
tubular epithelium, necrosis of haematopoietic tissue, and inflammatory infiltrates
composed of neutrophils, macrophages, and lymphocytes within the vascular
channels and haematopoietic tissue (Lorenzen et al., 1991; Bruno, 1992; Ekman
and Norrgren, 2003; Marancik et al., 2014). Degeneration, coagulative necrosis,
and circulatory disturbances were reported in the liver (Aly et al., 2013).

Inflammation of the heart, from mild lymphocytic epicarditis to severe neutrophilic
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and necrotising myocarditis, can be observed (Nilsen et al., 2011). Additionally,
the gastric glands may show vacuolation (Park et al., 2023), which is thought to be
a result of anorexia, one of the clinical signs of F. psychrophilum infection
(Nematollahi et al., 2003a).

Histopathological investigation of disease-resistant and disease-susceptible
rainbow trout lines infected with F. psychrophilum revealed the same pathological
lesions. However, the lesions in the disease-resistant line were less severe,
suggesting a difference in disease severity rather than an altered disease course

between genetic lines (Marancik et al., 2014).

2.2.1.2 Flavobacterium columnare

F. columnare was first described in North America in 1922 (Davis, 1922) and has
since been reported as an important fish pathogen worldwide (Declercq et al.,
2013a; Ma et al., 2019). The bacterium can also be a part of the normal microbiota
of freshwater fish and fish eggs (Barker et al., 1990), and it can survive in the
water and remain infectious for weeks or even months (Ross and Smith, 1974;
Kunttu et al., 2012). F. columnare is the aetiological agent of columnaris disease
(CD), and it has a high affinity for gill, skin, and fin tissues. The disease can
develop at both low (12 °C) and high (25 °C) temperatures (Starliper, 2011;
Declercq et al., 2013a). In rainbow trout, the disease occurs most frequently in the
summer when water temperatures rise above 15 °C to around 20 °C (Suomalainen
et al.,, 2005; Declercq et al.,, 2013a). CD affects a variety of freshwater fish
species; it is believed that all freshwater fish are susceptible under conditions that
favour the bacterium and stress the host (Wakabayashi, 1993; Smith, 2019).

In juvenile fish, the disease occurs more frequently in peracute or acute form, with
a mortality rate of up to 100% within 12—-24 hours, while in adult fish it can
manifest in acute, subacute, or chronic form. The peracute and acute forms mainly
affect the gills, with the development of large, yellowish necrotic areas, while the
chronic form is characterised by extensive skin erosions, ulcerations, and gill

necrosis (Rucker et al., 1954; Declercq et al., 2013a). Skin erosions typically first
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appear at the base of the dorsal fin as pale, poorly pigmented patches of skin,
usually surrounded by a thin reddish band. Fin deterioration then occurs, resulting
in deep ulceration that spreads laterally from the dorsal fin and forms a
saddleback-like lesion. In rainbow trout, the adipose fin is often affected, and the
lesions may extend to the peduncle. As in infections with F. psychrophilum, the
skin lesions can extend into deeper layers, including the skeletal muscles (Pacha
and Ordal, 1967; Decostere, 2002; Bernardet and Bowman, 2006). Ulceration of
the oral mucosa with inflammation and resorption of the maxilla and mandible
have also been observed (Ferguson, 2006). At necropsy, ascites may be present
(Bruno et al., 2013). However, no other gross lesions are reported in the internal

organs.

Histopathological lesions that may initially occur in the gills include hyperplasia of
epithelial and goblet cells with fusion of gill lamellae, vacuolar degeneration,
congestion, and oedema resulting in epithelial lifting, and infiltration of lamellae
with inflammatory cells, predominantly neutrophils. In later stages, clubbing and
fusion of gill filaments may be observed, as well as extensive haemorrhage and
necrosis. Large groups of filamentous bacteria can be observed on the surface of
the epithelial cells, which are characteristically arranged in columnar structures
(Pacha and Ordal, 1967; Foscarini, 1989; Bruno et al., 2013; Singh et al., 2021).
Acute ulcerative dermatitis can develop, leading to oedema, haemorrhage, and
necrosis of the dermis as well as Zenker's degeneration of the skeletal muscle.
Numerous filamentous bacteria, staining blue-purple with haematoxylin and eosin
(HE), can be observed in the affected tissues (Pacha and Ordal, 1967; Ferguson,
2006).

F. columnare has occasionally been reported to cause systemic infections,
particularly in severe cases, across various fish species, including rainbow trout. In
these cases, the bacteria are most commonly isolated from the spleen, kidney,
and liver (Pacha and Ordal, 1967; Hawke and Thune, 1992; Decostere et al.,
1999a; Bader et al., 2003; Darwish et al., 2008; Kunttu, 2010; Bruno et al., 2013;
Evenhuis et al.,, 2014). However, studies describing histopathological lesions in

internal organs are scarce. In rainbow trout, Evenhuis et al. (2014) observed
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splenic necrosis and granulomatous splenitis and nephritis, while Singh et al.
(2021) described hypertrophy, vacuolation, and necrosis of hepatocytes and
hepatic congestion, dilatation of Bowman’s space and tubular degeneration and
necrosis in the kidney, as well as increased numbers of melanomacrophage
centres (MMCs) and congestion in the spleen. Pacha and Ordal (1967) also
observed an enlargement of Bowman’'s space with eosinophilic material

surrounding the glomerular capillaries in salmon (Oncorhynchus spp.).

2.2.1.3 Flavobacterium branchiophilum

F. branchiophilum was first described in North America in 1926 and has since
been detected in Europe and Asia (Bakhtiyar et al. 2022; Davis 1926).
F. branchiophilum is ubiquitous in freshwater environments (Loch and Faisal,
2017). However, it is not reported to be part of the normal microbiota in fish. It is
the aetiological agent of bacterial gill disease (BGD) that has a tropism for the gill
epithelium and does not normally invade deeper tissues or internal organs.
However, severe infections can lead to high morbidity and mortality (up to 75%)
because gill lesions lead to respiratory and osmoregulatory failure (Davis, 1926;
Speare et al, 1991; Ostland et al., 1995a). Other flavobacteria, namely
F. succinicans and F. hydatis, have also been recovered from the gills of fish
displaying clinical signs of BGD (Strohl and Tait, 1978; Good et al., 2015). The
disease occurs most frequently in spring and early summer when water
temperatures rise to between 5 °C and 19 °C (Bullock et al., 1994; Ostland et al.,
1995a). Salmonids are most susceptible to infection with F. branchiophilum. This
bacterium has also been reported to cause disease in walleye (Stizostedion
vitreum), rohu (Labeo rohita), catla (Catla catla), silver carp (Hypophthalmichthys

molitrix), and common shiners (Luxilus cornutus) (Smith, 2019).

BGD can affect fish of all ages, but mainly affects juvenile fish. Infection leads to
hyperplasia of epithelial and goblet cells with clubbing and fusion of the gill
lamellae and filaments, as well as hydropic degeneration and necrosis. In addition,

infiltration of neutrophils and mononuclear leukocytes, congestion, telangiectasiae,
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and numerous filamentous bacteria on the surface of epithelial cells can be
observed (Ostland et al., 1990; Ferguson et al., 1991; Speare et al., 1991).

2.2.2 Other fish-pathogenic flavobacteria

Lesser-known flavobacteria have been recovered from external lesions and/or
from internal organs of diseased fish, which often show clinical signs and gross
lesions similar to those caused by well-known flavobacterial pathogens. However,
the pathogenicity, gross, and histopathological lesions associated with these
lesser-known flavobacteria isolated from diseased fish have not been well studied
(Loch and Faisal, 2015; Wahli and Madsen, 2018; Heckman et al., 2023; Lee et
al., 2023).

Loch and Faisal (Loch, 2012; Loch and Faisal, 2016) induced an experimental
infection of Chinook salmon (Oncorhynchus tshawytscha) with F. tructae
(synonyme F. spartansii) and described gross lesions, such as pale, swollen gills
with multifocal haemorrhage, congestion at the base of the fins, perioral skin
ulcerations, and extensive ulceration and necrosis of the caudal peduncle and
caudal fin, penetrating deep into the underlying muscle. Notable internal gross
lesions included an enlarged and friable spleen, haemorrhage in the skeletal
muscle tissue, adipose tissue, the heart ventricle, brain, swim bladder, gonads,
and kidneys, retrobulbar haemorrhage, enlarged and pale liver, haemorrhagic
enteritis, ascites, and oedematous, swollen kidneys. Histopathological lesions
included severe proliferative branchitis with fusion of gill lamellae and oedema,
necrotising dermatitis, cellulitis and myositis with haemorrhage and infiltration with
lymphocytes and macrophages, multifocal necrosis in the kidney and liver,
degeneration and necrosis of the renal tubules, lymphocytic hepatitis and
pancreatitis, splenic congestion and oedema, and multifocal oedema in the

cerebellar cortex and brainstem.

Mallik et al. (2023) used F. tructae isolates obtained from lesions on the caudal
peduncle of naturally infected rainbow trout for experimental infection of rainbow

trout fingerlings, leading to disease progression and nearly 50% cumulative
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mortality. Moribund rainbow trout from natural infections showed different gross
lesions, including dark skin pigmentation, deep skin ulcerations, and eroded
caudal fins, as well as mild lesions in the gills, liver, and kidneys. In the challenged
group, fin, skin, and muscle necrosis, black patches on the dorsal body surface,
lesions on the caudal peduncle, haemorrhage around the vent, and mild
haemorrhage in the gills, liver, and kidneys were observed. Histopathological
examination of naturally infected rainbow trout revealed gill hypertrophy and
hyperplasia, degenerative lesions and necrosis in the skeletal muscles and
internal organs, including the liver, kidney, and spleen, spleen congestion and
exudate in the kidney tubules and Bowman’s spaces. In experimentally infected
fish, similar lesions were observed in the gills, liver, kidneys, muscles, and spleen.
Additionally, vacuolation was observed at the tips of the gill lamellae, the liver
showed congestion and necrotic bile ducts, and massive tubular necrosis and

decreased hematopoietic tissue were observed in the kidneys.

Carson et al. (1993) isolated F. johnsoniae from diseased juvenile barramundi
(Lates calcarifer) displaying gross lesions, such as extensive erosions and
superficial ulcerations of the skin, predominantly of the caudal part of the body,
and in some cases affecting the pectoral fins and lower jaw. Histopathological
investigation revealed complete loss of epithelium with bacteria attached to the
scales, oedema of underlying dermis and musculature, and mild, predominantly
mononuclear cell infiltration in the subdermal connective tissue. In addition, severe
hyaline droplet degeneration of kidney tubules was observed, while no significant
lesions were detected in other examined organs, including gills. Soltani et al.
(1994) successfully conducted an experimental infection of juvenile barramundi
using this isolate. F. johnsoniae-like bacteria were also found to be associated with
external lesions on the gills, jaws, skin, and fins in salmonids (Rintamaki-Kinnunen
et al., 1997), including rainbow trout (Flemming et al., 2007; Suebsing and Kim,
2012).

Loch and Faisal (Loch and Faisal, 2014) suggested that isolates most similar to
F. aquidurense, F. pectinovorum, and F. anhuiense based on 16S rRNA gene

sequencing may represent fish pathogenic bacteria. They performed experimental
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infections of Chinook salmon, brook trout (Salvelinus fontinalis), and brown trout
(Salmo trutta) with these isolates and described possible gross lesions. However,
a histopathological investigation was not included. Commonly observed lesions in
fish infected with any of the three isolates included gill pallor, spleen congestion,
hepatic swelling, congestion or pallor, and kidney congestion and oedema. Fish
naturally infected or challenged with F. aquidurense also exhibited gross lesions,
such as exophthalmos and periocular haemorrhage, mottled external coloration
and deep ulcerations, swim bladder haemorrhage, and petechial haemorrhage in
the brain. Gross lesions in fish challenged with F. pectinovorum included mottled
external coloration, haemorrhage in the liver, and adhesions between the liver and
body wall. Fish challenged with F. anhuiense also showed exophthalmos, deep
skin ulcerations with haemorrhage, and swim bladder oedema. F. aquidurense,
F. pectinovorum, and F. anhuiense were recovered from the liver, spleen, kidney,
and brain of some of the challenged fish, confirming the presence of a systemic

infection.

Lee et al. (2023) conducted an experimental infection of rainbow trout with
F. bernardetii and F. collinsii isolates. F. bernardetii was isolated from the liver and
kidney of diseased rainbow trout exhibiting skin hyperpigmentation, skin
haemorrhage at the pectoral fin and abdominal area, exophthalmos, and ascites
(Saticioglu et al., 2021a). F. collinsii was isolated from the spleen of one rainbow
trout fingerling that had died without any disease signs. No clinical signs or
mortalities were observed with F. bernardetii. F. collinsii exhibited very low
virulence but was isolated from the internal organs of surviving fish, suggesting its
ability to persist within the host and cause disease under favourable conditions.
However, the research did not describe any gross lesions, except for caudal fin
erosion that could be attributed to attacks from dominant fish, nor did it include a

histopathological investigation (Lee et al., 2023).

2.3 PATHOGENESIS OF FLAVOBACTERIAL INFECTIONS

Despite the importance of flavobacterial infections, the course of infection,

pathogenicity mechanisms, and the relationship between the bacterium and its
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host are still not well understood, even among the well-known Flavobacterium
species (Touchon et al., 2011; Li et al., 2017; Barbier et al., 2020; Zhu et al., 2022;
Vaibarova and Cizek, 2024). There are considerable genetic differences and
variations in virulence between different Flavobacterium species, as well as
among strains within the same species (Ostland et al., 1995a; Klesius et al., 2008;
Nicolas et al., 2008).

Comparative genomic studies have identified various virulence factors in
flavobacteria (Abby et al., 2016; Chen et al., 2017; Ramesh and Souissi, 2018).
The most common virulence mechanisms in Bacteroidota include gliding motility
and the Type 9 Secretion System (T9SS), also known as the Por secretion system
(PorSS), both of which are widespread among pathogenic flavobacteria and likely
play a crucial role in pathogenesis (McBride and Nakane, 2015; Kayansamruaj et
al., 2017; Declercq et al., 2021; Thunes et al., 2024). Genomic analyses have
identified over 120 virulence-associated genes in flavobacteria. These genes
encode proteins involved in immune evasion, inhibition of phagocytosis, bacterial
adhesion, secretion systems, gliding motility, antibiotic resistance, and conjugative
gene transfer. Some of the proteins function as proteases or toxins, including a-
hemolysin, colibactin, and phytotoxins. Most flavobacteria possess genes for
exopolysaccharides, capsule biosynthesis, heme acquisition, hydrolytic enzymes,
the signalling nucleotide guanosine pentaphosphate involved in bacterial stress
responses, and the AdeFGH efflux pump, which is essential for the secretion of
biofilm components (Kumru et al., 2020). Flavobacteria express complex surface
polysaccharides, including lipopolysaccharides, capsular polysaccharides, and
exopolysaccharides that contribute to adhesion, biofilm formation, immune
evasion, and inflammation (Raetz and Whitfield, 2002; Finlay and McFadden,
2006). The presence of a capsule has been confirmed in a few species, including

F. columnare and F. psychrophilum (Decostere et al., 1999b; Mgller et al., 2005).

The T9SS is found exclusively in Bacteroidota and is crucial for the virulence of
flavobacteria (Sato et al., 2010; McBride and Zhu, 2013; Eckroat et al., 2021;
Thunes et al., 2022; Lee et al., 2023). Functional T9SS is necessary for gliding

motility, enzymatic activity, including secretion of peptidases, nucleases, lipases,
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and glycoside hydrolases, haemolysis, heme uptake, adhesion, and biofilm
formation in F. psychrophilum and F. columnare (Sato et al., 2010; Li et al., 2017;
Barbier et al., 2020). In F. columnare, chondroitin AC lyase plays a crucial role in
virulence and probably functions via T9SS because mutant strains lacking T9SS
were unable to degrade chondroitin (Li et al., 2017). Experimental infections with
wild-type and T9SS mutant F. psychrophilum and F. columnare strains
demonstrated significantly reduced disease severity and no mortality in rainbow
trout infected with the mutant strains (Li et al., 2017; Barbier et al., 2020). Bacterial
quantification in infected fish showed that the mutant strains were either
undetectable or present in much lower numbers in the host’s internal organs
(Barbier et al., 2020).

Flavobacteria are transmitted horizontally, with large numbers of bacteria being
released into the water from the infected tissues of both live and dead fish
(Fujihara and Nakatani, 1971; Madetoja et al., 2000; Madetoja et al., 2002;
Pulkkinen et al., 2010; Starliper, 2011). Studies have clearly demonstrated that the
skin mucus of rainbow trout is used as a nutrient source for the growth of
F. psychrophilum and F. columnare (Shoemaker and LaFrentz, 2015;
Papadopoulou et al., 2017). Both have a strong affinity for gills and skin (Kondo et
al., 2002; Papadopoulou et al., 2017; Shoemaker et al., 2018), but adhesion alone
is not sufficient to cause disease (Klesius et al., 2008; Papadopoulou et al., 2017).
The exact portal of entry for F. psychrophilum and F. columnare remains unknown.
It seems to depend on a breach in epithelium, whether of the skin or qgills
(Madetoja et al., 2000; Nematollahi et al., 2003a; Miwa and Nakayasu, 2005;
Elkamel et al., 2010; Hoare et al., 2017; Cai, 2018). Miwa and Nakayasu (2005)
investigated the pathogenesis in experimentally infected ayu and suggested that
skin lesions were the main entry point for F. psychrophilum that invaded the
dermis and spread through the connective tissue of the myosepta into the
underlying muscle tissue. Lesions in other organs were only observed at later
stages of the infection, probably due to dissemination through blood vessels. They
concluded that infection through the gills or digestive system was unlikely.
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2.3.1 Flavobacterium psychrophilum

F. psychrophilum isolates can be classified into three serotypes, namely Th, Fd,
and FpT, based on reaction to specific antisera (Lorenzen et al., 1997), or into
serotypes 0 (corresponding to FpT), 1 (corresponding to Fd), 2 (corresponding to
Th), 3 (corresponding to FpT), and 4 (corresponding to FpT) based on serotyping
by mPCR (Rochat et al., 2017). The FpT serotype is considered less virulent in
rainbow trout (Sundell et al., 2019), whereas serotypes Fd and Th are commonly
isolated during disease outbreaks (Madsen and Dalsgaard, 1999; llardi et al.,
2023). The Th serotype is thought to be associated with higher virulence because
it is the most frequently isolated serotype in rainbow trout outbreaks (Lorenzen et
al., 1997; Ngo et al., 2017; llardi et al., 2023). Multilocus sequence typing (MLST)
is commonly used for genetic typing, where isolates are divided into sequence
types and clonal complexes based on seven loci (trpB, gyrB, dnaK, fumC, murG,
tuf, atpA) (Jolley et al., 2018). In Europe, CC-ST10 is the most widespread clonal
complex infecting rainbow trout, with ST2 being the most frequently observed
sequence type within this group (Nilsen et al., 2014; Knupp et al., 2019). CC-ST10
isolates have been shown to be highly virulent (Sundell et al., 2019). The second
largest clonal complex, CC-ST191, is also virulent in rainbow trout (Knupp et al.,
2019). However, MLST alone cannot reliably predict virulence because isolates
within the same sequence type may exhibit different virulence (Vaibarova and
Cizek, 2024).

Nematollahi et al. (2003b) observed a negative correlation between the
environmental temperature and bacterial attachment to the host. F. psychrophilum
cells are surrounded by a thin polysaccharide layer that is thought to facilitate
motility and adhesion to host cells (Holt 1987). This layer likely functions as an
adhesin, enabling bacterial cells to glide across host tissues while remaining
attached to the surface (Dalsgaard, 1993). Adhesion is associated with the colony
morphology of the isolate, as smooth F. psychrophilum morphotypes are more
adherent than rough. Gliding motility, proteolytic activity, and adherence capacity

were shown to be important virulence factors (Sundell et al., 2019).
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F. psychrophilum secretes extracellular enzymes that degrade key components of
muscle and connective tissue, such as chondroitin sulphate, hyaluronic acid,
elastin, collagen (types [, Il, and/or 1V), fibronectin, fibrinogen, casein, gelatine,
laminin, actin, myosin, and/or haemoglobin (Bertolini et al. 1994; Bertolini and
Rohovec 1992; Newton et al. 1997; Ostland et al. 2000; Otis 1984; Secades et al.
2001). This enzymatic activity contributes to the development of severe necrotic
lesions that are commonly observed in infected fish (Cipriano and Holt, 2005;
Bernardet and Bowman, 2006). F. psychrophilum produces cold-adapted
metalloproteases that exhibit a wide range of hydrolytic activity and are active at
temperatures as low as 4 °C (Secades et al. 2001; Secades et al. 2003), which is
consistent with the low temperatures at which outbreaks of F. psychrophilum
infections occur in salmonids (Bernardet and Bowman, 2006). It also produces
haemolysins and can lyse rainbow trout erythrocytes, which may explain the
anaemia in diseased fish (Lorenzen et al., 1997; Vaibarova and Cizek, 2024).
However, the mechanisms leading to the haemorrhage have not yet been
described (Zhu et al., 2022).

Recent studies have demonstrated that F. psychrophilum can enter different
tissues via the bloodstream (Chai et al., 2021; Chinchilla et al., 2023). It has been
suggested that F. psychrophilum colonises the spleen of fish asymptomatically
and persists there until immunosuppression allows its proliferation and subsequent
dissemination to other organs (Strepparava et al., 2014). Several studies indicate
that macrophages (Nematollahi et al., 2005) and neutrophils (Avendano-Herrera et
al., 2020) play a crucial role in F. psychrophilum infections in trout. Viable bacteria
have been detected in splenic macrophages, where they are probably protected
from humoral immune responses, such as complement and lysozyme activity
(Nematollahi et al., 2005). On the other hand, Semple et al. (2020) found that
macrophage survival was most significantly reduced by live bacteria, while
bacterial supernatant most strongly inhibited phagocytosis. This suggests that
F. psychrophilum secretes virulence factors that help it evade the host immune
system. Furthermore, increased expression of inflammatory cytokines, including
interleukin-1 beta (IL-1B), tumor necrosis factor alpha (TNFa), and interleukin-10

(IL-10), was only observed in the presence of live bacteria and bacterial
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supernatant. These findings confirm a Ilink between the virulence of
F. psychrophilum and its ability to evade phagocytosis. F. psychrophilum
significantly suppresses the cellular and nonspecific humoral defense
mechanisms, including lysozyme, complement component C3, and
immunoglobulin (IgM) of infected fish. However, rainbow trout are capable of
developing an effective adaptive immune response against F. psychrophilum
(Siwicki et al., 2004; Deng et al., 2024).

2.3.2 Flavobacterium columnare

CD in rainbow trout and other salmonids is mostly caused by the species
F. columnare (genetic group 1) and F. davisii sp. nov. (genetic group 3), while the
species F. covae sp. nov. (genetic group 2) and F. oreochromis sp. nov. (genetic
group 4) are associated with disease in channel catfish (/ctalurus punctatus) and
tilapia (Oreochromis spp.), respectively (LaFrentz et al., 2022). Experimental
infection studies have shown that F. columnare isolates are highly virulent in
rainbow trout while F. davisii sp. nov. isolates are moderately virulent (Evenhuis
and LaFrentz, 2016). These two species, in particular, exhibited growth at colder
temperatures, which could explain this association with cold-water fish species
(LaFrentz et al., 2022). Even before the reclassification of F. columnare into four
distinct species, studies reported that the isolates exhibit high genetic
heterogeneity while sharing homologous phenotypic characteristics and appearing

phenotypically indistinguishable (Figueiredo et al., 2005; Dong et al., 2015).

The exact mechanisms by which F. columnare causes pathological lesions and
disease are still unclear. The bacterium exhibits gliding motility, and it is assumed
that fish skin mucus stimulates its chemotaxis (Klesius et al., 2008). High virulence
strains attach more readily to gill tissue, but it is not clear whether adherence
capacity alone is sufficient to cause systemic disease (Decostere et al., 1999a).
Bader et al. (2005) developed a mutant strain of F. columnare that is incapable of
adhesion and found that mortality was delayed and reduced by 75%. The bacterial
capsule likely contributes to adhesion because highly virulent strains usually have

a thicker, denser capsule (Pate and Ordal, 1967; Decostere et al., 1999b). Sun et
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al. (2012) reported a significant increase in the expression of the rhamnose-
binding lectin (RBL) gene during early infection. Treatment of fish with RBL ligands
protected them from CD, likely due to competitive inhibition of F. columnare
binding to the host RBL (Beck et al., 2012). Environmental factors also have an
influence on bacterial adhesion, with high levels of divalent ions, nitrites, and
organic matter, as well as low salinity and higher water temperatures promoting
adhesion (Decostere et al., 1999c; Altinok and Grizzle, 2001). Biofilm formation,
regulated by quorum sensing, is also thought to play a key role in pathogenesis
(Staroscik and Nelson, 2008; Declercq et al., 2021).

To invade and damage the skin, muscles, or gills, F. columnare secretes
extracellular enzymes, such as chondroitin AC lyase, which degrades connective
tissue polysaccharides, such as chondroitin sulfate A and C, and hyaluronic acid
(Dalsgaard, 1993). Kunttu et al. (2011) found that both gliding motility and
secretion of chondroitin AC lyase are necessary for virulence. All isolates studied
can degrade gelatine and casein, and some are also capable of degrading elastin
(Newton et al., 1997). In addition, certain F. columnare strains release bactericidal
substances that eliminate competing bacteria in their environment (Anacker and
Ordal, 1959).

Some studies suggest that F. columnare can partially evade the immune defence
by inhibiting the alternative complement activation pathway through the secretion
of sialic acid (Ourth and Bachinski, 1987). Notably, histopathological examination
of infected tissues typically reveals little to no inflammatory response, possibly due
to bacterial-induced programmed cell death of host immune cells, particularly
phagocytes (do Vale et al.,, 2003; Declercq et al., 2013a). Additionally,
F. columnare likely suppresses immune responses by downregulating the NF-kB
signaling pathway, a key regulator of innate immunity, through toxin secretion (Sun
et al., 2012).

2.3.3 Flavobacterium branchiophilum
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Limited information is available regarding the phenotypic and genotypic diversity of
F. branchiophilum and the pathogenesis of BGD (Skulska, 2014).
F. branchiophilum is highly contagious because it can adhere to fish gills in less
than an hour (Ferguson et al., 1991; Ostland et al., 1995a). Touchon et al. (2011)
analyzed the genome of F. branchiophilum strain FL-15, revealing 20 different
adhesin genes. Their analysis also showed that F. branchiophilum employs
surprisingly  different  pathogenicity mechanisms compared to related
Flavobacterium species, such as F. psychrophilum. It carries a gene for a
preprotein that shares 51% similarity with the heat-labile toxin (LTA) of
enterotoxigenic E. coli (Touchon et al., 2011), which stimulates adenylate cyclase
activity, leading to excessive water and electrolyte loss through host intestinal
epithelial cells. This suggests that the F. branchiophilum toxin may have a similar
mechanism of action, potentially disrupting the osmoregulatory function of gill
epithelial cells (Vanden Broeck et al., 2007). Additionally, F. branchiophilum
possesses a gene encoding a preprotein with 47% similarity to streptopain
(Touchon et al., 2011). Streptopain is an important virulence factor in streptococci,
playing a role in bacterial colonization, invasion, and inhibition of wound healing
(Kapur et al., 1993).

Extracellular proteases likely play an important role in virulence because the
bacterium can degrade gelatine and casein (Wakabayashi et al., 1989).
Additionally, bacterial extracellular products, including protease, phosphatase, and
phosphoamidase, induced gill lesions in juvenile rainbow trout similar to those
observed in natural infections with F. branchiophilum (Ototake and Wakabayashi,
1985). Genome analysis identified genes encoding different proteases, including
metallopeptidases and serine peptidases, as well as various transporters for the
uptake of peptides and amino acids. These are likely important for protein
degradation and the uptake of nutrients during host tissue colonization (Touchon
et al., 2011).

Although F. branchiophilum is not capable of gliding motility (Ostland et al., 1994),
its genome contains all the necessary gld genes and some spr genes. It also

possesses the complete set of genes required for the effective functioning of the
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T9SS (Touchon et al., 2011). The metabolism of F. branchiophilum is similar to
that of other flavobacteria but uniquely includes a gene cluster for phenyl acetate
degradation, a pathway associated with virulence due to toxic intermediates
(Teufel et al., 2010; Touchon et al., 2011). F. branchiophilum also carries genes
for glycoside hydrolases and loci for polysaccharide and pectin utilization,
suggesting that this bacterium may be able to metabolize mucopolysaccharides in
the gill mucus of fish. The genome contains various stress response genes,
including those involved in detoxification, DNA damage repair, and antibiotic
resistance (Touchon et al., 2011). Like F. psychrophilum, F. branchiophilum
exhibits a high degree of recombination and horizontal gene transfer (McDaniel et
al., 2010; Touchon et al., 2011).

2.4 DIAGNOSTIC METHODS

The diagnosis of flavobacterial infections is based on history, clinical signs, gross
pathology, histopathology, and isolation of bacteria on growth media and
identification of the causative agent (Loch and Faisal, 2017). Several phenotypic
characteristics, serological, and molecular assays have been used to differentiate

between flavobacterial species and/or strains (Loch and Faisal, 2015, 2017).

Culture-independent techniques have also been used for the detection of well-
known flavobacteria in clinical or environmental samples (Bernardet and Bowman,
2006). There are a variety of polymerase chain reaction (PCR) tests that
predominantly use 16S rRNA or gyrB-targeted species-specific primers for
F. psychrophilum (Toyama et al., 1994; Bader and Shotts, 1998), F. columnare
(Bader and Shotts, 1998; Bader et al., 2003; Mabrok et al., 2020), and
F. branchiophilum (Toyama et al.,, 1996). Some studies have also developed
genus-specific primers mainly targeting the 16S rRNA gene (Strepparava et al.,
2012a; Adamek et al., 2013, 2018). Immunohistochemistry or fluorescent in situ
hybridization (Strepparava et al., 2012a) can also be used to label bacteria in fixed

tissue samples.
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2.4.1 Culture

Numerous Flavobacterium species can grow on several commercially available
nutrient-rich growth media, such as nutrient agar or trypticase soy agar. However,
identification of fish pathogenic flavobacteria is often delayed or impeded because
they are fastidious to culture, slow-growing, and frequently overgrown by
saprophytic species (Bernardet and Bowman, 2006). They require specialized
nutrient-poor media, such as Anacker and Ordal's (AO) (also called “cytophaga
medium”) (Anacker and Ordal, 1955), Modified Shieh’s (MS) (Song et al., 1988;
Decostere et al., 1997), Hsu-Shotts (Bullock et al., 1986; Loch, 2012), tryptone
yeast extract salts (Holt, 1987; Saticioglu et al., 2021a), Reasoner's 2A medium
(Reasoner et al.,, 1979; Pérez-Sancho et al., 2017), and others. MS and AO
medium are most commonly used for general cultivation because they enable the
growth of most pathogenic Flavobacterium species. Optimal incubation
temperatures vary widely among species, but most fish pathogens grow best at
15-25 °C (Bernardet and Bowman, 2006). To prevent overgrowth of the pathogen
by less fastidious saprophytic bacteria, especially when sampling from external
lesions, selective media based on the intrinsic resistance of F. columnare and
F. psychrophilum to certain antibiotics, such as tobramycin, neomycin, vancomycin
and polymyxin B, can be used (Hawke and Thune, 1992; Decostere et al., 1997;
Kumagai et al., 2004; Loch and Faisal, 2015).

Because flavobacterial species require different growth conditions, such as
temperature, incubation time, and composition of the growth media, several
different media and incubation conditions are required for successful primary
isolation (Loch and Faisal, 2018). Cultivation of F. branchiophilum is particularly
challenging because it is the most fastidious of all known pathogenic
Flavobacterium species. While isolation may be achieved using AO agar
(Bernardet and Bowman, 2006; Starliper, 2011), it is rarely attempted due to the

fastidious nature of this bacterium (Starliper, 2011).

Colonies of Flavobacterium species on solid media are usually circular, convex,

smooth and shiny, with entire or undulate margins, or flat and spreading with
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uneven, rhizoid or filamentous margins, as in F. columnare strains, which usually
adhere strongly to agar. They are usually yellow to orange due to the production of
carotenoid and/or flexirubin pigments, but non-pigmented strains also exist
(Bernardet and Bowman, 2006, 2015). Colony morphology can help to differentiate
between species, although it should be noted that different strains of some species
may have different colony types even under similar incubation conditions (Lee and
Heo, 1998). The only Flavobacterium species that is described to emit a
somewhat characteristic odor, often described as “sickening, distinct and fruity”, is
F. columnare (Shamsudin and Plumb, 1996). In aging liquid culture, some
Flavobacterium species, including F. psychrophilum, F. columnare, and
F. branchiophilum, form spherical degenerative structures called “spheroplasts”
(Reichenbach, 1989; Bernardet and Bowman, 2006). Additionally, in the absence
of a host, F. columnare can adopt a less virulent form with altered colony
morphology, likely as an energy-saving adaptation (Arias et al., 2012; Kunttu et al.,
2012).

The morphology of flavobacteria is highly diverse, even within a species.
F. psychrophilum isolates can form two colony morphology types, i.e. rough and
smooth (Sundell et al.,, 2013). In several studies, genetically different
F. psychrophilum isolates were found coexisting in the same fish farm and in the
same fish individual. Both phase variants may be genetically indistinguishable or
have different genetic profiles. In addition, resistant and susceptible strains of both
morphotypes are often isolated in individual disease outbreaks. Such genotypic
and phenotypic heterogeneity poses a challenge for disease identification and
control in farm environments (Bruun et al., 2000; Madetoja et al., 2002; Chen et
al., 2008; Del Cerro et al., 2010; Henriquez-Nufez et al., 2012; Sundell et al.,
2013; Ngo et al., 2017).

Cryopreservation at =70 °C or less within a routine growth medium, such as AO
broth, with the addition of 10-30% (v/v) glycerol (Bernardet and Bowman, 2006) or
on commercially available porous glass beads (Microbank Pro-Lab Diagnostics,

Bromborough, Merseyside, UK) (personal observation) can be used for long-term
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storage of flavobacteria. Lyophilisation or storage in liquid nitrogen may also be

used (Bernardet and Bowman, 2006).

2.4.2 Identification of isolates

The distinctive appearance of the colonies and the filamentous morphology of
most Flavobacterium species provide a direct means of selecting putative
Flavobacterium isolates. Further identification relies on phenotypic and molecular
characteristics (Bernardet and Bowman, 2006; Loch and Faisal, 2015).
Traditionally, the identification and differentiation of flavobacteria relied on lengthy
and laborious phenotypic and chemotaxonomic (i.e., whole-cell protein profiles
and fatty acid analysis) investigations (Bernardet et al., 2002; Bernardet and
Bowman, 2006). Commercial biochemical identification systems, such as API20E,
API 20NE, API ZYM, API ID 32E, APl 32GN, API 50CH (bioMérieux, Marcy
I'Etoile, France), and/or BIOLOG GENIII MicroPlates (Biolog, Hayward, CA) can
also be used at temperatures close to the optimum for the Flavobacterium species
tested (Bernardet and Bowman, 2006; Delalay et al.,, 2018; Saticioglu et al.,
2021b). More advanced molecular techniques, such as DNA-DNA hybridization,
sequence analysis of 16S rRNA and gyrB genes, and WGS, now provide faster,
more accurate, and more comprehensive methods for identification of
Flavobacterium spp. isolates (Bernardet et al., 2002; Bernardet and Bowman,
2006). Of note, phenotyping was found to be the least accurate methodology
(Gélinas et al., 2024). In addition, there are few diagnostic reagents specific for the
lesser-known fish-associated flavobacteria, making their identification more

challenging (Loch and Faisal, 2015).

Sequencing of the 16S rRNA gene is the most commonly used method for the
identification of flavobacteria. However, it lacks the precision in the identification of
closely related species (Kumru et al., 2020; Heckman et al., 2023; Gélinas et al.,
2024). Flavobacterium species often share high levels of 16S rRNA gene
sequence similarity (Yi and Chun, 2006; Loch and Faisal, 2015). Traditionally, the
cut-off indicating speciation in the 16S rRNA gene is 97% pairwise identity (Edgar,

2018). However, a higher threshold of 99% sequence identity has been proposed



53
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

for the identification of flavobacteria to the species level, while isolates with < 99%
identity are identified to the genus level (Dong et al., 2016; Edgar, 2018; Mwega et
al., 2019). Even at this higher threshold, many isolates exhibit higher (= 99%) 16S
rRNA gene similarity to the type species and can still be classified as new or
distinct species by subsequent polyphasic analysis (Verner-Jeffreys et al., 2017;
Loch and Faisal, 2018; Heckman et al., 2023).

The gyrB gene has a faster evolutionary rate than the 16S rRNA gene, resulting in
greater genetic heterogeneity and improved species-level discrimination for
bacterial genotyping (Galloway-Pefa et al., 2014; Reichley et al., 2017; Heckman
et al., 2023). It has been used for genotyping of Flavobacterium species (Shah et
al., 2012). However, this method has limitations in identifying certain species due
to mismatches in the primer binding site, which can hinder amplification and lead
to false-negative results. Bioinformatics analysis showed that only 70% of
Flavobacterium species could be accurately identified using this approach. Due to
the high diversity of Flavobacterium strains, it is unlikely that new primers could be
designed to enable effective genotyping across the entire genus (Gélinas et al.,
2024). In addition, the gyrB primers do not appear to be specific to the genus
Flavobacterium and could theoretically hybridize with species from closely related

genera (Garcia-Lopez et al., 2019).

Therefore, WGS-based taxonomy using average nucleotide identity (ANI) and
molecular phylogeny is the most accurate approach to identify Flavobacterium
species. Reconstruction of the entire genome provides insight into the entire
genetic repertoire of a given strain (Gélinas et al., 2024). The introduction of WGS
contributed significantly to the identification of genetic traits linked to virulence,
immunogenicity, and AMR, advancing the development of improved strategies for

disease treatment and prevention (Declercq et al., 2021).

Recent studies have shown that matrix-assisted laser-desorption/ionisation time-
of-flight mass spectrometry (MALDI-TOF MS) is a reliable alternative approach for
the accurate, rapid, and cost-effective identification of different Flavobacterium

species and possibly for differentiation of strains (Pérez-Sancho et al., 2017;
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Saticioglu et al., 2021a). Previous studies have shown that the MALDI-TOF MS
technique is an effective tool for distinguishing closely related species that are
often indistinguishable by 16S rRNA gene analysis (Fernandez-Alvarez et al.,
2016; Fernandez-Alvarez et al., 2017; Fernandez-Alvarez et al., 2018).
Identification of well-known fish pathogens, namely F. psychrophilum,
F. branchiophilum, F. columnare, F.covae, F. davisii, and F. oreochromis, is
possible with high confidence using MALDI-TOF MS (Strepparava et al., 2012b;
Pérez-Sancho et al., 2017; Fernandez-Alvarez et al., 2018; LaFrentz et al., 2022).
Accurate species-level identification of bacterial isolates using MALDI-TOF MS
relies on the presence of the species mass spectrum profile (MSP) in the
reference protein database. Some studies have shown good results in the
accurate identification of lesser-known Flavobacterium species available in the
database (Strepparava et al., 2012b; Saticioglu et al., 2021a; Saticioglu et al.,
2021b; Zurbuchen et al., 2023). MALDI-TOF MS databases can be continuously
updated, and further studies incorporating a larger number of spectra and strains
for each fish-pathogenic species will better capture the variability of
Flavobacterium spp. This will improve the identification of flavobacterial species
during disease outbreaks, facilitate disease management, and reduce the risk of

pathogen spread (Fernandez-Alvarez et al., 2018).

2.5 TREATMENT AND ANTIMICROBIAL RESISTANCE

Disease control is mainly based on management, biosecurity measures — similar
to those used against other pathogens — and antimicrobial treatment because no
consistently effective commercial vaccine against F. psychrophilum or other
flavobacteria is yet available (Brenden et al., 2023; Vaibarova and Cizek, 2024).
The development of vaccines against flavobacterial diseases is challenging due to
the high diversity of pathogenic fish species, insufficient knowledge of molecular
pathogenesis, and the occurrence of mixed-species outbreaks (Heckman et al.,
2023; Saticioglu et al., 2024). In addition, the rapid emergence of AMR in fish
pathogens is concerning, especially given the limited number of antimicrobials
approved for aquaculture (only two or three per country) (Declercq et al., 2013b).

Therefore, isolation and identification of the pathogen and its AST are crucial for
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successful treatment and to reduce the further development of AMR (Loch and
Faisal, 2017). In addition, the treatment of flavobacterial diseases has a significant
economic impact on fish aquaculture. For example, in Sweden, an estimated 50—
60% of all antibiotics are used to treat infections caused by F. psychrophilum and

F. columnare (Soéderlund et al., 2018).

Until recently, the antimicrobial susceptibility of flavobacteria was evaluated with
various phenotypic tests using different, non-standardised media and growth
conditions. Furthermore, there were no criteria that would allow a standardised
interpretation of the results and a comparison between existing studies (Miranda et
al., 2016; Ngo et al., 2018).

In 2014, the CLSI published the first guideline VET04-A2 (CLSI, 2014) for
standardised AST of aquatic bacterial pathogens, including F. psychrophilum. The
standardised CLSI method has been used in a limited number of studies (Smith et
al., 2016; Van Vliet et al., 2017; Ngo et al., 2018; Sdderlund et al., 2018; Jarau et
al., 2019; Saticioglu et al., 2019; Li et al., 2021; Vaibarova et al., 2024; Zamparo et
al., 2024). In addition, four of these studies used Kronvall's normalised resistance
interpretation (NRI) method (Kronvall, 2010) to calculate the provisional
epidemiological cut-off values for wild type (COwr) and provided their raw
minimum inhibitory concentration (MIC) data, allowing interpretation and
comparison of their results (Smith et al., 2016; Van Vliet et al., 2017; Ngo et al.,
2018; Saticioglu et al., 2019).

In 2020, the CLSI published the latest standardised guidelines for AST and the
first internationally recognised epidemiological cut-off values (ECVs) for the
assessment of MICs for F. psychrophilum and F. columnare (CLSI, 2020a, 2020b).
ECVs for erythromycin (ERY), florfenicol (FLO), oxytetracycline (OXY),
enrofloxacin (ENR), flumequine, and oxolinic acid (OXO) are available for
F. psychrophilum and F. columnare, whereas an ECV for ampicillin (AMP) is
currently available only for F. columnare (CLSI, 2020b). These ECVs facilitate the
differentiation of WT and NWT isolates when a standardized AST method is
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applied. However, AST and interpretation of results for other Flavobacterium

species remain challenging.

2.5.1 Phenotypic characterization of antimicrobial resistance profiles

Several studies have reported reduced susceptibility of F. psychrophilum isolates
to multiple antimicrobials widely used in aquaculture (Henriquez-Nufez et al.,
2012; Miranda et al., 2016; Smith et al., 2016; Van Vliet et al., 2017; Ngo et al.,
2018). In addition, the results of some studies, including those from neighbouring
countries, suggest that most flavobacteria are multidrug resistant (Varga et al.,
2016; Mwega et al., 2020; Heckman et al.,, 2023). Several studies have
investigated the susceptibility profiles of F. psychrophilum and F. columnare.
However, data on the AMR of other flavobacterial species are scarce (Heckman et
al., 2023). Notably, meaningful comparisons between studies are only possible if

standardized and harmonized methods and growth media are used for AST.

A limited number of studies used the standardised broth microdilution protocol for
AST of F. psychrophilum (Smith et al., 2016; Van Vliet et al., 2017; Ngo et al.,
2018; Soderlund et al., 2018; Jarau et al., 2019; Saticioglu et al., 2019; Li et al.,
2021; Vaibarova et al., 2024; Zamparo et al., 2024). In studies using the broth
microdilution method for AST of F. psychrophilum, variable results were observed,
albeit most studies reported low MICs for FLO (0-15.7% of NWT isolates), low to
moderate MICs for AMP and gentamicin (GEN) (0-30% of NWT isolates), and
ERY (16.7-20.0% of NWT isolates), and moderate to high MICs for
trimethoprim/sulfamethoxazole (TRS), OXY (58-90% of NWT isolates), and
quinolones (70-88% of NWT isolates), namely OXO, flumequine and ENR
(Hesami et al., 2010; Henriquez-Nunez et al., 2012; Miranda et al., 2016; Smith et
al., 2016; Van Vliet et al., 2017; Ngo et al., 2018; Saticioglu et al., 2019; Li et al.,
2021; Vaibarova et al., 2024). Only two studies reported a high frequency (52.8%
and 92.5%) of NWT isolates for FLO (Hesami et al., 2010; Henriquez-Nunez et al.,
2012). FLO has become the new drug of choice for the treatment of
F. psychrophilum infections in most countries, following a progressive decline in

the efficacy of alternative drugs for the treatment of this severe disease, such as
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OXY, aminopenicillins, and quinolones (Barnes and Brown, 2011; Ngo et al., 2018;
Saticioglu et al., 2019).

Even fewer studies have used the standardised broth microdilution protocol for
AST of F. columnare (de Abreu Reis Ferreira et al., 2022; LaFrentz et al., 2022).
LaFrentz et al. (2022), who reclassified F. columnare into four distinct species, also
performed an AST and concluded that no relevant differences were found between
the four species. All isolates were WT for amoxicillin, ERY, FLO, and OXY.
However, all four species were NWT for the quinolone ENR, and some F. covae
isolates were NWT for ERY. In addition, MICs up to < 2 yg/ml and > 2 uyg/ml were
observed for GEN and TRS, respectively. Similarly, de Abreu Reis Ferreira et al.
(2022) reported that F. oreochromis was WT for all antimicrobials tested, except
for ENR. Declercq et al. (2013b) analyzed 100 F. columnare isolates from different
fish species using the broth microdilution method. All isolates were WT for FLO,
and most were WT for ERY and AMP. However, 10-16% of isolates were NWT for
quinolones (ENR, flumequine, and OXO), and 11% were NWT for OXY.
Additionally, MICs of up to < 2 pg/ml and < 4 ug/ml were observed for GEN and
TRS, respectively.

Studies on the antimicrobial susceptibility of F. branchiophilum are scarce. Two
studies investigated the susceptibility of F. branchiophilum to penicillin G using the
disc diffusion method on AO agar and concluded that all isolates were susceptible
(Ostland et al., 1994; Ko and Heo, 1997). Adamek et al. (2018) performed AST
using the disc diffusion method and reported that the isolates were susceptible to
FLO (Adamek et al., 2018). However, the lack of a standardised method for AST
and ECVs for this species limits the validity of the conclusions drawn in these

studies.

Carson et al. (1993) investigated the antimicrobial susceptibility of F. johnsoniae
and found different results for the isolates tested. However, OXO and acriflavine
were identified as the most effective inhibitors of growth, while trimethoprim,

polymyxin B, and sulfamethazine showed no apparent inhibitory effect.
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Two studies investigated the antimicrobial susceptibility of several lesser-known
flavobacteria using the broth microdilution method (Mwega et al., 2020; Heckman
et al.,, 2023). Heckman et al. (2023) compared the antimicrobial susceptibility
profiles of three representative isolates from each of the nine major phylogenetic
clades (A-I) and found different susceptibility patterns. All clades had at least one
tested isolate with an MIC above the established F. psychrophilum ECV for OXY.
Additionally, four Flavobacterium clades (B, G-I) consistently exhibited high MICs
for 11 of 18 antimicrobials tested, including FLO, TRS, ENR, GEN, ERY, and
amoxicillin. It has been reported that F. hydatis, F. plurextorum, and F. chilense
harbour the highest number of AMR genes among the 86 Flavobacterium
genomes analyzed (Kumru et al., 2020). Notably, at least one isolate from each
clade had MICs at or above the concentration required for resistance for OXY and
FLO in F. psychrophilum, suggesting potential resistance. In addition, isolates from
these clades exceeded the testing range for TRS (Heckman et al., 2023). Mwega
et al. (2020) performed AST of 67 Flavobacteriaceae isolates, including species
from the genera Flavobacterium and Chryseobacterium, although the latter has
been reclassified outside this family. However, the research presented combined
results for both genera, without providing data for individual species. The authors
concluded that the isolates were predominantly susceptible to ENR, moderately
susceptible to TRS and FLO, and all isolates exhibited reduced susceptibility to
AMP, GEN, ERY, OXY, and ceftiofur.

2.5.2 Genotypic characterization of antimicrobial resistance profiles

WGS provides an alternative approach to predict the AMR profile based on the
detection of acquired AMR genes and resistance-associated mutations, but
requires comprehensive and accurate AMR gene databases. When defining WT
and NWT populations, both the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) and the CLSI refer to the genotype of isolates
with regard to the presence of acquired AMR genes or AMR-associated mutations
(Silley, 2012). However, AMR genes and AMR-associated mutations are not yet

considered in the definition of WT and NWT populations in Flavobacterium spp.
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because the mechanisms underlying AMR are still largely unclear and require

further investigation (Saticioglu et al., 2019).

There are only a few studies that allow a comparison of the genotypic and
phenotypic AMR profiles of F. psychrophilum and F. columnare (lzumi and
Aranishi, 2004; Del Cerro et al., 2010; Henriquez-Nufiez et al., 2012; Shah et al.,
2012; Saticioglu et al., 2019; Abd El-Tawab et al., 2020), and even fewer studies
used WGS to determine their genotypic AMR profiles (Soderlund et al., 2018;
Chokmangmeepisarn et al., 2021; Declercq et al., 2021; Park et al., 2021). Several
studies investigated the genome characteristics of F. psychrophilum and
F. columnare (Wu et al., 2015; Castillo et al., 2016; Castillo et al., 2021;
Kayansamruaj et al., 2017; Kumru et al., 2017; Soderlund et al., 2018; Duchaud et
al., 2018; Mata et al., 2018; Chokmangmeepisarn et al., 2021; Declercq et al.,
2021; Park et al., 2021; Saticioglu et al., 2024), while only one such research is
available for F. branchiophilum (Touchon et al., 2011). Previous studies described
the presence of AMR genes, such as floR, sul2, and various tet genes in the
F. psychrophilum genomes, which were not associated with phenotypic resistance
to FLO, sulfonamides, and tetracyclines, respectively (Soderlund et al., 2018;
Saticioglu et al., 2019). However, some studies have identified the presence of
AMR genes, such as cfxA, ermF, and tetQ, which may be involved in reduced
susceptibility to cefoxitin, ERY, and tetracycline, respectively (Alvarez et al., 2004).
In addition, the tetA gene was found in an F. columnare isolate displaying acquired

phenotypic resistance to OXY (Declercq et al., 2021).

Flavobacteria often exhibit multidrug-resistant phenotypes that may be associated
with intrinsic mechanisms (Mwega et al., 2020; Heckman et al., 2023), such as
efflux pumps (Clark et al., 2009; Chen et al., 2017; Mata et al., 2018; Kralova et
al., 2021), low permeability of the outer membrane (Nikaido, 1994), expression of
extended-spectrum beta-lactamases (Chen et al., 2017), mutations in DNA gyrase
and topoisomerase genes (Shah et al., 2012), and biofilm formation (Sundell and
Wiklund, 2011). The presence of T83A or T83V substitution in GyrA is associated

with quinolone resistance in F. psychrophilum and F. columnare (lzumi and
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Aranishi, 2004; Shah et al., 2012; Mata et al., 2018; Soéderlund et al., 2018;
Saticioglu et al., 2019; Chokmangmeepisarn et al., 2021; Declercq et al., 2021).

Verner-Jeffreys et al. (2017) analysed 377 genomes of the Flavobacteriaceae
family (phylum Bacteroidota) and suggested that the transmission of AMR genes
commonly associated with gram-negative bacteria, particularly from the phylum
Pseudomonadota, may be limited or impossible due to genetic incompatibility
between these evolutionarily distant bacterial groups. This could mean that the
mechanisms leading to reduced susceptibility to antimicrobials are different in
flavobacteria than in other bacterial fish pathogens and that the known AMR genes
in Pseudomonadota are generally not found in Flavobacteriaceae. Possible
barriers to gene transfer and functional expression of AMR genes need to be
further investigated (Verner-deffreys et al., 2017; Saticioglu et al., 2019). Several
studies highlight the importance of efflux pumps, in particular the resistance-
nodulation-division (RND) family and the major facilitator superfamily (MFS), in
multidrug resistance of flavobacteria (Clark et al., 2009; Chen et al., 2017; Zhang
et al., 2017; Mata et al., 2018; Castillo et al., 2021; Chokmangmeepisarn et al.,
2021; Declercq et al., 2021; Park et al., 2021).

2.6 PREVENTION OF FLAVOBACTERIAL DISEASES AND INFLUENCE OF
WATER QUALITY ON THEIR OCCURRENCE

Flavobacteria are transmitted horizontally between fish. The main sources of
infection are infected and dead fish, which release large numbers of bacterial cells
into the surrounding water. Flavobacteria can also be transmitted via eggs by
colonising their surface. In addition, F. psychrophilum can be transmitted vertically,

which facilitates its spread through international trade in fish eggs (Taylor, 2004).

Outbreak prevention is a challenge because flavobacteria are ubiquitous in the
environment and difficult to eradicate from fish farms and fish eggs. Measures,
such as improved management and hygiene practices, can help contain the
problem, although complete elimination cannot be guaranteed (Starliper, 2011;

Loch and Faisal, 2018). In addition, many flavobacteria form biofilms, making them
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difficult to eliminate even with the use of disinfectants, such as iodophor (Loch and
Faisal, 2018). Therefore, fish are constantly exposed to flavobacteria in the
environment, with outbreaks likely to occur when fish are under stress or when
immunologically naive juvenile fish are exposed to the pathogen (Soderlund et al.,
2018). Farmed fish are particularly susceptible to disease, and maintaining optimal
husbandry conditions, such as low rearing densities, good hygiene, and water
quality, adequate water flows, and appropriate nutrition, is an important preventive
measure (Suomalainen et al., 2005; Loch and Faisal, 2017). In addition, co-
infections with ectoparasites can increase the susceptibility of fish to bacterial
pathogens by causing microscopic lesions and inducing stress (Bandilla et al.,
2006).

The role of environmental factors in the initiation and pathogenesis of
flavobacterial diseases is not yet well understood (Straus et al., 2015; Elmore,
2016). Some studies suggest that predisposing factors, including low water
temperature (below 20 °C), elevated nitrite concentrations, and pH between 6
and 8, may increase the risk of infection with F. psychrophilum (Soltani and Burke,
1995; Nematollahi et al., 2003b; Elmore, 2016). Additionally, water pH between 7
and 7.5, decreased dissolved oxygen, and increased water temperature,
concentration of ammonia and nitrite, concentration of divalent cations (water
hardness), and organic matter may be the environmental stimuli that contribute to
the initiation of infection with F. columnare (Decostere et al., 1999c; Eissa et al.,
2010; Farmer et al., 2011; Verma et al., 2011; Straus et al., 2015). Some studies
observed that F. branchiophilum infections often occur in association with reduced
water flow, reduced dissolved oxygen, increased concentrations of ammonia,
rising water temperature, and water turbidity due to sediment disturbance during
heavy rainfall (Bullock, 1990; Good et al., 2008; Starliper, 2011). Liu et al. (2019)
concluded that pathogenic Flavobacterium spp. exhibit a strong negative
correlation with water temperature and a positive correlation with ammonium

concentration and dissolved oxygen.

In the aquatic environment, both the host and the pathogen are strongly influenced

by changes in water conditions. Therefore, maintaining optimal water quality in fish
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farms is crucial to ensure fish health and well-being. The recommended commonly
measured parameters for rainbow trout growth include a temperature of 13-19 °C
(Schurmann et al.,, 1991), dissolved oxygen of 7-13 mg/l (Pedersen, 1987,
Caldwell and Hinshaw, 1994), pH of 7-8, ammonia below 0.0125 mg/l, nitrite
below 0.000012 mg/l, and nitrate below 0.025 mg/l (Molony, 2001). However,
rainbow trout can adapt to temperatures between 0 and 22 °C, dissolved oxygen
as low as 5 mg/l, and pH between 5 and 9 (EFSA, 2008). Notably, the optimum
range of water quality parameters also depends on the life stage of the fish (Noble
et al., 2020).
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3 MATERIALS AND METHODS
3.1 FISH SAMPLING AND WATER QUALITY MEASUREMENTS

Rainbow trout from four Slovene fish farms were included in this research, with the
farms labelled F1 to F4 to ensure data anonymity. The research has been
approved by the Ethical Committee for experiments on animals and the
Administration of the Republic of Slovenia for Food Safety, Veterinary Sector and
Plant Protection, Ministry of Agriculture, Forestry and Food (approval number:
U34401-10/2022/6). The fish farmers signed an Owner's informed consent form
(Appendix 1) before the start of the research. An overview of the research is

shown in Figure 1.

Correlation between water quality

Measurement of water temperature, pH and dissolved oxygen at the
Water parameters inlet and outlet of the sampled fish tanks parameters and flavobacterial infections

Necropsy and
sampling in fish
farms

- Identification of fish: gross photography, weight, total length,

calculation of Fulton’s condition factor -
- Correlation between necropsy variables
Necropsy and sampling - Qualitative and quantitative assessement of gross changes and flavobacterial infections
- sampling for histopathological and bacteriological investigation - Obtaining samples for histopathological
and evaluation of skin and gill ectoparasites and bacteriological investigation

- Inoculation of samples on Anacker and Ordal's agar (15 °C for 5-7
7 - days) and modified Shieh's agar supplemented with tobramycin (21
Bacteriological investigation °C for 3-5 days under aerobic conditions)

- General bacteriological investigation (Blood agar, 21 °C, 3-5 days)

Obtaining pure cultures for subsequent
identification

Isolation and
identification of
Flavobacterium

spp.

- Flavobacterium species ation with matrix-assisted laser

Isolate identification desor ptionfionisation tim ight mass spectrometry Identification of isolates
-Selected isolates with unreliable identification = whole-genome
sequencing

Antimicrobial susceptibility testing U!ST)Vusing the standargised Information on the phenotypic AMR of
Phenotypic AMR profiles method recommended for F. psychrophilum by the latest CLSI flavobacterial isolates
Antimicrobial guidelines (CLSI, 2020), which was adjusted for fastidious species

resistance (AMR] . 5
{ ) Identification of AMR genes and AMR-associated mutations using Comparison of phenotypic and genotypic
‘Genotypic AMR profiles whole-genome sequencing AMR profiles of selected F. psychrophilum
and F. branchiophilum isolates

Tissue samples of skin, gills, heart, kidney, liver, spleen, stomach
with pyloric caeca and pancreas, intestine and other organs with
pathological changes = quantitative evaluation of
histopathological changes - Differentiation between pathogenic and
commensal flavobacteria

- Correlation between histopathology
variables and flavobacterial infections

Histopathological
investigation

o _ Basic descriptive statistics, tests to compare differences between
Statistical analysis 4 B

groups and tests to evaluate association between variables using
the Python programming language

Figure 1: Study overview — a list of the methods used, along with a description of the purpose of
each method

Two sampling strategies were used in the research: longitudinal and individual
(Figure 2). To investigate the spatiotemporal dynamics of flavobacteria and the
influence of annual changes in water temperature, dissolved oxygen, and pH on
the occurrence of flavobacterial diseases, longitudinal (LONG) sampling was
performed at two fish farms (F1 and F2) from October 2022 to August 2023 in four
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seasons: autumn, winter, spring, and summer. Each sampling included nine
diseased and nine apparently healthy fish from three separate tanks, resulting in a
total of 27 diseased and 27 apparently healthy fish per sampling. During the LONG

sampling, 432 rainbow trout were collected.

To investigate possible outbreaks of flavobacteriosis and the biodiversity of
pathogenic flavobacteria, two individual (IND) samplings were conducted after fish
farmers reported increased fish mortality, as defined by Article 23 of the Rules on
animal health requirements for aquaculture animals and products thereof, and on
the prevention and control of certain diseases in aquatic animals (Official Gazette
of the Republic of Slovenia, No. 6/14, 10/19 and 16/19). The first sampling was
carried out in March 2023 at a third fish farm (F3), and the second in July 2024 at
a fourth farm (F4). At each sampling, 27 diseased and 27 apparently healthy fish
were selected from a single fish tank. In the two IND samplings, 108 rainbow trout

were collected.

A total of 540 rainbow trout of different life stages were sampled during this

research.

Sampling strategies

two freshwater
fish farms
(F3 and F4)

two freshwater
fish farms
(F1 and F2)

Individual sampling
(reports of increased
mortality)

27 disease and 27
apparently healty fish

Longitudinal

. one fish tank per
sampling

fish farm

three fishtanks |l Four samplings
per fish farm per year

- = _: — Nine diseased and nine

apparently healthy fish per
fish tank

AUTUMN 2022 WINTER 2023 SPRING 2023 SUMMER 2023
LONG1 LONG2 LONG3 LONG4 LONG5 LONG6 LONG7 LONGS
F1 F2 F1 F2 F1 F2 F1 F2

Figure 2: Sampling strategies including longitudinal (LONG) and individual (IND) samplings
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For each sampling, all fish tanks on the farm were assessed, and the tanks with
the most visibly diseased fish were selected for sampling. The fish were classified
as diseased if they showed clinical signs, such as lethargy, anorexia, swimming
near the water surface and opercular flaring, swimming abnormalities, as well as
gross lesions, such as a distended abdomen, skin, and/or fin haemorrhage,
erosions and ulcerations, skin discoloration (hypo- or hyperpigmentation), and
exophthalmos. The fish were classified as apparently healthy if they exhibited

normal behaviour and were without evident gross lesions.

Information on fish farms and factors that may affect fish health was obtained
using a questionnaire for fish farmers (Appendix 2). General information on the
fish farms from the questionnaire is given in Table 1. There were no hydrological

connections between the sampled fish farms.

Table 1: General information on the fish farms (F)

FISH FARM F1 F2 F3 F4
Production parallel and flow- | parallel and flow- | parallel and flow- | parallel
system through through through
Fish tanks concrete and concrete concrete concrete
plastic

Water source spring river river stream
Upstream fish no yes yes no
farms
Notifiable free infectious infectious free
diseases hematopoietic hematopoietic

necrosis virus necrosis virus

The sampled fish had never been vaccinated against any pathogens and had not
been treated with antimicrobials in the month before sampling. Additionally, they
had not been exposed to husbandry stressors in the two weeks preceding
sampling. All fish were fed commercial Biomar fish feed, except for F3, where this
information was not reported. For LONG samplings, no diseases were confirmed
by a veterinarian, nor were any changes in mortality, behaviour, or appearance
observed by the fish farmers in the month before sampling. An exception was
noted at F2 in the autumn of 2022 and summer of 2023 when mildly increased
mortality was reported. In IND samplings at F3 and F4, severely increased
mortality was observed, prompting contact with a veterinarian. At F4, fish were

treated with formalin a few days before sampling.
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At each sampling, measurements of water temperature, pH, and dissolved oxygen
were recorded at both the inlet and outlet of each sampled fish tank.
Measurements were taken using the WTW™ Multi-parameter portable digital
meter MultiLine® 3420 SET B, order no. 2FD46B (Wissenschaftlich-Technische
Werkstatten, Weilheim, Germany), with a WTW™ optical IDS dissolved oxygen
sensor FDO® 925-3 (Xylem Analytics, Wissenschaftlich-Technische Werkstatten,
Weilheim, Germany) and WTW™ [IDS pH combined electrode SenTix® 940

(Xylem Analytics, Wissenschaftlich-Technische Werkstatten, Weilheim, Germany).

3.2 NECROPSY AND SAMPLING

Necropsy and sampling were carried out in the fish farms. Fish were euthanized
individually with an overdose of tricaine methane sulfonate (MS-222) (PHARMAQ
AS, Overhalla, Norway) buffered with sodium bicarbonate (NaHCO3) in a 1:2 ratio
to reduce mucosal irritation and immediately necropsied. At necropsy, each fish
was photographed, and its weight (g) and total length (cm) were measured to
calculate the Fulton's condition factor (K) using the formula “K = 100 x weight/total
length3”. The weight of the fish was measured using an electronic balance (G&G
GmbH E3000YA).

During necropsy, selected gross lesions were assessed semiquantitatively
according to the adapted method developed by Adams et al. (1993) and Heath et
al. (2004). The score assigned to each organ ranged from 0 to 3. The necropsy
fish index was calculated as the sum of all individual scores, with a possible range
from 0 to 30 (Table 2).

For identification of ectoparasites and/or Flavobacterium-like bacteria, gill and skin
scrapings were smeared onto slides, air-dried, and manually stained with Giemsa
according to the protocol of the Institute of Pathology, Wild Animals, Fish and
Bees (IPDRC). A microscopic evaluation was then performed to determine the
parasite infestation rate using a semiquantitative scoring system: 0 for no parasite

infestation, 1 for mild infestation (1—10 parasites), 2 for moderate infestation (11—
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20 parasites), and 3 for severe infestation (> 20 parasites). Due to the small size of
amoebae and Ichthyobodo necator, precise quantification was challenging.
Therefore, infestation was assessed subjectively (mild, moderate, and severe)
(Heath et al., 2004).

Table 2: Description of organ variables and allocated score values for the assessment of gross

lesions according to the adapted method developed by Adams et al. (1993) and Heath et al. (2004)

ORGAN VARIABLE SCORE
VALUE
SKIN Normal 0
Mild aberrations 1
Moderate aberrations 2
Severe aberrations 3
FINS No active erosion 0
Previous erosion healed; light active erosion with no 1
haemorrhage or secondary infection evident
Moderate active erosion with some haemorrhage 2
Severe active erosion with haemorrhage or secondary 3

infection evident

EYES Normal
Any aberrations
OPERCULES No shortening; gills completely covered

Mild shortening
Moderate shortening
Severe shortening; considerable portion of the gills exposed

GILLS Normal

Any aberrations
LIVER Normal

Any aberrations
KIDNEY Normal

Any aberrations
SPLEEN Normal

Any aberrations
STOMACH Normal

Mild inflammation or other aberrations
Moderate inflammation or other aberrations
Severe inflammation or other aberrations
INTESTINE Normal

Mild inflammation or other aberrations
Moderate inflammation or other aberrations
Severe inflammation or other aberrations

WIN| =[O WIN O WO| WO W OoO|Ww oO|w N —=O|lwlo
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3.3 HISTOPATHOLOGICAL INVESTIGATION

For histopathological investigation, samples of gills, skin, heart, liver, spleen,
kidney, stomach with pyloric caeca and pancreas, intestine, and other organs with
pathological lesions were taken at necropsy, except for the brain and eyes due to
the lengthy sampling process. The samples were immediately fixed in 10% neutral
buffered formalin for 24 to 48 hours at room temperature and then routinely
embedded in paraffin. Four-um thick tissue sections were deparaffinised and
stained with HE. In selected cases, additional Gram staining was performed
according to the IPDRC protocol. Stained sections were examined with a light
microscope. The presence of other potential pathogens observed in the
histological slides was evaluated subjectively and categorized as mild, moderate,

or severe.

Selected histopathological lesions were evaluated semiquantitatively according to
the adapted method developed by Bernet et al. (1999), Saraiva et al. (2015), and
Steinbach et al. (2016) (Table 3). According to this method, the relevance of a
lesion depends on its importance factor:

(1) minimal pathological importance (the lesion is easily reversible when exposure
to stressors ends),

(2) moderate pathological importance (the lesion is reversible in most cases when
the stressor is removed), and

(3) marked pathological importance (the lesion is generally irreversible and leads
to partial or complete loss of organ function).

Every lesion was assigned a score ranging from zero to six, depending on the
degree and extent of the lesion:

(0) unchanged organ/tissue,

(1-2) mild occurrence,

(3—4) moderate occurrence, and

(

5-6) severe occurrence or a diffuse lesion.

The organ index, along with circulatory, regressive, progressive, and inflammatory

reaction indices, were calculated for each organ according to Bernet et al. (1999).
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These indices represent the sum of the multiplied importance factors and scores
for each lesion of the corresponding reaction pattern, or the total sum of all lesions
observed in the examined organ. The possible range of index values is listed in

Table 3 alongside each organ and reaction pattern.

Table 3: Evaluated histopathological lesions and allocated importance factors (IF) according to the
adapted method developed by Bernet et al. (1999), Saraiva et al. (2015), and Steinbach et al.
(2016)

ORGAN AND REACTION | TISSUE LESION IF
PATTERN (The possible range
of index values)

GILLS (0-432)

Circulatory (0-72) Lamellae Haemorrhage

Hyperaemia

Intercellular oedema

Aneurysm

Thrombus

Gill arch Haemorrhage

Hyperaemia

Intercellular oedema

Aneurysm

Thrombus

Regressive (0—144) Epithelium Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Supporting tissue Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Gill arch Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Progressive (0—108) Epithelium Hypertrophy of epithelial cells

Hyperplasia of epithelial cells

Hyperplasia of goblet cells

Hyperplasia of chloride cells

Lamellar fusion

Filament fusion

Supporting tissue Hypertrophy

N =N =2 22N =2 W DN =2 OINIDN=2WDNDIDN 2D a2 -~

Hyperplasia

Fibrosis 2

Table 3 continued
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Table 3 continued

Gill arch Hypertrophy

Hyperplasia

Fibrosis

Inflammatory (0—108) Filaments/lamellae | Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Exudate

Gill arch Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

SIDNIN NN NDNINIDNDN N~

Exudate

SKIN (0-474)

Circulatory (0-60) Dermis Haemorrhage

Hyperaemia

Intercellular oedema

Thrombus

Muscle/subcutis Haemorrhage

Hyperaemia

Intercellular oedema

Thrombus

Regressive (0-174) Epidermis Erosion

Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

NI WIDNI N =2 2N =22 2N ] -

Basement Defect (ulceration)
membrane

Dermis Loss of scales/bone resorption

Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Muscle Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Progressive (0—84) Epidermis Hypertrophy of epithelial cells

Hyperplasia of epithelial cells

Hyperplasia of goblet cells

=N 2 WOINIDN =2 WIDNDN =N

Dermis Hypertrophy

Hyperplasia 2

Table 3 continued
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Table 3 continued

Fibrosis

Muscle

Hypertrophy

Hyperplasia/regeneration

Fibrosis

Inflammatory (0—156)

Epidermis

Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Dermis

Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Exudate

Muscle/subcutis

Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Exudate

SININININ2INIDNIDNDNDNDIDNDNNDNIDN =N

HEART (0—444)

Circulatory (0-60)

Epicardium

Haemorrhage

Hyperaemia

Intercellular oedema

Thrombus

Myocardium

Haemorrhage

Hyperaemia

Intercellular oedema

Thrombus

Regressive (0-144)

Epicardium

Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Myocardium

Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Endocardium

Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Progressive (0—78)

Epicardium

Hypertrophy

Hyperplasia

Fibrosis

Myocardium

Hypertrophy

=SININ =2 WOINIDN 2NN =2 WONDN 2N =2 22N -

Table 3 continued
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Table 3 continued

Hyperplasia/regeneration

Fibrosis

Endocardium

Hypertrophy

Hyperplasia

Inflammatory (0-162)

Epicardium

Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Exudate

Myocardium

Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Exudate

Endocardium

Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Activation of RES

SININNIN=2ADNIDNIDNDN2IDNDNNINIDN=2INDN

SPLEEN (0-294)

Circulatory (0-30)

Haemorrhage

Hyperaemia

Intercellular oedema

Thrombus

Regressive (0-102)

Capsule

Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Parenchyma

Activation of MMCs

Cytoplasm deposits/infiltration

Atrophy/lymphopaenia

Degeneration

Necrosis

Progressive (0—48)

Capsule

Hypertrophy

Hyperplasia

Parenchyma

Hypertrophy

Hyperplasia

Fibrosis

Inflammatory (0—114)

Capsule

Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Exudate

SININININIDNN 2N 2NN 2 2WONDN 2N~

Table 3 continued
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Table 3 continued

Parenchyma

Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Activation of RES

Exudate

22N NINDN

KIDNEY (0-438)

Circulatory (0-30)

Haemorrhage

Hyperaemia

Intercellular oedema

Thrombus

Regressive (0-162)

Haematopoietic
tissue

Activation of MMCs

SN ] -

Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Tubule

Cytoplasm deposits/infiltration

Lumen deposits

Atrophy

Degeneration

Necrosis

Glomerulus

Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Progressive (0—90)

Haematopoietic
tissue

Hypertrophy

ST WINIDN =2 WOINIDNDN =2 WNN -

Hyperplasia

Fibrosis

Tubule

Hypertrophy

Hyperplasia/regeneration

Fibrosis

Glomerulus

Hypertrophy

Hyperplasia/regeneration

Fibrosis

Inflammatory (0—156)

Haematopoietic
tissue

Infiltration lymphocytes

NININ =2 DNIDN=2INDN

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Exudate

Tubule

Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

NININ =2 NINDN

Table 3 continued
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Table 3 continued

Infiltration EGCs

Glomerulus Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

2SININDNIDNDN

Exudate

LIVER (0-300)

Circulatory (0-30) Haemorrhage

Hyperaemia

Intercellular oedema

Thrombus

Regressive (0—108) Liver tissue Activation of MMCs

Cytoplasm deposits/infiltration

Decreased vacuolation

Atrophy

Degeneration

Necrosis

Bile duct Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Progressive (0—60) Liver tissue Hypertrophy

Hyperplasia/regeneration

Fibrosis

Bile duct Hypertrophy

Hyperplasia

Fibrosis

Inflammatory (0-102) Liver tissue Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Exudate

Bile duct Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

NINININ2INDNNDIDNINDN 2NN 2 WONN 2 WONN 222N~

Infiltration EGCs

PANCREAS (0-162)

Circulatory (0-30) Haemorrhage

Hyperaemia

Intercellular oedema

Thrombus

2SN =] ] -

Regressive (0—48) Cytoplasm deposits/infiltration

Atrophy 2

Table 3 continued
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Table 3 continued

Degeneration

Necrosis

Progressive (0—30) Hypertrophy

Hyperplasia

Fibrosis

Inflammatory (0-54) Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

SIDNININIDNINDN WD

Exudate

STOMACH AND PYLORIC
CAECA (0-564)

Circulatory (0-60) Lamina propria Haemorrhage

Hyperaemia

Intercellular oedema

Thrombus

Other layers Haemorrhage

Hyperaemia

Intercellular oedema

Thrombus

Regressive (0-204) Epithelium Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Ulceration

Glands Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Lamina propria Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Other layers Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Progressive (0—96) Epithelium Hypertrophy

Hyperplasia

Glands Hypertrophy

Hyperplasia

Lamina propria Hypertrophy

Hyperplasia

NN =N 2N =2 WOINDN =2 WONDN 2NN 2N OINDN 2N 222N 2=

Fibrosis

Table 3 continued
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Table 3 continued

Other layers Hypertrophy
Hyperplasia
Fibrosis
Inflammatory (0—-204) Epithelium Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Glands Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Lamina propria Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Exudate

Other layers Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

SININNIDN=2AADNDNINDNNDIDNIDNDNIDNDNNNDNDN -

Exudate

INTESTINE (0-450)

Circulatory (0-60) Lamina propria Haemorrhage

Hyperaemia

Intercellular oedema

Thrombus

Other layers Haemorrhage

Hyperaemia

Intercellular oedema

Thrombus

Regressive (0—156) Epithelium Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Ulceration

Lamina propria Cytoplasm deposits/infiltration

Atrophy

Degeneration

Necrosis

Other layers Cytoplasm deposits/infiltration

Atrophy

Degeneration

WIN[IN =2 WOINIDN=2IDNWOINN=2N 222N 2=

Necrosis

Table 3 continued
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Table 3 continued

Progressive (0-78) Epithelium Hypertrophy

Hyperplasia

Lamina propria Hypertrophy

Hyperplasia

Fibrosis

Other layers Hypertrophy

Hyperplasia

Fibrosis

Inflammatory (0—156) Epithelium Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Lamina propria Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

Infiltration EGCs

Exudate

Other layers Infiltration lymphocytes

Infiltration macrophages

Infiltration neutrophils

NIDNINN=2ANDNNDINDNNDIDNNNDN 2NN 2N~

Infiltration EGCs

Exudate 1

EGCs, eosinophilic granular cells; RES, reticuloendothelial system; MMCs, melano-macrophage

centres.

3.4 BACTERIOLOGICAL INVESTIGATION

Sampling for bacteriological investigation was performed during necropsy. The
dissecting instruments and external surfaces of the fish were disinfected with 70%

ethanol before handling the internal organs and after necropsy of each fish.

For the isolation of flavobacteria, AO agar (Anacker and Ordal, 1955) and MS agar
supplemented with tobramycin (Song et al., 1988; Decostere et al., 1997) were
used. Gill and skin samples, as well as samples of spleen, kidney, and liver, were
taken with sterile disposable loops and inoculated separately onto both agar
plates. The plates with AO agar were incubated aerobically for 5-7 days at 15 °C,
and plates with MS agar for 3-5 days at 21 °C. Bacterial growth was recorded
every day. For general bacteriological investigation, samples of spleen, kidney,
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and liver were inoculated onto blood agar and incubated aerobically for 3—5 days
at 21 °C.

To obtain pure cultures, subculturing was performed on MS agar for 3 days at
21 °C. More fastidious species, such as F. psychrophilum and F. branchiophilum,

were subcultured on AO agar for 3 days at 15 °C.

3.5 IDENTIFICATION OF ISOLATES

3.5.1 Matrix-assisted laser desorption/ionisation time-of-fight mass

spectrometry

Isolates were identified using MALDI-TOF MS. Single colonies exhibiting distinct
morphology and colour were analysed with the Bruker Microflex LT MS (Bruker
Daltonics, USA) using the standard protein extraction method with a-cyano-4-
hydroxycinnamic acid as matrix according to the manufacturer’s instructions.
MSPs generated from proteins with masses between 2,000 and 20,000 Daltons
were visualised and compared using Bruker flexControl 3.4.207 software and
Bruker MBT Compass HT (Version 5.1.550) database. Isolates were identified with
high confidence if the best match log(score) was = 2 and the second-best match
log(score) was < 2. Isolates that did not meet these criteria were classified as
Flavobacterium spp. Isolates were stored at —70 °C in Microbank cryovials (Pro-

lab Diagnostics, Austin, Tex.) according to the manufacturer’s instructions.

MSPs of selected Flavobacterium spp. identified by WGS and subjected to AST
were added to our in-house Flavobacterium MALDI-TOF MS database and
analysed. The selected species included F. branchiarum, F. bernardetii,
F. collinsii, F. celericrescens, F. difficile, F. erciyesense, F. hercynium,
F. oncorhynchi, F. piscis, F. tiangeerense, and F. tructae, as well as several
putative new species, FX2, FX3, FX5, FX9, FX10, FX15, FX18, FX23, FX27,
FX32, and FX36. Their MSPs were compared with those of F. psychrophilum,
F. branchiophilum, and some other commonly isolated Flavobacterium species

available in the Bruker reference database (Version 5.1.550). The MALDI Biotyper
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software (MALDI Biotyper Compass Explorer 3.1., Bruker Daltonics) was used to
create a dendrogram with standard parameters, where the distance values were

relative and normalised to a maximum of 1000.

3.5.2 Whole-genome sequencing and bioinformatics analysis

Isolates with unreliable MALDI-TOF MS identification (n = 81), particularly those
isolated from internal organs or in greater numbers from skin or gills, as well as
those showing frequently observed colony morphologies and/or MALDI-TOF MS
results, were selected for WGS (Appendix 3). In addition, to determine the
genotypic AMR profiles, a subset of seven F. psychrophilum isolates representing
different resistotypes based on phenotypic AST, and two F. branchiophilum
isolates from different fish farms were selected for WGS. Six different resistotypes
were identified in F. psychrophilum, and one isolate for each was selected for
WGS, except for resistotype 6, for which two representative isolates were selected
(Table 13). In total, 90 isolates underwent WGS.

Total DNA was extracted from pure cultures using the DNeasy Blood and Tissue
kit (Qiagen, Germantown, MD, USA). DNA libraries were prepared with the
lllumina TruSeq DNA Nano Library Prep Kit (lllumina, San Diego, CA, USA).
Sequencing was performed on the NextSeq 500 System using 2 x 150 bp
chemistry (lllumina, San Diego, CA, USA) to a minimum coverage of 150%. Raw
reads were assembled with Shovill version 1.18
(https://github.com/tseemann/shovill) using the --trim option and SPAdes version
3.13.1 (Bankevich et al., 2012) as the underlying assembler with default

parameters.

AMR genes were identified using ResFinder version 4.1 (Bortolaia et al., 2020)
and CARD’s Resistance Gene Identifier (RGI) version 6.0.3 (Alcock et al., 2020),
both with default parameters. To determine the presence of previously described
missense mutations in the DNA gyrase subunit A gene (gyrA) conferring quinolone
resistance, gyrA genes were extracted from the assemblies and aligned with the

previously published gyrA genes from F. psychrophilum and E. coli (lzumi and
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Aranishi, 2004), after which they were translated into amino acid sequences using
Geneious Prime version 2022.1.1 (BioMatters Ltd.).

MLST was performed using the Sequence Query tool implemented in the
PubMLST database for F. psychrophilum (Jolley et al., 2018). Molecular serotype
of F. psychrophilum isolates was predicted based on the presence or absence of
three previously described serovar-associated genes (Rochat et al., 2017), as
determined by BLASTn.

The most closely related validly described Flavobacterium species were identified
based on the nucleotide identity of the 16S rRNA and gyrB gene sequences. For
this purpose, the 16S rRNA and gyrB gene sequences of the studied strains were
first extracted from the assemblies. Best hits were then identified using the
EzBioCloud 16S identification service (Yoon et al., 2017) for the 16S rRNA gene
and the NCBI BLASTn tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi) against the
NCBI nr/nt database for the gyrB gene. The most closely related validly described
Flavobacterium species were then included in the calculation of pairwise ANI
values based on the BLAST algorithm using Pyani v0.2.11 (Pritchard et al., 2016).
A threshold of 95% ANI was used for species delineation (Kim et al., 2014).

3.6 ANTIMICROBIAL SUSCEPTIBILITY TESTING

The phenotypic AMR profiles were investigated for representative
F. psychrophilum and F. branchiophilum isolates from each positive fish tank at
every sampling point. Where possible, two isolates from diseased fish and one
isolate from apparently healthy fish were selected per positive fish tank. A total of
54 representative F. psychrophilum isolates were obtained from the gills, skin,
and/or internal organs (spleen, kidney, and liver) of rainbow trout sampled at four
fish farms. In addition, eight representative F. branchiophilum isolates were
recovered from the gills of rainbow trout from farms F1 and F2 in the summer of
2023 (Appendix 3).
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AST was also performed for 15 isolates representing 11 lesser-known species,
namely two isolates of F. branchiarum, F. bernardetii, F. collinsii, and
F. celericrescens, and one isolate of F. difficile, F. erciyesense, F. hercynium,
F. oncorhynchi, F. piscis, F. tiangeerense, and F. tructae, all confirmed by WGS.
Additionally, several putative new species (n = 41) were identified by WGS, and
AST was performed for those with at least two representative isolates (29 isolates
representing 11 putative new species), namely FX2 (3 isolates), FX3 (3 isolates),
FX5 (3 isolates), FX9 (2 isolates), FX10 (2 isolates), FX15 (6 isolates), FX18 (2
isolates), FX23 (2 isolates), FX27 (2 isolates), FX32 (2 isolates), and FX36 (2
isolates) (Appendix 3).

A total of 106 Flavobacterium isolates representing 24 different species underwent
AST.

3.6.1 Phenotypic AST of Flavobacterium psychrophilum

AST was performed using the broth microdilution method recommended for
F. psychrophilum in the CLSI guideline VETO03 (CLSI, 2020a). The MICs for 10
antimicrobials were determined using the Sensititre custom AS1AQ plates (Trek
Diagnostic Systems) (Figure 3). These were 96-well dry-form test plates
containing twofold serial dilutions of the following antimicrobials: AMP 0.015-16
Mg/ml (beta-lactam, penicillin subclass), ceftazidime (CTZ) 0.03—4 ug/ml (beta-
lactam, third-generation cephalosporin subclass), ENR 0.0005-0.25 pg/ml
(fluoroquinolone), ERY 0.015-32 pg/ml (macrolide), FLO 0.03-16 pg/ml
(amphenicol), GEN 0.06—8 pg/ml (aminoglycoside), meropenem (MER) 0.008-0.5
pg/ml (beta-lactam, carbapenem subclass), OXO 0.002—-1 pg/ml (quinolone), OXY
0.015-8 pg/ml (tetracycline), and TRS 0.008/0.15-1/19 ug/ml (folate pathway
inhibitors).
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@z JIMENY T ——

SENSITITRE CUSTOM PLATE FORMAT

1305201122

Plate Code: AS1AQ Date: 06-Oct-21
1 2 3 4 5 8 7 8 9 10 1 12 ANTIMICROBICS
Al AMP AMP AMP AMP AMP AMP AMP AMP AMP AMP AMP MERO AMP 2mpicilin
0.015 0.03 0.06 0.12 025 .5 1 L 4 ] 16 0.008 TAZ Ceftazidime
Bi TAZ TAZ TAZ TAZ TAZ TAZ TAZ TAZ ERY ERY ERY MERO ENRO  Enrofoxatin
a.03 0.06 012 025 0.5 1 . 4 0.015 0.5 1 0.015 ERY Erythromyzin
¢l GEN GEN GEN GEN GEN GEN GEN GEN ERY ERY ERY MERO FFN Florfenicol
0.06 0.12 0.25 0.5 1 2 4 8 0.03 0.35 2 0.03 GEN Gentamicin
D! SXT SXT SXT BXT SXT SXT SXT SXT ERY ERY ERY MERO MERO  Meropenem
0.008/0.15| 0.075/0.2 | 0.03/0.6 | 0.06/1.13 | 0.12/2.38 | 0.25475| 0595 119 0.06 0.12 4 0.06 NEG Megaiive Control
E| OXY OXY QXY OXY axy OXY OXY OxXY QXY OXY ERY MERC QX0 Oxolinic Acid
0.015 0.03 0.06 .12 0.25 0.5 1 2 4 8 8 0.12 oxY Onoytatracycling
F| ENRO ENRO ENROC ENRO ENRQ ENRO ENRO ENRO ENRO ENRO ERY WERO POS Posiiive Control
0.0005 0.001 0.002 0.04 0.008 0.015 0.03 0.06 0.12 .25 16 .25 SXT Trmethoprim ! Sulfamethoxazole
G FFN FFN FFN FFN FFN FFN FFN FFM FFN FFN ERY MERC
0.03 0.06 012 0.25 0.5 1 2 4 8 16 32 0.5
H OXO OX0 [e):Ae] OX0 OXO QX0 0OX0 OXO OX0o OXO NEG POS
0.002 0.004 0.008 0.015 0.03 0.06 0.12 0.25 0.5 1

Figure 3: The layout of the Sensititre custom AS1AQ microtitre plate (Trek Diagnostic Systems)

Escherichia coli strain ATCC 25922 was used as a quality control strain as
recommended in the CLSI guideline VET03 (CLSI, 2020a). In addition, the
reference strain F. psychrophilum ATCC 494187 isolated in 1989 was included for

comparison.

Sensititre autoinoculator (Trek Diagnostic Systems) was used to add the
inoculated diluted cation-adjusted Mueller-Hinton broth (DCAMHB) to 96-well
plates. The inoculated plates were covered with plastic adhesive seals, incubated
at 18 °C, and read after 96 hours. The ECVs for ENR, ERY, FLO, OXO, and OXY
against F. psychrophilum and the acceptable ranges for the E. coli quality control
strain are given in CLSI guideline VET04 (CLSI, 2020b).

3.6.2 Phenotypic AST of Flavobacterium branchiophilum

The MICs for 10 antimicrobials were determined using the Sensititre custom
AS1AQ plates (Trek Diagnostic Systems) as for F. psychrophilum. No growth was
observed during the initial phenotypic testing of F. branchiophilum isolates for an
AMR profile according to the CLSI guideline VETO03 (CLSI, 2020a) recommended
for F. psychrophilum. Several adjustments of this method were attempted, and
growth was achieved by adding 50 mg/l of calcium, magnesium, and potassium
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cations (Skulska, 2014) to the sterile distilled water used to dilute the commercial
CAMHB (DCAMHB+C). Additionally, better growth was observed when the initial
bacterial suspensions were prepared in CAMHB instead of sterile saline, and at
the upper end of the 0.5 McFarland standard. A Sensititre autoinoculator (Trek
Diagnostic Systems) was used to add the inoculated DCAMHB+C to 96-well
plates. To evaluate the growth of F. branchiophilum in DCAMHB+C, we also
performed the broth microdilution method using the non-standardised AO broth,
which is known to support the growth of this bacterium. The inoculated plates were

covered with plastic adhesive seals and incubated at 18 °C for 96 hours.

The following adjustments were also tested to promote the growth of
F. branchiophilum but produced no growth: (i) supplementation of full-strength
CAMHB and DCAMHB with 5% fetal bovine serum (Gieseker et al., 2016), (ii)
supplementation of full-strength CAMHB and DCAMHB with 0.11 g of yeast extract
(Bernardet and Bowman, 2006), and (iii) full-strength CAMHB (Hesami et al.,
2010).

3.6.3 Phenotypic AST of lesser-known Flavobacterium species

The MICs for 10 antimicrobials were determined using Sensititre custom AS1AQ
plates (Trek Diagnostic Systems), following the method recommended for
F. psychrophilum (CLSI, 2020a). Similar to F. branchiophilum, no growth was
observed for some isolates (n = 13) during the initial AST testing, conducted
according to the CLSI guideline VETO03 (CLSI, 2020a). This included isolates of
species F. bernardetii, F. celericrescens, F. difficile, and F. tiangeerense, and
isolates of putative new species FX2, FX3, FX5, FX15, and FX18 (Appendix 6).
For these isolates, we repeated the AST using the adjusted method we developed

for F. branchiophilum, which resulted in good growth.

3.6.4 Determination of wild type (WT) and non-wild type (NWT) phenotypes

We use the term WT for fully susceptible isolates and NWT for isolates with

reduced susceptibility (Silley, 2012). For F. psychrophilum isolates, WT and NWT
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populations were defined based on the ECVs for ENR, ERY, FLO, OXO, and OXY
as provided in the CLSI guideline VET04 (CLSI, 2020b). We also used Kronvall's
NRI method (Kronvall, 2010) to calculate the provisional COwr values based on
the MIC data obtained in this research. The COwrt values were calculated for those
antimicrobials for which no more than three of 54 isolates had MICs below or
above the tested range and for which the data set generated standard deviations
of the normalised distribution lower than 1.2 log2 pg/ml. In the calculations, the off-
scale results were assigned MICs immediately below or above the tested range
(Smith et al., 2016; Ngo et al., 2018; Saticioglu et al., 2019). The NRI method was
used with the permission of the patent holder Bioscand AB (Taby, Sweden;
European patent No. 1383913, US Patent No. 7,465,559). The automatic
Microsoft Excel spreadsheet used to perform the NRI calculations was accessed
online (http://www.bioscand.se/nri/) (courtesy of P. Smith, W. Finnegan, and G.

Kronvall).

Determination of WT and NWT phenotypes for F. branchiophilum and other
flavobacteria was not possible due to the lack of a standardised AST method and
established ECVs. In addition, the NRI method could not be applied due to the
limited number of isolates tested. However, some studies have used the ECVs
established F. psychrophilum (ECV_FP) to interpret the MICs for other
Flavobacterium species (Heckman et al., 2023), and the same approach was

applied in this research.

3.7 STATISTICAL ANALYSIS

Given the estimated difference in the prevalence of flavobacterial isolation in
healthy and diseased fish (40%; 20% in apparently healthy fish and 60% in
diseased fish), a sample size of 54 fish per sampling was calculated at a 95%
confidence level and 80% statistical power to detect differences between groups.
In LONG sampling, fish were sampled from three tanks (9 apparently healthy and
9 diseased fish per tank), whereas in IND sampling, fish were sampled from a
single tank (27 apparently healthy and 27 diseased fish per tank) to ensure greater

statistical power.
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Statistical analyses were performed using the Python programming language (Van
Rossum and Drake, 2009), with core statistical modelling implemented using the
statsmodels package (Seabold and Perktold, 2010). Data visualisation was
performed with Matplotlib (Hunter, 2007). The protocol shown in Figure 4 was
used for group comparisons. The normality of the continuous variables was first
assessed with the Shapiro-Wilk test (Shapiro and Wilk, 1965). Associations
between categorical variables were evaluated using the chi-squared test (Pearson,
1900), and relationships between continuous variables were quantified using
Spearman’s rank correlation (Spearman, 1904) and Pearson’s product-moment
correlation (Pearson, 1895). Since all continuous measures were non-normally
distributed (p < 0.05), the Mann-Whitney U test (Mann and Whitney, 1947) was
used for two-group comparisons and the Kruskal-Wallis H test (Kruskal and Wallis,
1952) for multi-group comparisons. To account for the clustering of multiple
p-values, these were combined using Fisher's method for meta-analysis (Fisher,
1925). The logistic regression models were estimated using the maximum
likelihood method. For multivariate comparisons, we employed generalised
estimating equations (GEE) to model the correlation structure of the clustered
observations (Liang and Zeger, 1986). To assess the similarity among the
individual fish, hierarchical clustering was performed using the Jaccard distance,
with clusters constructed using the average linkage method. Clustering was
conducted separately according to the presence or absence of isolated
Flavobacterium species and the detection of other fish pathogens in the assessed
individuals (Ward, 1963).
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Two sample comparisons

Shapiro-Wilk

Not Normally Distriubted ~~Normally Distriubted

p<0.05 p >=0.05
Mann-Whitney .
U test
Non-Equal Variances Equal Variances
p <0.05 p>=0.05
Y
Welch T-Test Student T-Test

Multiple compraisons ‘

Shapiro-Wilk

Not Normally Distriubted ~Normally Distriubted

p<0.05 p>=005
KruskalWallis Levene
H test
Non-Equal Variances Equal Variances
p<0.05 p >=0.05
S
Welch's ANOVA One-way ANOVA

Figure 4: Considered statistical protocol

We evaluated the statistical test power for the analysis of necropsy and
histopathological variables for each bacteria-comparison pair by estimating power
values for small, medium, and large effect sizes, and adequacy was classified
based on whether sample sizes were sufficient to reliably detect at least medium-
sized effects (= 0.8 power) (Cohen, 1988). Several species were isolated from
enough fish to allow statistical analysis of histopathological lesions, including
F. psychrophilum, F. hercynium, F. hydatis, F. oncorhynchi, F. pectinovorum, and
F. saccharophilum with good adequacy and F. branchiophilum, F. hibernum,
F. piscis, and F. frigidimaris with moderate adequacy. However, the analysis was
only performed for F. psychrophilum, F. branchiophilum, F. hercynium, F. hydatis,
and F frigidimaris because the other species mentioned have very similar MSPs
and their identification using MALDI-TOF MS is not highly reliable. For the other
lesser-known flavobacteria, the statistical power was limited or inadequate to
support the statistical analysis due to the small number of isolates identified to the

species level.
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For the statistical analysis of necropsy and histopathology data, fish that were
systemically infected with other pathogens were excluded to avoid misattributing
lesions caused by these agents to flavobacterial disease. Fish that tested positive
(POS) for F. psychrophilum were also excluded when analysing the results for
F. branchiophilum. Additionally, fish that tested POS for F. psychrophilum or
F. branchiophilum were excluded when analysing the results for the lesser-known

Flavobacterium spp.

Flavobacteria were isolated from the diseased and apparently healthy fish, and
gross lesions were observed in both. For the statistical analyses, we defined a
necropsy fish index threshold of = 5.5 to distinguish between truly diseased and
healthy individuals (Figure 5). The threshold was determined by comparing
necropsy fish index values in two ways: (1) between diseased and apparently
healthy fish (Welch t-test, t = - 24.517, df = 437.38, p < 0.001), and (2) between
fish that tested POS for F. psychrophilum and negative apparently healthy (NAH)
fish, excluding fish that tested POS for other pathogens (Two Sample t-test, t =
11.087, df = 296, p < 0.001). In both cases, the calculated threshold was the

same.
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Figure 5: Necropsy fish index of diseased and apparently healthy fish and the determined threshold
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To evaluate the association between the isolation of Flavobacterium spp. and the
presence of pathological lesions, the necropsy and histopathology data of fish that
tested POS for the investigated Flavobacterium sp. were analysed in two ways: (1)
fish that were POS in at least one organ sampled for bacteriology (per fish for all
organs), and (2) fish that were POS in the same organ assessed for pathological
lesions (per organ for the organs sampled for bacteriology). In both cases, only
fish with a necropsy index =2 5.5 were included. These were compared with fish
that were negative for the investigated Flavobacterium sp., had a necropsy index <
5.5, and were AH. All fish that tested POS for other systemic pathogens were
always excluded. This classification was chosen to differentiate infected (INF) fish
from negative healthy (NH) fish based on combined bacteriological and
pathological criteria. Health-based categorisation of fish and associated inclusion

criteria are listed in Table 4.

Table 4: Health-based categorisation of fish and associated inclusion criteria

CATEGORY CRITERIA

diseased fish status diseased

apparently healthy fish status healthy

positive (POS) fish positive isolation

negative apparently healthy (NAH) fish negative isolation + status healthy

infected (INF) fish positive isolation + fish index = 5.5

negative healthy (NH) fish negative isolation + fish index < 5.5 + status
healthy
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4 RESULTS

4.1 SAMPLED FISH

In general, the sampled fish ranged from approximately 4 to 33 months of age,
with weights between 3 and 650 g, total lengths from 6.5 to 40 cm, and K from 0.5
to 2.07. The mean K of sampled fish per fish farm was 1.09 in F1, 0.94 in F2, 0.98
in F3, and 0.91 in F4. Mann-Whitney U tests showed that apparently healthy fish
had significantly (p < 0.05) greater body weight (median 69 g versus 49.5 g; p =
0.004), total length (median 19.0 cm versus 17.7 cm; p = 0.013) and K (median
1.00 versus 0.94; p < 0.0012) than diseased fish.

In the LONG sampling, fish from F1 were between 4 and 13 months old, weighing
between 3 and 305.5 g, and measuring from 6.5 to 31.5 cm in length. Fish from F2
were 17 to 33 months old, with weights ranging from 11 to 650 g and lengths from
10.5 to 40 cm. The mean K was 1.05 in F1 and 0.97 in F2 in autumn, 1.07 in F1
and 0.93 in F2 in winter, 1.08 in F1 and 1.05 in F2 in spring, and 1.16 in F1 and
0.81 in F2 in summer. Information on the mean and range of body weight and total
length, as well as the mean K of diseased and apparently healthy fish from each

sampled fish tank, is shown in Table 5.

Table 5: Information on the mean and range of body weight (W; g) and total length (L; cm), as well
as the mean Fulton's condition factor (K) of diseased (D) and apparently healthy (H) fish from each

fish tank (T) sampled during longitudinal sampling (LONG) in fish farms F1 and F2

SEASON AUTUMN WINTER SPRING SUMMER
SAMPLING LONG1 LONG3 LONG5S LONG7
STATUS D H D H D H D H
F1 | T1 | W | 578 10.56 40.07 76.69 116.22 185.06 101.66 230.17
4-8 6-16 10-59 32.5- 80.5-146 | 100.5— 25.5- 165.5—
113.5 300 300.5 305.5
L 8.41 10.04 15.33 19.00 21.62 25.22 19.61 26.56
7.5-9.1 8.6-11.6 10.5-18.3 | 15.5-22 19-24 20-31.5 13-26.5 23.5-29
K 0.97 1.02 1.08 1.07 1.14 1.12 1.11 1.22
T2 | W | 6.78 9.89 43.56 81.56 38.06 85.00 32.17 88.50
4-10 8-12 12-90.5 38-111.5 | 17.5-81.5 | 71.5-105 | 23-48.5 56-124.5
L 8.49 9.70 15.13 19.28 15.78 20.28 14.17 19.33

Table 5 continued
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Table 5 continued

F1 | T2 6.7-9.9 9.1-10.1 11-19.3 15-22 13-19.8 19-21.5 11.5-16.5 | 16.5-21.5
K 1.12 1.08 1.05 1.12 0.89 1.02 1.14 1.20
T3 | W | 478 8.33 36.50 51.67 71.50 173.89 19.67 21.72
3-8 6-11 8-86 32.5-70 18.5- 98-267 10-27.5 16.5-27.5
L 7.41 9.42 14.59 16.67 :11213248 24.44 11.89 12.39
6.5-8.6 8.4-8.6 9.3-20 15-18 13-23 21-29 10.5-13 11.5-14
K 1.13 0.98 1.03 1.09 1.11 1.18 1.14 1.14
SEASON AUTUMN WINTER SPRING SUMMER
SAMPLING LONG2 LONG4 LONG6 LONG8
STATUS D H D H D H D H
F2 | T1 | W | 186.00 3563.67 215.06 265.61 123.39 90.81 120.17 141.72
146-301 127-576 96-382 167.5— 42.5-263 | 43-150.5 | 43.5-235 | 73.5-195
L 28.41 31.14 29.1 g;.o72 21.96 22.63 24.67 25.67
25.3-32.5 | 24.5-37 24.5-32 27-34.5 17-31 16.5-27.5 | 19-30.5 20.5-29
K 0.80 1.09 0.84 1.00 1.25 0.81 0.72 0.82
T2 | W | 194.67 204.25 124.56 58.00 58.83 47.28 138.17 87.67
109-320 121-348 13.5- 36-75.5 27.5-94 18.5-94 21-650 61.5-162
L 27.14 2713 2?953 18.44 17.69 16.72 23.22 21.94
22.6-30.7 | 24.5-31 11-29.5 15.5-20.5 | 13.8-21.5 | 12.5-21 14.5-40 19-27
K 0.93 0.98 1.01 0.90 1.02 0.94 0.74 0.81
T3 | W | 229.11 456.44 134.00 38.39 90.89 94.26 37.22 55.06
162-372 318648 11-285 16.5-72.5 | 52.5— 13.8- 14.5-62 38-90.5
121.5 147.5
L 29.33 34.67 23.00 15.44 22.00 22.22 16.00 18.00
25-35 31.5-37.5 | 11-32 11-21 18-25 10.5-25.5 | 12-19 16-20.5
K 0.90 1.08 0.88 0.97 0.83 1.40 0.87 0.92

In the IND sampling, fish from F3 were 20 months old, weighed between 30.5 and
90.5 g, with lengths ranging from 14.5 to 21 cm. Fish from F4 were 7 months old,
weighed from 3.5 to 10 g, and measured from 7.5 to 10 cm in length. Information
on the mean and range of body weight and total length, as well as the mean K of
diseased and apparently healthy fish from each IND sampling, is shown in Table
6.
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Table 6: Information on the mean and range of body weight (W; g) and total length (L; cm), as well
as the mean Fulton's condition factor (K) of diseased (D) and apparently healthy (H) fish from

individual sampling (IND) in fish farms F3 and F4

IND D H
F3 w 56.19 57.52
30.5-90.5 36.5-81.5
L 17.82 17.86
14.5-21 15.5-21
K 0.96 1.00
F4 w 6.07 6.83
4-9.5 3.5-10
L 8.72 9.04
7.5-10 8-10
K 0.91 0.91

Kruskal-Wallis tests showed that the K varied significantly depending on the
season (p < 0.001) and was highest on average in winter (1.04 + 0.18) and
autumn (1.04 £ 0.12) and lowest in spring (0.98 £ 0.19) and summer (0.99 £ 0.19).
Dunn post-hoc comparisons (Bonferroni-adjusted) showed that winter and autumn
differed significantly from spring and summer (p < 0.001), while winter and

autumn, as well as spring and summer, showed no differences.

K varied significantly between fish farms as it averaged lowest at F2 (0.89 + 0.17),
was similarly low at F4 (0.91 £ 0.11), intermediate at F3 (0.98 + 0.09), and highest
at F1 (1.09 £ 0.19, n = 215). A Kruskal-Wallis test confirmed a strong overall farm
effect (H = 139.463, p < 0.001). Dunn post-hoc comparisons (Holm-adjusted)
showed F1 differed significantly from every other farm (p < 0.0013); F2 and F4 did
not differ from each other (p = 0.5933), but both were lower than F3 (p <0.0281).

4.2 DIVERSITY OF FLAVOBACTERIA IN SLOVENE FARMED RAINBOW
TROUT

At least one Flavobacterium species was isolated from one or more organs of
89.3% (482/540) of all sampled fish, predominantly from the gills (70.2% of POS
fish) and skin (81.1%), and to a lesser extent from internal organs (16.9%). Of the
isolates from internal organs, 74.5% were identified as F. psychrophilum. A single
Flavobacterium species was isolated from 35.9% (194/540) of the fish, while two
or more different isolates were obtained from 53.3% (288/540) of the sampled fish.
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Multiple different isolates per fish were recovered from the gills and skin only,
except in the liver of three fish. However, histopathological investigation revealed
no lesions in the livers of these fish. A total of 2652 isolates belonging to the genus
Flavobacterium were identified by MALDI-TOF MS, of which 2105 were preserved
in storage. Notably, 75.98% (2015/2652) of the identified isolates could not be

classified to the species level during this research.

The colony morphology of flavobacteria varied greatly, ranging in colour from very
light yellow (almost translucent) to dark orange, with some colonies exhibiting an
iridescent sheen, colony size from small (< 1 mm) to large (> 5 mm), shape from
round with entire margins to irregular with mildly to severely rhizoid margins, as
well as the surface presenting as shiny, matte or, rarely, mucoid. Notably, colony
morphology differed considerably even between isolates of the same species.
Isolates of F. psychrophilum formed light to dark yellow, round colonies with entire
or mildly to moderately rhizoid margins, and a shiny or shiny-matte surface. In
contrast, the colony morphology of F. branchiophilum isolates was more uniform,
with yellow to dark yellow, slightly iridescent, round colonies with entire margins,
and a shiny-matte surface. Representative examples of F. psychrophilum and
F. branchiophilum primary cultures are shown in Figure 6 and Figure 7,

respectively.
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Figure 6: Primary isolation of Flavobacterium psychrophilum on Anacker and Ordal’s (AO) agar

from gills (A), skin (B), and internal organs (C and D); note the different colony morphologies
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S - e . W
Figure 7: Primary isolation of Flavobacterium branchiophilum (arrows) on Anacker and Ordal’'s

(AO) agar from gills; multiple similar larger yellow colonies in figure A) represent putative new

species FX10

On the other hand, many flavobacterial species exhibited very similar or
indistinguishable colony morphology. Therefore, identification based on colony
appearance alone was not reliable. In addition, colony morphology also strongly
depended on the growth agar used and the age of the culture. F. psychrophilum
grew on both AO agar and MS agar, whereas F. branchiophilum grew only on AO
agar. To illustrate the range of colony morphologies in other isolated
Flavobacterium spp. images of colonies identified by WGS and subjected to AST

are shown in Figure 8.
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Figure 8: Colony morphology of Flavobacterium spp. identified by whole-genome sequencing and

subjected to antimicrobial susceptibility testing, namely a) F. branchiarum (F324), b) F. bernardetii
(F609), c) F. collinsii (F1673), d) F. celericrescens (F1959), e) F. difficile (F1633), f) F. erciyesense
(F562), g) F. hercynium (F2050), h) F. oncorhynchi (F1942), i) F. piscis (F1228), j) F. tiangeerense
(F1485), k) F. tructae (F1900), I) FX2 (F334), m) FX3 (F1048), n) FX5 (F1140), o) FX9 (F945), p)
FX10 (F1511), q) FX15 (F2167), r) FX18 (F626), s) FX23 (F1259), t) FX27 (F1527), u) FX32
(F1715) and v) FX36 (F2035)

4.2.1 Well-known flavobacteria
Out of 540 rainbow trout sampled, 128 fish (23.7%) tested POS for

F. psychrophilum, and 11 fish (2.04%) tested POS for F. branchiophilum, which
were identified with high confidence using MALDI-TOF MS.
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F. psychrophilum was isolated from diseased (99/128; 77.3%) and apparently
healthy (29/128; 22.7%) fish from all organs sampled, across all farms studied,
and during all seasons (Figure 9). A Pearson chi-square test showed that
diseased fish had about 4.8 times higher odds of testing POS for F. psychrophilum
than apparently healthy fish (p < 0.0001).

status
mmm  diseased
mmm healthy

14

12 A

10 4

Number of fish

LONG1 LONG2 LONG3 LONG4 LONG5 LONGE LONG7 LONGS INDL IND2
Sampling

Figure 9: Number of diseased (red) and apparently healthy fish (blue) testing positive for
Flavobacterium psychrophilum per sampling (LONG, longitudinal sampling; IND, individual
sampling)

The Pearson chi-squared test revealed significant differences in the percentage of
F. psychrophilum-POS fish between the samplings (x* = 22.282, p = 0.008).
Namely, samplings LONG3 (p < 0.05) and IND1 (p < 0.05) had significantly higher
positivity rates, while LONG2 (p < 0.01) had a significantly lower rate than the rest.
In contrast, no significant differences were found in F. psychrophilum infection
rates between samplings (x*> = 16.534, p = 0.0565). However, sampling IND1 had
a significantly higher infection rate than the others (p < 0.05). On the other hand,
the Pearson chi-squared test revealed no significant differences in the percentage
of F. psychrophilum-POS fish between fish farms. However, significant variation in
infection rates across farms (x*(df = 3) = 9.17, p = 0.027) was found. To account
for the lack of independence among fish sampled within the same event, both a
GEE model and a cluster-robust generalised linear model were applied and

showed consistent results. Fish from F3 had significantly higher odds for infection
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compared to those from F1 and F2, with an odds ratio of approximately 2.2 (p <
0.001). Similarly, fish from L4 had roughly 1.8 times higher odds of infection than
those from F1 and F2 (p-value was approximately 0.005-0.008, depending on the
clustering adjustment method). Fish from F1 did not differ significantly from F2 in
infection risk (odds ratio approximately 0.9, p-value approximately 0.68). Infection
prevalence was lowest at F1 and F2 (about 14%), whereas F3 and F4 exhibited
significantly higher rates (about 24-28%) of infection. The percentage of fish that
were POS or INF with F. psychrophilum per sampling is shown in Figure 10.
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Figure 10: Percentage of fish positive and infected with Flavobacterium psychrophilum per
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sampling (LONG, longitudinal sampling; IND, individual sampling); black full lines indicate standard

deviations; grey dashed line and red X indicate overall rate across samplings and an average rate

across other samplings, respectively; colour of bars reflects significance based on Pearson chi-

squared test, namely red for significantly higher, blue for significantly lower, and grey for no

significant difference

F. psychrophilum was isolated from various combinations of sampled organs,

namely from all sampled organs (5/128, 3.9%), from the skin and/or gills and at
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least one internal organ (26/128, 20.3%), from the internal organs only (35/128,
27.3%) or from the gills and/or skin only (62/128, 48.4%), resulting in 41 isolates
from gills, 66 from skin, 40 from kidney, 39 from liver, and 35 from spleen (Table 7,
Figure 11).
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Figure 11: Percentage of diseased and apparently healthy fish testing positive for F. psychrophilum

per organ.

F. branchiophilum was isolated only from the gills of diseased (8/11; 72.73%) and
apparently healthy (3/11; 27.27%) fish sampled during the summer at both F1 and
F2. Four of these fish tested POS for both pathogens. However, both
F. psychrophilum and F. branchiophilum were isolated from the gills of only one
fish. The number of fish and organs POS for F. psychrophilum and

F. branchiophilum per sampling, fish farm, and fish tank are given in Table 7.

No species belonging to the F. columnare group were detected.
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Table 7: Number of diseased (D) and apparently healthy (H) fish and organs positive for
Flavobacterium psychrophilum and Flavobacterium branchiophilum per sampling (LONG,

longitudinal sampling; IND, individual sampling), fish farm (F), and fish tank

SAMPLING FISH | No. FISH | SKIN GILLS | KIDNEY |LIVER | SPLEEN
TANK "D~ TH |D [H D [H [D [H |[D [H |[D [H
F. psychrophilum
LONGT — 1 5 [0 |2 [0 [o Jo [1 o [1 [o [2 Jo
F1AUTUMN 75 2 |3 |1 [2 [1 [1 [1 o [1 [o o J|o
3 3 |0 |0 |0 |1 |o [1 [0 [2 [o o |o
No. 10 [3 [3 |2 |2 [1 |3 [0 |4 |o [2 |o
LONG2 — 1 1 [0 [0 |0 [0 [0 [1 [0 |o |o [0 |o
F2 AUTUMN 75 3 |0 [2 [o [1 o |2 Jo [1 o [1 Jo
3 0 |0 |0 [0 [0 |o |0 [0 [0 [o o |o
No. 4 [0 |2 o [1 [o [3 Jo [1 o [1 Jo
LONG3 — 1 6 |5 |1 |3 |6 |2 |2 |0 [1 [0 [3 |o
FIWINTER 5 1 12 o o [1 [1 [1 |1 [1 2 [1 |1
3 2 [4 [0 [0 [1 [1 |1 [3 [1 [1 [1 |3
No. 9 |11 |1 [3 [8 |4 |4 [4 [3 [3 |5 |4
LONG4 — 1 1 (o [1 [o [0 [0 [0 [0 |o |o [0 |o
F2WINTER 5 4 |1 |4 [1 [0 [0 |o o o [0 [0 |o
3 4 |0 |3 |0 [0 [0 |o o [1 Jo [2 Jo
No. 9 |1 |8 [1 [0 |o |0 (o [1 [o |2 o
LONG5 — 1 2 |0 |2 [0 [0 |o |o (o [0 [o o |o
F1 SPRING 2 1 [1 [1 [0 [0 [1 [1 o Jo |o [0 |o
3 3 |2 [2 [1 [1 |1 [1 (o [1 [0 o |o
No. 6 |3 |5 |1 |1 |2 |2 [0 [1 [o |o |o
LONG6 — 1 2 |0 |1 [0 [1 [o |2 o [1 [o |2 Jo
F2 SPRING 2 3 |0 |3 |0 |0 |o |3 [0 [3 [0 |3 |o
3 3 |1 |2 [0 [0 |o |2 [o [2 [1 |2 Jo
No. 8 |1 |6 |0 [1 |o |7 [0 [6 [1 |7 |o
LONG7 — 1 3 |3 |3 [2 [0 |1 |o [0 [o [0 o |o
F1 SUMMER 5 1 [1 [0 |0 [0 [1 [1 o |1 o [o |o
3 6 |0 |6 |0 [1 |0 |1 [0 [1 o [1 Jo
No. 10 [4 |9 |2 [1 [2 [2 [0 |2 |o [1 |o
LONGS — 1 8 |1 |8 |0 |2 |1 |1 [0 [1 o o |o
F2 SUMMER 5 6 |1 |5 |0 |4 |1 |2 [o [2 o [4 Jo
3 0 |0 |0 |0 [0 |o |0 [0 [0 [o o |o
No. 14 [2 [13 |0 |6 |2 [3 [0 |3 |0 [4 |o
TOTAL F1 No. 35 |21 |18 |8 |12 |9 |11 |4 |10 |3 |8 |4
TOTAL F2 No. 35 |4 |29 [1 [8 |2 [13 |0 |11 [1 [14 |0O
IND1 - F3 No. 15 |4 |8 |0 |7 |3 [3 [0 |3 |0 [3 |2
IND2 — F4 No. 14 [0 [2 |0 |0 |0 |9 [0 [11 |o [4 |o
TOTAL 99 |29 |57 |9 |27 |14 |36 |4 |35 |4 |29 |6
128 66 1 40 39 35

Table 7 continued
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Table 7 continued

SAMPLING FISH | No.FISH | SKIN GILLS | KIDNEY |LIVER | SPLEEN
TANK 'B"TH |D [H |[D [H |D |H |[D [H |D |H
F. branchiophilum
LONG7 — 1 1 Jo [o Jo [1 [o [o [o Jo o [0 [o
F1 SUMMER 5 1 0 |o Jo [1 o [0 o o |o [o [o
3 3 |1 |0 |0 [3 |1 |0 [0 [0 [0 o |o
No. 5 |1 |0 |0 |5 |1 |0 [0 [0 [0 |o |o
LONGS — 1 1 (o [0 |o [1 [0 o [0 |o |o [0 |o
F2 SUMMER 5 1 [1 [0 [0 [1 [1 [o [0 |o |o [0 |o
3 1 [1 [0 [0 [1 [1 [o [0 |o |o [0 |o
No. 3 |2 |0 |0 [3 |2 |0 [0 [0 [0 |o |o
TOTAL 8 |3 |0 |0 [8 |3 |0 |0 [0 [0 |o |o
11 0 11 0 0 0

A total of seven selected F. psychrophilum and two F. branchiophilum isolates
underwent WGS analysis. F. psychrophilum isolates were assigned to three
serotypes, namely Type-0 (4/7 isolates), Type-2 (2/7 isolates), and Type-3 (1/7
isolates). MLST further classified the isolates into CC-ST10 (2/7 isolates), CC-
STO1 (1/7 isolates), and several newly identified sequence types (4/7 isolates).
The isolate metadata of the reconstructed F. psychrophilum and F. branchiophilum

genomes is given in Table 8.

Table 8: Whole-genome sequencing data on seven Flavobacterium psychrophilum and two
Flavobacterium branchiophilum isolates, including sequence read archive (SRA) run accession
number, total genome size (GS), number of contigs (No.), Nso, GC content (GC), sequence type

based on multilocus sequence typing (MLST ST), MLST allele profile, and molecular serotype

Isolate | Flavobacterium SRA run GS No. Nso GC MLST MLST | Molecular
species accession [Mbp] > [bp] [%] ST allele | serotype
number 500 profile
bp)
F88 F. psychrophilum SRR28415848 | 2.76 73 157870 | 32.54 | ST385 1,2, Type-2
(new) 1,1,
1,1,2
F1186 | F. psychrophilum SRR28415853 | 2.74 75 133336 | 32.35 | ST3 2,2, Type-0
(CC- 2,2,
ST10) 2,32
F1187 | F. psychrophilum SRR28415847 | 2.7 76 131395 | 32.48 | ST108 1,1, Type-3
(CC- 2,1,
STO1) 1,1,
41
F1516 | F. psychrophilum SRR28415850 | 2.98 142 110910 | 32.29 | ST401 3,2, Type-0
(new) 3,
103,
2,4,3
F1519 | F. psychrophilum SRR28415849 | 2.76 83 172390 | 32.32 | ST92 2,2, Type-2
(CC- 2,2,
ST10) 2,3,
41

Table 8 continued
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Table 8 continued

F1719 F. psychrophilum SRR28415852 | 2.99 153 79657 32.32 | ST402 3, 22, Type-0
(new) 3,43,
2,33
F621 F. psychrophilum SRR28415851 | 3.02 165 74217 32.33 | ST400 3, 22, Type-0
(new) 3, 86,
3,2,3
F1628 | F. branchiophilum SRR28415854 | 3.58 82 136724 | 32.75 | NA NA NA
F1727 | F. branchiophilum SRR28415855 | 3.59 81 128306 | 32.74 | NA NA NA

NA, not available

4.2.2 Lesser-known flavobacteria

Several lesser-known flavobacteria (22 species) were identified with high
confidence using MALDI-TOF MS (best match log score value = 2.0, second best
match log score value < 2), namely F. aquatile, F. aquidurense, F. araucananum,
F. banpakuense, F. chungangense, F. chungbukense, F. cutihirudinis,
F. frigidimaris, F. glaciei, F. hercynium, F. hibernum, F. hydatis, F. limicola,
F. oncorhynchi, F. pectinovorum, F. piscis, F. plurextorum, F. psychrolimnae,
F. reichenbachii, F. saccharophilum, F. terrigena, and F. tiangeerense. The
sampling information for these isolates, the number of POS fish, and the organ of

isolation are given in Table 9.

The best matches for the lesser-known flavobacterial isolates that could not be
reliably identified to the species level using MALDI-TOF MS (log score value < 2)
included species mentioned above and several other species, namely
F. anhuiense, F. cauense, F. cheniae, F. cucumis, F. daejeonense, F. defluvii,
F. degerlachei, F. denitrificans, F. flevense, F. frigidarium, F. gelidilacus,
F. ginsengisoli, F. glycines, F. gossypii, F. granuli, F. johnsoniae, F. jumunjinense,
F. micromati, F. nitrogenifigens, F. omnivorum, F. resistens, F. rivuli,
F. saliperosum, F.  sasangense, F.  segetis, F. sinopsychrotolerans,

F. suncheonense, F. urocaniciphilum, F. weaverense, and F. xinjiangense.

Notably, the matching hints table in the Bruker MALDI Biotyper identification
results includes comments on the highly similar MSPs observed among certain
flavobacteria species, such as F. oncorhynchi and F. plurextorum, as well as

F. aquidurense, F. araucananum, F. hibernum, F. pectinovorum, F. piscis,
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F. psychroterrae, and F. saccharophilum. As a result, distinguishing between
these species using MALDI-TOF MS is difficult.

Table 9: Information on the isolation of the lesser-known flavobacteria identified with high

confidence using whole-genome sequencing (WGS) and/or matrix-assisted laser-

desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS), including the fish farm (F),

fish tank (T), number of isolates from diseased (D) and apparently healthy (H) fish, organ of

isolation and total number of positive fish (No.); putative new species are included if isolated from

at least two fish

Flavobacterium No. WGS* | 2nd MALDI-TOF MS 1st MALDI-TOF MS

spp. (expanded database) (Bruker database)

F. aquatile 5 - - 5 (F2 winter T2 H1
spleen; F1 spring T1 H1
gills, T2 H1 gills; F4 D1
skin, H1 skin)

F. aquidurense 8 - - 8 (F1 spring T2 D1 gills,
T3 D1 skin; F2 spring T3
D1 gills; F1 summer T2
D2 gills, T2 H1 skin, T3
H2 gills)

F. araucananum 3 - - 3 (F2 spring T2 H1 dills;
F3 D1 skin; F4 H1 skin)

F. banpakuense 1 - - 1 (F2 spring T2 H1 skin)

F. bernardetii 2 2 - -

F. branchiarum 3 2 1 (F1 winter T1 H1 skin) -

F. celericrescens 2 2 - -

F. chungangense 1 - - 1 (F2 summer T1 H1
skin)

F. chungbukense 5 - 5 (F2 autumn T3 D1 gills,
D1 skin, T1 H1 skin; F2
winter T1 D1 gills and
skin; F2 spring T3 D1
gills)

F. collinsii 2 2 - -

F. cupriresistens 1 1 - -

F. cutihirudinis 1 - - 1 (F2 autumn T3 H1 skin)

F. difficile 1 1 - -

F. erciyesense 1 1 - -

F. frigidimaris 13 - - 13 (F1 winter T1 H1 skin,
T2 D1 skin, T3 D1 skin;
F2 spring T1 D1 skin, T2
D1 gills and skin, D1
skin, H2 gills, H1 skin,
T3 D1 gills; F3 H3 skin)

F. glaciei 2 - - 2 (F3 D1 gills, D1 skin)

Table 9 continued
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Table 9 continued

F. hercynium 24 1 - 23 (F1 winter T1 D1 skin,
H1 skin, T2 H2 skin, T3
D4 skin, H1 skin; F2
winter T1 H1 skin, T2 D1
gills, H1 skin; F1 spring
T1 H1 gills; F2 spring T1
D1 gills, D1 skin, H1
skin, T3 D1 gills and
skin, H1 skin; F2
summer T1 D1 skin, H1
gills, T2 D1 gills, D1
skin; F4 D1 skin)

F. hibernum 16 - - 16 (F2 autumn T2 H1
skin; F1 winter T1 D1
gills, D1 skin, T2 H1
skin, T3 H1 skin; F2
winter T3 D1 gills; F1
spring T1 H2 skin; F2
spring T1 H1 gills, T3 D1
gills, H1 skin; F3 D1
gills, D1 skin, H2 skin;
F4 D1 skin)

F. hydatis 22 - - 22 (F2 autumn T1 H1
gills; F1 winter T2 D1
skin; F2 winter T2 D1
skin, H1 skin, T3 D1
gills; F2 summer T1 D1
gills; F3 D3 gills, D6
skin, D1 gills and skin,

H6 skin)

F. limicola 4 - - 4 (F1 spring T1 D1 gills;
F3 D2 gills, H1 gills)

F. oncorhynchi 37 1 - 36 (F2 autumn T1 D1

gills, H1 gills, H1 skin,
T2 D1 skin, H1 skin, T3
D2 skin, H2 skin, H1
gills and skin; F2 winter
T3 D1 skin, H1 skin; F2
spring T1 H1 skin; F1
summer T1 D3 skin, D1
liver, H4 skin, T2 D1
skin, H4 skin, H1 gills,
T3 D1 gills, H3 skin, H1
gills; F2 summer T1 D1
gills, H1 skin, T3 D1
skin; F4 D1 skin)

Table 9 continued
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Table 9 continued

F. pectinovorum 42 - - 42 (F2 autumn T1 H1
skin, T3 H1 skin; F1
winter T1 D2 skin, H2
skin, T2 D2 skin, H1
skin, T3 D1 skin; F2
winter T1 H1 skin, T2 D1
gills, D1 skin, T3 H2
skin; F1 spring T1 H1
skin, T2 D1 skin, H1
gills, T3 D1 gills, D1
gills and skin, H1 skin;
F2 spring T1 D1 skin, T2
D1 gills, D1 skin, H1
gills, H1 skin, T3 D1
skin, D1 gills and skin,
H2 gills; F1 summer T2
D1 gills; F2 summer T1
D1 skin, T2 D2 skin; F3
D2 skin, D1 gills, H4
skin, H1 gills)

F. piscis 18 1 - 17 (F2 autumn T1 H1
gills; F1 winter T2 D1
skin, H1 skin; F1 spring
T3 H2 skin; F2 spring T1
D2 gills, D1 gills and
skin, H1 gills, H1 skin,
T2 D1 skin, H2 gills, H1
skin, T3 D1 gills, H1
gills; F3 D1 skin)

F. plurextorum 1 - - 1 (F2 summer T1 D1
gills)
F. psychrolimnae 7 - - 7 (F1 spring T1 H1 gills;

F3 D2 gills, D2 skin, D1
gills and skin; F4 H1
skin)

F. reichenbachii 7 - - 7 (F2 autumn T1 D1 gills,
T3 D1 gills; F2 winter T3
H1 skin; F2 spring T2 D1
gills, T3 D1 gills; F2
summer T1 H1 gills; F3
H1 skin)

Table 9 continued
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Table 9 continued

F. saccharophilum | 53 - - 53 (F1 autumn T3 D1
skin; F2 autumn T1 H1
gills, T2 D1 skin, H1
skin, T3 H1 skin; F1
winter T2 H1 skin; F2
winter T1 D1 gills, D1
skin, T3 H1 skin; F1
spring T1 D1 gills, H1
gills, T2 H1 gills, H1
skin, T3 D1 skin, H1
gills; F2 spring T1 D1
gills, D1 gills and skin,
H2 skin, H1 gills, T2 D3
gills, T3 D2 skin, D1
gills; F1 summer T1 D2
gills, D1 skin, T2 H2
gills, H2 skin, T3 H1
gills; F2 summer T1 D1
gills, T2 D1 skin; F3 D3
gills, D2 skin, H8 skin,
H1 gills, H1 gills and
skin; F4 D1 gills, H1

gills)
F. terrigena 1 - - 1 (F2 summer T1 D1
skin)

F. tiangeerense 2 1 - 1 (F1 spring T2 H1 skin)
F. tructae 2 1 1 (F2 summer T2 D1 -

gills)
FX2 3 3 - -
FX3 5 3 3 (F2 summer T2 D2 gills | -

and skin; F4 D1 gills)
FX5 3 3 - -
FX6 2 1 1 (F2 autumn T1 D1 liver) | -
FX9 5 2 3 (F1 winter T3 D1 gills; -

F1 summer T3 D1 gills;

F3 H1 gills)
FX10 7 2 6 (F1 spring T1 D1 skin, -

D1 gills, H1 gills, T2 D2

gills; F1 summer T2 D1

gills)
FX15 11 6 5 (F1 winter T1 H1 gills; -

F4 D2 gills, D1 gills and

skin, H1 gills)
FX18 3 2 2 (F3 H2 gills) -
FX23 2 2 - -
FX32 5 2 3 (F2 summer T1 D2 gills | -

and skin; F4 D1 skin)

* The isolation sources of the isolates selected for WGS are provided in Appendix 3

WGS and ANI analysis of selected isolates with unreliable MALDI-TOF MS results
(n = 81), particularly those isolated from internal organs or in greater numbers from
skin or gills, as well as those with frequently observed colony morphologies and/or
MALDI-TOF MS results, revealed that 16 isolates belonged to 12 known
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Flavobacterium species (ANl = 95%), namely F. bernardeti (n = 2),
F. branchiarum (n = 2), F. celericrescens (n = 2), F.collinsii (n = 2),
F. cupriresistens, F. difficile, F. erciyesense, F. hercynium, F. oncorhynchi,
F. piscis, F. tiangeerense, and F. tructae. Remarkably, most isolates (n = 60)
represented 41 putative new Flavobacterium species (ANl < 95%) (Table 10).
Phylogenetically most closely related, validly described Flavobacterium species
were included in the calculation of pairwise ANI values (Appendix 4). Additionally,
five isolates were not flavobacteria, with four isolates belonging to the genus
Pedobacter (MALDI-TOF MS best match log(score) < 2) and one isolate to the
genus Kaistella (MALDI-TOF MS first and second match log(score) = 2). The

isolation sources of the isolates selected for WGS are provided in Appendix 3.

Table 10: Average nucleotide identity (ANI)-based species delineation of Flavobacterium isolates

Species/FX Isolate | Best 16S rRNA hit ANIb | Best gyrB hit ANIb
(% identity) best | (% identity) best
hit hit
(%) (%)

F. bernardetii F1040 | F. bernardetii (99.93) 95 F. haoranii (85.26)/ 75/75
F. sediminilitoris (83.66)

F. bernardetii F609 F. bernardetii (99.93) 95 F. haoranii (85.52)/ 75/75
F. sediminilitoris (84.02)

F. branchiarum F324 F. branchiarum (99.89) 96 F. cupriresistens (86.64)/ 78/77
F. johnsoniae (86.52)

F. branchiarum F963 F. branchiarum (99.72) 96 F. cupriresistens (87.09)/ 78/78
F. johnsoniae (86.79)

F. celericrescens | F1856 | F. celericrescens (99.86) | 97 F. channae (87.19)/ 82/82
F. cyclinae (93.19)

F. celericrescens | F1959 | F. celericrescens (99.86) | 97 F. channae (87.50)/ 82/82
F. cyclinae (93.57)

F. collinsii F1548 | F. collinsii (99.44) 95 F. collinsii (96.91) 95

F. collinsii F1673 | F. collinsii (99.44) 95 F. collinsii (96.91) 95

F. cupriresistens | F2097 | F. cupreum (98.47) 82 F. cupriresistens (98.25) 97

F. difficile F1633 | F. difficile (99.36) 95 F. channae (83.57)/ 76/76
F. indicum (84.24)

F. erciyesense F562 F. erciyesense (99.85) 95 F. eburneipallidum 76/76
(86.23)/F. flavipigmentatum
(85.68)

F. hercynium F2050 | F. hercynium (99.51) 94 F. bizetiae (92.33) 81

F. oncorhynchi F1942 | F. oncorhynchi (99.65) 95 F. plurextorum (97.11) 92

F. piscis F1228 | F. piscis (99.85) 97 F. bizetiae (95.67) 87

F. tiangeerense F1485 | F. tiangeerense (99.23) 95 F. flavipigmentatum 75177
(86.37)/F. lacustre (85.66)

F. tructae F1900 | F. tructae (100.0) 98 F. tructae (98.76) 98

Table 10 continued
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Table 10 continued

FX1 F1141 | F. bernardetii (99.19) 87 | F. channae (83.55)/ 76/75
F. haoranii (84.96)

FX2 F334 F. bernardetii (99.19) 90 | F. channae (85.14)/ 76/75
F. sediminilitoris (84.14)

FX2 F1038 | F. bernardetii (99.19) 90 | F. channae (85.44)/ 76/75
F. sediminilitoris (83.66)

FX2 F317 F. bernardetii (99.19) 90 | F. channae (85.14)/ 76/75
F. sediminilitoris (84.14)

FX3 F1048 | F. bernardetii (99.63) 91 | F. haoranii (84.87)/ 75/75
F. sediminilitoris (83.86)

FX3 F1821 | F. bernardetii (99.33) 90 | F. channae (83.54)/ 76/75
F. haoranii (84.77)

FX3 F1782 | F. bernardetii (99.33) 90 | F. channae (83.54)/ 76/75
F. haoranii (84.77)

FX3 F1783 | F. bernardetii (99.56) 90 | F. haoranii (84.61)/ 75175
F. sediminilitoris (84.08)

FX4 F1100 | F. terrigena (99.03) 86 | F. indicum (85.13)/ 77175
F. sediminilitoris (83.12)

FX5 F1933 | F. terrigena (99.03) 88 | F. haoranii (84.64)/ 75/75
F. sediminilitoris (83.06)

FX5 F1140 | F. terrigena (99.03) 88 | F. haoranii (84.64)/ 76/75
F. sediminilitoris (83.06)

FX5 F1142 | F. terrigena (99.03) 88 | F. haoranii (84.64)/ 76/75
F. sediminilitoris (83.06)

FX6 F1466 | F. succinicans (99.37) 84 | F. ammonificans (86.11) 76

FX7 F1987 | F. bernardetii (99.41) 88 | F. channae (85.10)/ 76/75
F. sediminilitoris (84.09)

FX8 F1718 | F. bernardetii (99.41) 90 | F. channae (84.98)/ 76/75
F. sediminilitoris (83.76)

FX9 F1616 | F. caseinilyticum (99.26) | 85 | F. eburneipallidum (85.40)/ 78/80
F. lacustre (88.53)

FX9 F945 F. laiguense (99.5) 78 | F. eburneipallidum (85.40)/ 78/80
F. lacustre (88.53)

FX10 F944 F. bizetiae (98.82) 75 | F. acetivorans (85.63)/ 76/75
F. flavipigmentatum (86.64)

FX10 F1511 | F. bizetiae (98.53) 75 | F. acetivorans (85.78)/ 76/75
F. flavipigmentatum (86.64)

FX11 F1498 | F. frigoritolerans (98.54) | 76 | F. flavipigmentatum (86.53)/ 75177
F. lacustre (85.77)

FX12 F62 F. tyrosinilyticum (97.83) | 87 | F. ginsengisoli (93.72) 87

FX13 F65 F. restrictum (97.84) 76 | F. aestivum (85.59)/ 79/81
F. praedii (85.78)

FX14 Fr77 F. succinicans (99.37) 84 | F. ammonificans (85.96) 76

FX15 F2167 | F. succinicans (98.61) 84 | F. ammonificans (85.85) 76

FX15 F2043 | F. succinicans (98.61) 84 | F. ammonificans (85.91) 76

FX15 F1859 | F. succinicans (98.82) 84 | F. ammonificans (85.91) 76

FX15 F1692 | F. succinicans (98.68) 84 | F. ammonificans (85.80) 76

FX15 F106 F. succinicans (98.61) 84 | F. ammonificans (85.91) 76

FX15 F1677 | F. succinicans (98.61) 84 | F. ammonificans (85.91) 76

FX16 F283 F. aquatile (99.30) 90 | F. aquatile (96.49) 90

FX17 F616 | F. bizetiae (98.80) 83 | F. pectinovorum (94.49) 87

Table 10 continued
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Table 10 continued

FX18 F626 | F. bernardetii (99.33) 88 | F. haoranii (84.83)/ 75/75
F. sediminilitoris (84.30)

FX18 F1773 | F. bernardetii (99.33) 89 | F. haoranii (84.83)/ 75/75
F. sediminilitoris (84.30)

FX19 F656 | F. glaciei (99.15) NA | F. galactosidilyticum (85.15)/ 80/80
F. lacustre (88.43)

FX20 F666 | F. glaciei (99.01) NA | F. eburneipallidum (85.40)/ 78/80
F. lacustre (89.25)

FX21 F799 | F. reichenbachii (100.0) 81 | F. cupriresistens (90.11)/ 81/82
F. panici (89.59)

FX22 F1112 | F. psychroterrae (99.41) 81 | F. bizetiae (92.17) 81

FX23 F1213 | F. frigidimaris (100.0) 82 | F. bizetiae (90.96) 85

FX23 F1259 | F. frigidimaris (100.0) 82 | F. bizetiae (90.96) 85

FX24 F1252 | F. tiangeerense (98.53) 75 | F. acetivorans (85.46) 76

FX25 F1418 | F. aquidurense (99.16) 85 | F. bizetiae (95.52) 86

FX26 F1486 | F. saccharophilum 88 | F. pectinovorum (94.02) 83

(99.90)

FX27 F1527 | F. piscis (99.09) 81 | F. pectinovorum (90.28) 81

FX27 F1593 | F. piscis (99.09) 81 | F. pectinovorum (90.28) 82

FX28 F1631 | F. caseinilyticum (98.61) | 86 | F. lacustre (89.15) 80

FX29 F1678 | F. gawalongense (99.33) | 78 | F. flavipigmentatum (86.97)/ 76/76
F. praedii (85.60)

FX30 F1683 | F. cheonhonense (100.0) | 91 | F. rivulicola (87.12) 80

FX31 F1698 | F. chungangense (98.82) | NA | F. bizetiae (90.27) 81

FX32 F1715 | F. bizetiae (98.3) 75 | F. flavipigmentatum (87.01)/ 76/76
F. praedii (85.55)

FX32 F2020 | F. bizetiae (98.38) 76 | F. flavipigmentatum 76/76
(86.35)/F. praedii (85.50)

FX33 F1797 | F. succinicans (98.12) 76 | F. praedii (89.61) 83

FX34 F1849 | F. sinopsychrotolerans 79 | F. lacustre (86.50) 82

(97.50)

FX35 F1902 | F. terrigena (98.89) 83 | F. channae (84.35)/ 76/76
F. cyclinae (83.27)

FX36 F2035 | F. resistens (98.75) 81 | F. pectinovorum (90.68) 81

FX36 F1996 | F. resistens (98.75) 81 | F. pectinovorum (90.68) 81

FX37 F2009 | F. chungbukense (98.40) | 84 | F. luteolum (96.19) 90

FX38 F2034 | F. pectinovorum (98.89) 81 | F. collinsii (96.39) 90

FX39 F2063 | F. aquatile (99.30) 89 | F. aquatile (95.85) 89

FX40 F2074 | F. circumlabens (98.12) 80 | F. johnsoniae (93.56) 83

FX41 F1757 | F. laiguense (98.33) 82 | F. bizetiae (87.13)/ 76/83
F. praedii (88.93)

Some Flavobacterium species genomes contain two distinct copies of the gyrB gene; in such
cases, best hits for both copies are included in the table and separated by a slash (/)

NA, no genome available

The species F. bernardetii, F. branchiarum, F. celericrescens, F. collinsii,
F. cupriresistens, F. difficile, F. erciyesense, and F. tructae are not yet included in
the MALDI-TOF MS Bruker reference database. To address this limitation, the
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taxonomic information from the WGS analysis was added to our in-house
Flavobacterium MALDI-TOF MS database by incorporating the MSPs of selected
newly characterised isolates, including the known and putative new species
identified in this study, the latter only included if represented by at least two
isolates. Following the expansion of the database, a second MALDI-TOF MS
analysis was performed to re-evaluate the initial identification results for selected
previously unidentified isolates. The results of the second MALDI-TOF MS
analysis for isolates with high confidence of identification, including sampling

information, number of POS fish, and organ of isolation, are given in Table 9.

Further differentiation of selected newly characterised isolates from their close
phylogenetic neighbours was performed using MALDI-TOF MS analysis.
According to the dendrogram based on MSPs, the analysed Flavobacterium spp.
grouped into two main clusters. One of these clusters was further divided into two
larger subclusters and a smaller subcluster containing F. psychrophilum strains
only. Isolates of F. bernardetii, F. celericrescens, F. difficile, FX2, FX3, FX5, FX18,
and FX36 (F1996) clustered together with F. branchiophilum CIP 109950 and
F. terrigena DSM 17934"T. Regarding the two subclusters closely related to
F. psychrophilum, isolates of the species F. branchiarum, F. collinsii, F. hercynium,
F. oncorhynchi, F. piscis, F. tructae, FX23, FX27, and FX36 (F2035) formed a
subcluster together with F. anhuiense DSM 22555, F. frigidimaris DSM 15937,
F. hercynium DSM 18292T, F. hibernum DSM 126117, F. hydatis DSM 2063T,
F. pectinovorum DSM 63687, and F. saccharophilum DSM 18117, and the isolates
of the species F. erciyesense, F. tiangeerense, FX9, FX10, FX11, FX15, and FX32
formed a subcluster together with F. aquatile DSM 11327, F. flevense DSM 10767,
F. frigidarium DSM 17623, F. limicola DSM 150947, and F. psychrolimnae DSM
161417 (Figure 12).
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Figure 12: Dendrogram obtained by cluster analysis of MALDI-TOF MS spectra of selected

Flavobacterium spp. identified using whole-genome sequencing

Several lesser-known Flavobacterium spp. were isolated from skin and/or gills in
greater numbers, from individual to numerous morphologically similar colonies,
namely F. aquidurense, F. bernardetii, F. branchiarum, F. celericrescens,
F. chungbukense, F. collinsii, F. difficile, F. hercynium, F. piscis,
F. saccharophilum, F. tiangeerense, and F. tructae, as well as from internal
organs, namely F. aquatile, F. bernardetii, and F. oncorhynchi. Additionally, a total
of 19 putative new Flavobacterium spp. from skin and/or gills and 13 from internal
organs, as well as several yet unidentified species, were recovered. Examples of
primary isolation of lesser-known species from skin and gills in greater numbers

are shown in Figure 13.

Figure 13: Primary isolation of A) FX3 (F1782) from the skin and B) Flavobacterium difficile
(F1633), C) FX9 (F945), D) FX5 (F1140), E) FX10 (F1511) and F) FX15 (F2043) from the gills
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We applied hierarchical clustering using Jaccard distance between fish based on
Flavobacterium spp. isolated from more than 1% of individuals and generated
clusters using average linkage (Figure 14). The results show that Flavobacterium
spp., F. psychrophilum, and F. saccharophilum formed a tight cluster, with all three
co-occurring in several fish. No significant association was found between the
clustering patterns and metadata variables, such as health status, season, or
sampling, based on both the mutual information and chi-squared analyses.
Principal component analysis revealed that diverse Flavobacterium spp. were

isolated at each sampling point (Figure 15).
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Figure 14: Hierarchical clustering of fish (n = 482; at least one Flavobacterium species isolated)
based on flavobacterial species isolated in more than 1% of fish, totalling 20 unique species and
Flavobacterium spp. group; the top dendrogram shows fish that cluster based on similar species
profiles, and the left dendrogram shows species that cluster based on co-occurrence in the same

fish
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Figure 15: Principal-component analysis of individual fish based on binary presence profiles of the
top 1% most prevalent Flavobacterium species. Fish are coloured by sampling, showing that

heterogeneous flavobacterial species were isolated at each sampling

4.3 BIOMETRIC DATA, GROSS AND HISTOPATHOLOGICAL LESIONS IN
FLAVOBACTERIAL DISEASES

4.3.1 Biometric data and gross lesions

4.3.1.1 Flavobacterium psychrophilum

F. psychrophilum-INF fish had significantly lower body weight (mean 62.4 g versus
100.79 g, p = 0.021) and total length (mean 16.75 cm versus 18.74 cm, p = 0.005)
than NH fish, while the difference for K was not significant (mean 0.97 versus 1.00,

p = 0.1125), as revealed by a Mann-Whitney U test per sampling, followed by a
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Fisher meta-test over individual p-values. However, no significant difference was
found when these variables were analysed per fish tank. The ranges of body
weight, total length, and K for F. psychrophilum-INF and POS fish were 4-300.5 g
and 4-650 g, 7-30.5 cm and 7-40 cm, and 0.59-2.07 and 0.5-2.07, respectively
(Figure 16).

weight (g) lenght {cm) fultan_condition

500

INF N INF NH INF NH

Figure 16: Boxplots showing weight, length, and Fulton’s condition factor in fish infected (INF) with

Flavobacterium psychrophilum and negative healthy (NH) fish

Infection with F. psychrophilum was associated with a significantly higher necropsy
fish index (p < 0.0001) because INF fish showed necropsy indices roughly six
times higher than NH fish (mean 11.13 versus 1.82), revealed by a Mann-Whitney
U test per fish tank and subsequent Fisher meta-test over individual p-values
(Table 11, Figure 17).



118

Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

17.5 +

15.0

12.5 +

10.0 ~

Fish index

F:5:

3.0 ~

2.5 4

________________ —_———

0.0

__________________________________________________

threshold

T
NAH

Figure 17: Violin boxplots showing necropsy fish indices in fish testing positive (POS) for
Flavobacterium psychrophilum and negative apparently healthy (NAH) fish; infected (INF) fish are
POS fish at or above the threshold, and negative healthy (NH) fish are NAH fish below the
threshold

The score values of all organs except the opercula, stomach with pyloric caeca,
and intestine were significantly higher in F. psychrophilum-INF fish. The p-values,
means, medians, and standard deviations for all necropsy variables analysed are

shown in Table 11.

Table 11: Necropsy variables associated with Flavobacterium psychrophilum and Flavobacterium
branchiophilum infection, analysed per fish tank using the Mann—-Whitney U test and Fisher’s

combined probability test, including mean, median, and standard deviation (sd) of each variable for

infected (INF) fish and negative healthy (NH) fish; significant p-values (p < 0.05) are shown in red

NECROPSY F. psychrophilum F. branchiophilum

VARIABLES Per fish Per sampled organ INF/NH fish:
INF/NH fish: INF/NH fish:

Fulton's p =0.593 / p =0.309

condition mean = 0.96/1.00 mean = 1.01/1.01

factor median = 0.94/1.00 median = 0.90/1.01
sd = 0.22/0.16 sd = 0.36/0.16

Necropsy fish p < 0.001 / p =0.016

index mean = 11.13/1.82 mean = 9.43/1.87
median = 11.00/1.00 median = 9.00/1.00
sd = 3.47/1.63 sd = 1.81/1.65

Skin score p <0.001 p <0.001 p=0.735

value mean = 1.17/0.53 mean = 1.62/0.53 mean = 0.86/0.54
median = 1.00/0.00 median = 2.00/0.00 median = 1.00/1.00
sd = 1.00/0.58 sd = 0.96/0.58 sd = 0.69/0.57

Fins score p =0.010 / p =0.251

value mean = 0.94/0.37 mean = 1.43/0.39
median = 1.00/0.00 median = 1.00/0.00
sd = 0.94/0.55 sd = 1.13/0.56

Table 11 continued
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Table 11 continued

Eyes score p <0.001 / p=0.743

value mean = 1.62/0.06 mean = 0.86/0.08
median = 3.00/0.00 median = 0.00/0.00
sd =1.51/0.41 sd = 1.46/0.48

Opercula p =1.000 / p=0.727

score value mean = 0.12/0.09 mean = 0.57/0.08
median = 0.00/0.00 median = 0.00/0.00
sd = 0.39/0.33 sd =1.13/0.32

Gills score p <0.001 p <0.001 p =0.006

value mean = 1.77/0.11 mean = 1.70/0.11 mean = 2.14/0.10
median = 3.00/0.00 median = 3.00/0.00 median = 3.00/0.00
sd = 1.49/0.58 sd = 1.52/0.58 sd = 1.46/0.55

Spleen score p < 0.001 p < 0.001 p =0.009

value mean = 2.15/0.27 mean = 2.33/0.27 mean = 1.71/0.27
median = 3.00/0.00 median = 3.00/0.00 median = 3.00/0.00
sd = 1.36/0.86 sd = 1.27/0.86 sd = 1.60/0.86
Kidney score p =0.009 p =0.001 p =0.463

pyloric caeca

mean = 0.13/0.01

value mean = 0.96/0.03 mean = 1.24/0.03 mean = 0.43/0.04
median = 0.00/0.00 median = 0.00/0.00 median = 0.00/0.00
sd = 1.41/0.29 sd = 1.50/0.29 sd =1.13/0.34

Liver score p <0.001 p <0.001 p =0.069

value mean = 2.12/0.33 mean = 2.03/0.33 mean = 1.29/0.34
median = 3.00/0.00 median = 3.00/0.00 median = 0.00/0.00
sd = 1.38/0.94 sd = 1.43/0.94 sd = 1.60/0.95

Stomach and p =1.000 / p =1.000

mean = 0.00/0.01

value

mean = 0.18/0.01
median = 0.00/0.00
sd = 0.62/0.14

score value median = 0.00/0.00 median = 0.00/0.00
sd = 0.57/0.21 sd = 0.00/0.20
Intestine score | p =0.993 / p =0.840

mean = 0.14/0.02
median = 0.00/0.00
sd = 0.38/0.19

Various external and internal gross lesions were observed in F. psychrophilum-
POS fish. The skin was frequently affected (90/128, 70.3%), with erosions and
shallow to deep ulcerations up to 3 x 2.5 x 0.8 cm in size (22/128, 17.2%), in
some cases with reddish and/or yellowish margins and haemorrhage in the
underlying musculature (Figure 18A-D). The ulcerations were distributed over
different body regions and most commonly affected the skin around the dorsal fin,
caudal peduncle, or upper jaw (16/128, 12.5%) and to a lesser extent the lower
jaw (8/128, 6.25%). In one case, a 1.5 x 1 cm perforative ulceration was observed
in the abdominal wall behind the left pectoral fin, in which the liver was exposed
and covered with fibrin (Figure 18C). Multifocal convex oedematous areas with
scale loss, erosions, and haemorrhage were also observed, affecting up to 60% of
the body surface (9/128, 7%). The fins, particularly the dorsal and caudal fins,
were frequently eroded or ulcerated (75/128, 58.6%), in some cases with reddish
or yellowish margins and/or exposed fin rays (Figure 19B). Occasionally, fish had
severe ulceration of the dorsal fin and/or surrounding skin, resulting in a
saddleback-like lesion (2/128, 1.6%) (Figure 19A), or complete loss of the caudal
fin and deep ulceration of the caudal peduncle, exposing the vertebral column
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(3/128, 2.3%) (Figure 18E). Mild to severe shortening of the opercula was
observed (14/128, 10.9%) (Figure 18E). The fish also showed multifocal or
extensive scale loss (42/128, 32.8%) (Figure 19A), hyperaemia of the ventral
abdomen and fins (14/128, 10.9%), and/or petechiae on the ventral abdomen
(6/128, 4.7%). Hyperpigmentation or hypopigmentation of the skin was common
(Figure 18A, Figure 19B). Two fish had an S-shaped tail (Figure 18F). In the oral
cavity, one fish had an ecchymosis on the hard palate, and another fish had
petechiae on the tongue and hard palate. Ocular lesions (53/128, 41.4%) included
corneal opacity (32/128, 25%), exophthalmos (20/128, 15.6%) (Figure 19C),
haemorrhage (9/128, 7%), and/or rupture of the eye (14/128, 10.9%). The gills
(565/128, 43%) were anaemic, light pink or greyish white (47/128, 36.7%) (Figure
19A) or mottled light and dark pink (9/128, 7%), had petechiae (16/128, 12.5%),
and/or mild to severe clubbing of the filaments (10/128, 7.8%), with multifocal
white nodules 1-3 mm in diameter (2/128, 1.6%).

Figure 18: Gross lesions in fish testing positive for Flavobacterium psychrophilum and negative for
other identified systemic fish pathogens: A) severe ulceration of caudal fin and shallow skin
ulceration, as well as skin hyperpigmentation; B) deep skin ulceration with reddish margins; C)
perforative skin ulceration with yellowish margins; D) skin ulceration with yellowish margins; E)
complete loss of caudal fin and deep ulceration of caudal peduncle with exposure of vertebral

column; moderate shortening of the operculum is also evident; F) S-shaped tail
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Internally, the spleen (64/128, 50%) was mildly to severely enlarged (59/128,
46.1%), dark red (53/128, 41.4%) (Figure 19D, F), mottled brown and purple
(2/128, 1.6%), or anaemic, light purple-red (10/128, 7.8%). Loss of definition of the
splenic capsule and haemorrhage in the surrounding fatty tissue were also
observed (4/128, 3.1%) (Figure 19C). The liver (62/128, 48.4%) was anaemic, light
yellow, brown or pink (30/128, 23.4%), mottled light and dark brown (10/128,
7.8%), dark brown-red, consistent with hyperaemia (9/128, 7%), and/or had
petechiae and ecchymoses (18/128, 14.1%) (Figure 19C). Moderate to severe
hepatic atrophy (11/128, 8.6%) or moderate enlargement (7/128, 5.5%) were also
observed, and in some cases, the gallbladder was severely distended (6/128,
4.7%) (Figure 19D, E). The kidneys (29/128, 22.7%), especially the posterior part,
were multifocally or diffusely mildly to severely convex (23/128, 18%) and in some
cases mottled brown and purple (4/128, 3.1%) (Figure 19F) or anaemic, light
brown-purple (11/128, 8.6%). Intestinal lesions (5/128, 3.9%) included hyperaemia
(3/128, 2.3%) and haemorrhage (2/128, 1.6%) of the intestine, as well as
reddening of the vent in one fish. Petechiae and/or ecchymoses were observed in
the heart (4/128, 3.1%) and the skeletal muscles (2/128, 1.6%), around the pyloric
caeca (3/128, 2.3%), and in the mesenteric fat (2/128, 1.6%) (Figure 19D). In
addition, the fish showed 1-2 mm black spots consistent with MMCs in the
mesenteric fat and/or in the intestinal serosa (21/128, 16.4%). The fish were mildly
to severely cachectic (21/128, 16.4%) (Figure 19E), and mild ascites was
observed in a few individuals (5/128, 3.9%).
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Figure 19: Gross lesions in fish testing positive for Flavobacterium psychrophilum: A) saddleback-
like lesion due to skin ulceration behind the dorsal fin and shallow ulceration with scale loss
extending laterally; anaemia of the gills and liver can also be observed; B) ulceration of the dorsal
fin and skin hyperpigmentation; C) perisplenitis with loss of definition of the splenic capsule and
haemorrhage in surrounding adipose tissue, as well as in the liver; exophthalmos is also evident;
D) haemorrhage around the pyloric caeca and in the skeletal muscle tissue; moderate hepatic
atrophy and mild splenic enlargement are also apparent; E) severe cachexia with severe hepatic

atrophy and distended gall bladder; F) moderately enlarged kidney and spleen

4.3.1.2 Flavobacterium branchiophilum

The ranges of body weight, total length, and K for fish INF with or POS for
F. branchiophilum were 24.5-48.5 g and 12-300.5 g, 12.5-19.5 cm and 11-29
cm, and 0.58-1.25 and 0.58-1.61, respectively. Analysis of necropsy variables for
F. branchiophilum indicated that K of INF fish did not differ significantly from that of
NH fish. On the other hand, INF fish had significantly higher necropsy fish indices
(p = 0.016, mean 9.43 versus 1.87), as well as score values for gills (p = 0.006)
and spleen (p = 0.009). The p-value, mean, median, and standard deviation for all
necropsy variables analysed are shown in Table 11. It is important to note that the

limited number of POS fish reduced the statistical power of the analysis.



123
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

F. branchiophilum-POS fish had anaemic, light pink gills (5/11, 45.5%), mild to
severe clubbing of the gill filaments (4/11, 36.4%) with multifocal white nodules of
up to 5 x 4 x 2 mm (2/11, 18.1%) (Figure 20A), and one fish had yellowish
necrosis measuring 3 x 2 x 2 mm at the filament tips (Figure 20B). Additionally,
two fish had mildly and severely shortened opercula (2/11, 18.1%), one fish had
anaemic spleen and kidney, and some fish were moderately to severely cachectic
(3/11, 27.3%).

Figure 20: Gross lesions in fish testing positive for Flavobacterium branchiophilum: A) severe gill

hyperplasia with clubbing of the filaments; B) yellowish necrosis of the gill flament tips

4.3.1.3 Lesser-known Flavobacterium species

Various gross lesions were also observed in some of the fish that tested POS for
lesser-known Flavobacterium spp. and negative for other identified systemic fish
pathogens, including F. psychrophilum. These lesions included erosions of skin

and fins, shallow to deep skin ulcerations, and, in some fish, also internal lesions
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(Figure 21). However, statistical power was limited or inadequate to support the

statistical analysis of gross lesions.

Figure 21: Gross lesions in some of the fish that tested positive for lesser-known Flavobacterium
species and negative for other identified systemic fish pathogens: A) shallow skin ulceration on the
dorsal part of the caudal peduncle and caudal fin from which numerous Flavobacterium bernardetii
colonies were isolated; B) mild erosion of the dorsal and caudal fins, multifocal scale loss, mild gill
anaemia, light to dark grey-brown mottled liver, mild ascites and severe cachexia in a fish with
numerous isolated FX3 colonies from the skin and individual colonies from the liver; C) large
concave and hyperpigmented chronic skin lesion from which numerous FX10 colonies were

isolated; D) deep skin ulceration from which numerous FX26 colonies were isolated

4.3.2 Histopathological lesions

4.3.2.1 Flavobacterium psychrophilum

The indices of all organs analysed, except pancreas, were significantly higher in
F. psychrophilum-INF fish compared to NH fish (p < 0.05), as shown by the Mann-
Whitney U test per fish tank and a subsequent Fisher meta-test over individual p-
values (Table 12, Figure 22).
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Figure 22: Violin boxplots showing the values of the organ indices for skin, gills, heart, spleen,
kidney, liver, pancreas, stomach with pyloric caeca, and intestine in fish infected with
Flavobacterium psychrophilum (INF) and negative healthy (NH) fish

The analysis also revealed that the regressive and inflammatory reaction indices

were significantly higher in most of the organs examined in the F. psychrophilum-

INF fish (7/9 organs, except pancreas, and intestine), followed by the circulatory

indices (6/9 organs, except heart, pancreas, and intestine), while the progressive
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indices were significantly different only in the gills, spleen, and kidney (Table 12,
Figure 23).
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Figure 23: Boxplots showing the values of the reaction indices for skin, gills, heart, spleen, kidney,
liver, pancreas, stomach with pyloric caeca, and intestine in fish infected with Flavobacterium

psychrophilum (INF) and negative healthy (NH) fish

Several circulatory, regressive, progressive, and inflammatory lesions showed
significantly higher values in the organs of F. psychrophilum-INF fish, and the
results for each organ are described in detail below. The p-values, means,
medians, and standard deviations for all histopathological variables analysed are
shown in Table 12. This table also shows the percentage of INF fish in which the
organ indices, reaction indices, and score values for individual lesions exceeded

the median value of the NH fish.

Table 12: Histopathological (HP) variables associated with Flavobacterium psychrophilum and
Flavobacterium branchiophilum infections analysed per fish tank using the Mann-Whitney U test
and Fisher’s combined probability test, including mean, median, and standard deviation (sd) of
each variable, as well as percentage (%) of infected (INF) fish with a variable value above the

median of negative healthy (NH) fish; significant p-values (p < 0.05) are shown in red

HP F. psychrophilum F. branchiophilum

VARIABLES Per fish Per sampled organ INF/NH fish
INF/NH fish INF/NH fish

Gill index p =0.001 p =0.100 p=0.724

mean = 31.32/16.43
median = 25.50/16.00
sd =23.16/9.70

% INF: 66.67

mean = 30.67/16.43
median = 24.00/16.00
sd = 22.39/9.70

mean = 34.25/16.70
median = 34.50/16.00
sd = 18.52/9.95

Table 12 continued
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Table 12 continued

Gill RI
circulatory

p =0.025

mean = 2.16/1.44
median = 1.00/0.00
sd = 2.86/2.12

% INF: 55.56

p =0.846

mean = 1.29/1.44
median = 0.50/0.00
sd =2.07/2.12

p =0.969

mean = 3.75/1.39
median = 3.00/1.00
sd =4.11/2.05

Significant
lesions

Lamellae/filaments_
haemorrhage

p =0.007

mean = 0.88/0.23
median = 0.00/0.00
sd = 1.33/0.62

% INF: 37.04

/

/

Gill RI
regressive

p =0.001

mean = 8.96/4.44
median = 5.50/4.00
sd =8.81/3.79

% INF: 55.56

p=0.114

mean = 9.29/4.44
median = 6.00/4.00
sd =9.52/3.79

p =0.602

mean = 8.75/4.60
median = 8.00/4.00
sd =7.97/3.94

Significant
lesions

Epithelium_degeneration
p=0.016

mean = 1.98/1.64
median = 2.00/2.00

sd =1.45/1.15

% INF: 34.57
Epithelium_necrosis

p =0.010

mean = 0.85/0.32
median = 1.00/0.00

sd = 0.90/0.55

% INF: 55.56

Supporting tissue_necrosis
p =0.021

mean = 0.57/0.04
median = 0.00/0.00

sd =1.17/0.30

% INF: 22.22

/

/

Gill RI
progressive

p <0.001

mean = 11.22/6.19
median = 9.00/6.00
sd =6.35/3.07

% INF: 80.25

p = 0.068
mean = 10.50/6.19
median = 9.00/6.00
sd = 4.80/3.07

p =0.645

mean = 16.25/6.31
median = 16.00/6.00
sd =10.59/3.17

Significant
lesions

Hypertrophy of epithelial cells
p < 0.001

mean = 2.88/0.85

median = 3.00/1.00

sd = 1.55/0.92

% INF: 79.01

Hyperplasia of epithelial cells
p =0.002

mean = 2.54/1.79

median = 2.00/2.00

sd = 1.40/0.88

% INF: 45.68

Lamellar fusion

p=0.019

mean = 1.52/0.81

median = 1.00/1.00

sd =1.41/0.83

% INF: 41.98

Hypertrophy of epithelial cells
p <0.001

mean = 2.67/0.85

median = 2.00/1.00

sd =1.43/0.92

Filament fusion

p =0.010

mean = 1.50/0.01
median = 1.50/0.00
sd =1.29/0.15

Gill RI
inflammatory

p =0.002

mean = 8.98/4.36
median = 6.00/4.00
sd = 8.43/3.54

% INF: 55.56

p =0.098

mean = 9.58/4.36
median = 6.00/4.00
sd = 9.55/3.54

p =0.853

mean = 5.50/4.40
median = 6.00/4.00
sd =2.52/3.60
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Significant Filaments/lamellae_
lesions lymphocytes
p =0.012

mean = 1.61/1.42
median = 1.00/1.00
sd = 1.08/0.90

% INF: 45.68
Filaments/lamellae_
macrophages

p =0.007

mean = 0.80/0.35
median = 1.00/0.00
sd =0.79/0.51

% INF: 64.20
Filaments/lamellae_
neutrophils
p=0.018

mean = 0.64/0.08
median = 0.00/0.00
sd =1.13/0.42

% INF: 28.40

Filaments/lamellae_
macrophages

p =0.037

mean = 0.83/0.35
median = 1.00/0.00
sd = 0.82/0.51

Skin index p <0.001

mean = 42.76/9.50
median = 36.00/2.50
sd = 41.29/17.34

p < 0.001

mean = 60.61/9.50
median = 55.00/2.50
sd = 39.90/17.34

p =0.798

mean = 13.75/10.32
median =12.00/4.00
sd =12.97/18.34

% INF: 70.00
Skin RI p <0.001 p < 0.001 p =1.000
circulatory mean = 1.78/0.17 mean = 2.76/0.17 mean = 0.00/0.16
median = 0.00/0.00 median = 2.00/0.00 median = 0.00/0.00
sd = 2.86/0.71 sd = 3.32/0.71 sd = 0.00/0.70
% INF: 41.25
Significant Dermis_haemorrhage Dermis_haemorrhage /
lesions p =0.004 p <0.001
mean = 0.97/0.12 mean = 1.32/0.12
median = 0.00/0.00 median = 1.00/0.00
sd = 1.47/0.55 sd = 1.52/0.55
% INF: 36.25 Muscle_haemorrhage
p < 0.001
mean = 1.17/0.00
median = 0.00/0.00
sd = 2.04/0.00
Skin RI p <0.001 p < 0.001 p=0.779
regressive mean = 22.35/4.25 mean = 33.07/4.25 mean = 6.75/4.59

median = 16.00/2.00
sd = 22.93/8.22
% INF: 68.75

median = 29.00/2.00
sd =23.31/8.22

median = 5.00/2.00
sd =7.63/8.78
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Significant Epidermis_erosion Epidermis_erosion /
lesions p =0.001 p <0.001
mean = 1.37/0.26 mean = 1.66/0.26
median = 0.00/0.00 median = 0.00/0.00
sd =1.73/0.85 sd = 1.84/0.85
% INF: 42.50 Epidermis_degeneration
Epidermis_degeneration p =0.002
p =0.020 mean = 2.34/0.81
mean = 1.68/0.81 median = 2.00/1.00
median = 1.00/1.00 sd = 1.62/1.00
sd =1.67/1.00 Epidermis_necrosis
% INF: 48.75 p =0.001
Basement membrane defect mean = 0.68/0.08
(ulceration) median = 0.00/0.00
p <0.001 sd =0.91/0.31
mean = 1.62/0.14 Basement membrane defect
median = 0.00/0.00 (ulceration)
sd =2.08/0.61 p <0.001
% INF: 42.50 mean = 2.39/0.14
Dermis_loss of scales/bone median = 3.00/0.00
resorption sd =2.30/0.61
p < 0.001 Dermis_loss of scales/bone
mean = 1.81/0.28 resorption
median = 0.00/0.00 p <0.001
sd =2.18/0.95 mean = 2.98/0.28
% INF: 47.50 median = 3.00/0.00
Dermis_necrosis sd = 2.22/0.95
p <0.001 Dermis_necrosis
mean = 1.70/0.31 p < 0.001
median = 1.00/0.00 mean = 2.37/0.31
sd = 1.89/0.96 median = 3.00/0.00
% INF: 51.25 sd = 1.96/0.96
Muscle_degeneration
p < 0.001
mean = 1.10/0.01
median = 0.00/0.00
sd =1.92/0.14
Muscle_necrosis
p < 0.001
mean = 1.20/0.00
median = 0.00/0.00
sd = 2.08/0.07
Skin RI p =0.086 p =0.103 p =0.997
progressive mean = 2.73/1.14 mean = 3.56/1.14 mean = 1.50/1.27
median = 0.00/0.00 median = 0.00/0.00 median = 0.00/0.00
sd =4.39/3.05 sd = 4.46/3.05 sd = 3.00/3.21
% INF: 35.00
Significant / / /
lesions
Skin RI p < 0.001 p < 0.001 p =0.645
inflammatory mean = 15.89/3.95 mean = 21.22/3.95 mean = 5.50/4.30
median = 14.00/2.00 median = 21.00/2.00 median = 4.00/2.00
sd = 15.63/7.00 sd = 14.98/7.00 sd =4.73/7.31
% INF: 67.50
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Significant Epidermis_neutrophils

lesions p =0.036

sd = 0.94/0.32
% INF: 31.25
p =0.001

sd = 1.55/1.30
% INF: 66.25

p < 0.001
mean = 0.89/0.21

sd =1.11/0.55
% INF: 53.75

p < 0.001

sd =1.70/0.70
% INF: 46.25
Dermis_exudate
p < 0.001

sd = 1.80/0.92
% INF: 47.50

mean = 0.54/0.06
median = 0.00/0.00

Dermis_lymphocytes
mean = 1.62/0.62
median = 1.00/0.00
Dermis_macrophages
median = 1.00/0.00
Dermis_neutrophils

mean = 1.27/0.20
median = 0.00/0.00

mean = 1.57/0.30
median = 0.00/0.00

Epidermis_neutrophils
p =0.002

mean = 0.71/0.06
median = 0.00/0.00
sd = 1.03/0.32
Dermis_lymphocytes
p <0.001

mean = 2.00/0.62
median = 2.00/0.00
sd =1.32/1.30
Dermis_macrophages
p <0.001

mean = 1.02/0.21
median = 1.00/0.00
sd = 1.04/0.55
Dermis_neutrophils
p < 0.001

mean = 1.59/0.20
median = 1.00/0.00
sd =1.73/0.70
Dermis_exudate

p < 0.001

mean = 2.32/0.30
median = 3.00/0.00
sd = 1.68/0.92
Muscle_ lymphocytes
p =0.002

mean = 0.78/0.03
median = 0.00/0.00
sd =1.42/0.26
Muscle_macrophages
p =0.021

mean = 0.46/0.00
median = 0.00/0.00
sd = 0.95/0.00
Muscle_neutrophils
p < 0.001

mean = 0.85/0.00
median = 0.00/0.00
sd = 1.53/0.00
Muscle_exudate

p =0.008

mean = 0.90/0.00
median = 0.00/0.00
sd = 1.69/0.00

Heart index p =0.004

mean = 17.86/7.78
median = 10.00/4.00

/

p =0.537
mean = 4.00/8.00
median = 4.00/4.00

sd =19.14/9.91 sd = 3.27/9.79
% INF: 69.62
Heart RI p =0.557 / p =0.996
circulatory mean = 0.77/0.40 mean = 0.00/0.42
median = 0.00/0.00 median = 0.00/0.00
sd =2.14/1.06 sd = 0.00/1.06
% INF: 20.25
Significant / / /
lesions
Heart RI p =0.011 / p=0.919
regressive mean = 6.37/2.42 mean = 0.00/2.53
median = 4.00/0.00 median = 0.00/0.00
sd =7.35/3.62 sd = 0.00/3.62
% INF: 64.56
Significant / / /
lesions
Heart RI p =0.809 / p =1.000
progressive mean = 1.22/0.33 mean = 0.00/0.31
median = 0.00/0.00 median = 0.00/0.00
sd =2.40/1.53 sd = 0.00/1.45
% INF: 25.32
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Significant / / /

lesions

Heart RI p =0.019 / p=0.797

inflammatory mean = 9.50/4.64 mean = 4.00/4.76
median = 6.00/2.00 median = 4.00/2.00
sd =9.61/5.73 sd = 3.27/5.71
% INF: 73.42

Significant / / /

lesions

Spleen index | p <0.001 p < 0.001 p =0.498

mean = 22.45/9.54
median = 19.00/9.00

mean = 27.69/9.54
median =21.00/9.00

mean = 16.50/9.58
median = 16.50/9.00

sd =20.94/6.19 sd =24.82/6.19 sd = 6.14/6.24
% INF: 82.72
Spleen RI p =0.097 p =0.034 p =0.274
circulatory mean = 3.16/2.45 mean = 3.62/2.45 mean = 3.25/2.38
median = 3.00/2.00 median = 4.00/2.00 median = 3.50/2.00
sd =2.77/2.68 sd =2.12/2.68 sd = 0.96/2.62
% INF: 60.49
Significant Hyperaemia Hyperaemia /
lesions p =0.022 p =0.014
mean = 2.31/1.80 mean = 2.65/1.80
median = 3.00/2.00 median = 3.00/2.00
sd = 1.85/1.70 sd =1.79/1.70
% INF: 54.32
Spleen RI p <0.001 p <0.001 p =0.485
regressive mean = 9.66/4.40 mean = 10.27/4.40 mean = 10.00/4.43
median = 8.00/4.00 median = 8.50/4.00 median = 10.50/4.00
sd = 8.71/3.94 sd = 10.53/3.94 sd = 5.35/3.98
% INF: 69.14
Significant Parenchyma_atrophy/ Parenchyma_atrophy/ /
lesions lymphopaenia lymphopaenia
p =0.001 p <0.001
mean = 1.89/0.43 mean = 2.08/0.43
median = 0.00/0.00 median = 0.00/0.00
sd =2.15/1.12 sd =2.37/1.12
% INF: 45.68
Spleen RI p =0.058 p =0.026 p =0.992
progressive mean = 2.05/0.29 mean = 2.38/0.29 mean = 0.00/0.30
median = 0.00/0.00 median = 0.00/0.00 median = 0.00/0.00
sd = 3.26/1.07 sd =4.12/1.07 sd = 0.00/1.14
% INF: 34.57
Significant / Parenchyma_hyperplasia /
lesions p =0.026
mean = 0.92/0.14
median = 0.00/0.00
sd = 1.38/0.53
Spleen RI p < 0.001 p =0.001 p =0.372
inflammatory mean = 7.58/2.39 mean = 11.42/2.39 mean = 3.25/2.48
median = 3.00/2.00 median = 4.50/2.00 median = 2.50/2.00
sd = 10.90/1.49 sd =12.70/1.49 sd = 1.89/1.64
% INF: 77.78
Significant Parenchyma_activation of RES | Parenchyma_activation of RES | /
lesions p <0.001 p =0.021
mean = 2.81/2.13 mean = 3.08/2.13
median = 3.00/2.00 median = 3.00/2.00
sd =1.23/1.16 sd =1.13/1.16
% INF: 65.43
Kidney index | p <0.001 p =0.003 p =0.649
mean = 21.95/13.04 mean = 25.09/13.04 mean = 18.75/13.29
median = 18.00/12.00 median = 18.00/12.00 median = 19.00/12.00
sd = 12.84/6.87 sd = 15.36/6.87 sd = 3.30/7.16
% INF: 85.19
Kidney RI p =0.353 p =0.019 p =1.000
circulatory mean = 0.60/0.17 mean = 1.11/0.17 mean = 0.00/0.17
median = 0.00/0.00 median = 0.00/0.00 median = 0.00/0.00
sd = 1.37/0.96 sd = 1.76/0.96 sd = 0.00/0.94
% INF: 18.52
Significant / / /
lesions

Table 12 continued




Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.

University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

Table 12 continued

Kidney RI p <0.001 p =0.006 p =0.232
regressive mean = 12.65/7.35 mean = 14.31/7.35 mean = 16.25/7.44
median = 10.00/7.00 median = 11.00/7.00 median = 16.50/7.00
sd = 7.24/4.66 sd = 8.26/4.66 sd = 2.75/4.68
% INF: 81.48
Significant Tubule_degeneration Tubule_degeneration /
lesions p <0.001 p =0.006
mean = 3.11/1.60 mean = 3.20/1.60
median = 3.00/2.00 median = 4.00/2.00
sd =1.31/1.25 sd =1.26/1.25
% INF: 67.90
Kidney RI p =0.005 p =0.025 p =0.340
progressive mean = 6.74/5.13 mean = 7.23/5.13 mean = 2.50/5.22
median = 6.00/4.00 median = 6.00/4.00 median = 2.00/4.00
sd =4.07/2.34 sd = 4.69/2.34 sd = 1.00/2.40
% INF: 56.79
Significant Haematopoietic Haematopoietic /
lesions tissue_hyperplasia tissue_hyperplasia
p <0.001 p =0.005
mean = 1.20/0.19 mean = 1.46/0.19
median = 0.00/0.00 median = 0.00/0.00
sd = 1.55/0.66 sd = 1.74/0.66
% INF: 44.44
Tubule_regeneration
p =0.021
mean = 2.06/2.35
median = 2.00/2.00
sd = 0.80/0.87
Kidney RI p =0.080 p =0.167 p =0.891
inflammatory mean = 1.96/0.39 mean = 2.43/0.39 mean = 0.00/0.45
median = 0.00/0.00 median = 0.00/0.00 median = 0.00/0.00
sd =4.61/1.63 sd =5.31/1.63 sd = 0.00/1.80
% INF: 30.86
Significant / / /
lesions
Liver index p =0.001 p =0.004 p=0.613
mean = 19.50/10.48 mean = 19.61/10.48 mean = 14.00/10.54
median = 15.00/10.00 median = 16.00/10.00 median = 11.00/10.00
sd = 15.85/5.71 sd =16.02/5.71 sd =9.76/5.90
% INF: 67.90
Liver RI p =0.217 p =0.025 p =0.940
circulatory mean = 1.00/0.34 mean = 1.29/0.34 mean = 0.50/0.33
median = 0.00/0.00 median = 0.00/0.00 median = 0.00/0.00
sd =1.77/0.99 sd =2.21/0.99 sd = 1.00/1.01
% INF: 32.10
Significant / Liver_haemorrhage /
lesions p =0.047
mean = 0.94/0.03
median = 0.00/0.00
sd = 1.62/0.25
Liver RI p <0.001 p =0.015 p=0.415
regressive mean = 9.70/5.22 mean = 9.48/5.22 mean = 10.00/5.20
median = 7.00/5.00 median = 6.00/5.00 median = 8.00/5.00
sd = 6.52/2.57 sd = 6.84/2.57 sd = 5.48/2.67
% INF: 80.25
Significant Liver_decreased vacuolation Liver_degeneration /
lesions p =0.001 p =0.022
mean = 5.40/4.22 mean = 0.68/0.09
median = 6.00/4.00 median = 0.00/0.00
sd = 0.96/1.61 sd =1.51/0.48
% INF: 86.42 Liver_necrosis
p =0.047
mean = 0.71/0.07
median = 0.00/0.00
sd = 1.30/0.30
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Liver RI
progressive

p =0.999
mean = 0.78/0.14
median = 0.00/0.00

p=0.730
mean = 1.23/0.14
median = 0.00/0.00

p =1.000
mean = 0.00/0.13
median = 0.00/0.00

sd =2.98/0.78 sd =4.40/0.78 sd = 0.00/0.74
% INF: 14.82
Significant / / /
lesions
Liver RI p =0.021 p =0.058 p=0.191
inflammatory mean = 8.02/4.75 mean = 7.61/4.75 mean = 3.50/4.86
median = 6.00/4.00 median = 4.00/4.00 median = 2.00/4.00
sd = 8.32/3.82 sd =7.13/3.82 sd =4.43/3.93
% INF: 51.85
Significant / Liver_neutrophils /
lesions p =0.005
mean = 0.71/0.02
median = 0.00/0.00
sd = 1.42/0.21
Pancreas p =0.078 / p =0.866
index mean = 7.68/3.40 mean = 5.00/3.67
median = 4.00/2.00 median = 4.00/2.00
sd =9.95/4.28 sd = 3.83/4.63
% INF: 55.56
Pancreas RI p =0.968 / p =1.000
circulatory mean = 0.39/0.06 mean = 0.00/0.06
median = 0.00/0.00 median = 0.00/0.00
sd =1.15/0.36 sd = 0.00/0.37
% INF: 13.58
Significant / / /
lesions
Pancreas Rl p =0.590 / p =0.991
regressive mean = 1.72/0.52 mean = 0.00/0.65
median = 0.00/0.00 median = 0.00/0.00
sd = 3.63/1.93 sd =0.00/2.20
% INF: 27.16
Significant / / /
lesions
Pancreas RI p =1.000 / p =1.000

progressive

mean = 0.18/0.01
median = 0.00/0.00

mean = 0.00/0.01
median = 0.00/0.00

sd =1.11/0.14 sd = 0.00/0.13
% INF: 2.47
Significant / / /
lesions
Pancreas RI p =0.089 / p =0.852
inflammatory mean = 5.39/2.81 mean = 5.00/2.95
median = 4.00/2.00 median = 4.00/2.00
sd =6.21/3.00 sd = 3.83/3.10
% INF: 53.09
Significant / / /
lesions
Stomach and | p <0.001 / p =0.637

pyloric caeca
index

mean = 16.83/5.22
median = 12.50/2.00
sd = 16.55/8.23

% INF: 83.54

mean = 16.25/5.14
median = 10.50/2.00
sd =12.53/8.01

Stomach and
pyloric caeca
RI circulatory

p <0.001

mean = 1.94/0.18
median = 0.00/0.00
sd = 2.63/0.68

% INF: 44.44

p =0.732

mean = 2.00/0.19
median = 1.50/0.00
sd =2.45/0.70
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Significant
lesions

Mucosa_intercellular oedema
p =0.007

mean = 0.76/0.08
median = 0.00/0.00

sd = 1.30/0.45

% INF: 28.40

Other layers_intercellular
oedema

p =0.002

mean = 1.00/0.10
median = 0.00/0.00

sd =1.41/0.47

% INF: 35.80

Stomach and
pyloric caeca
RI regressive

p <0.001

mean = 6.47/1.32
median = 6.00/0.00
sd =6.27/3.14

% INF: 72.15

p =0.090

mean = 5.75/1.34
median = 4.50/0.00
sd = 6.95/3.08

Significant
lesions

Glands_degeneration
p < 0.001

mean = 1.42/0.17
median = 1.00/0.00
sd = 1.53/0.47

% INF: 60.76
Glands_necrosis

p < 0.001

mean = 0.58/0.02
median = 0.00/0.00
sd =0.76/0.14

% INF: 44.30

/

Stomach and
pyloric caeca
RI progressive

p =1.000
mean = 0.51/0.04
median = 0.00/0.00

p =1.000
mean = 0.00/0.03
median = 0.00/0.00

sd =1.81/0.39 sd = 0.00/0.37
% INF: 7.59

Significant / /

lesions

Stomach and p =0.026 p =0.825

pyloric caeca
RI

mean = 7.86/3.68
median = 4.00/2.00

mean = 8.50/3.57
median = 7.00/2.00

inflammatory sd = 10.34/5.58 sd =7.19/5.46
% INF: 54.43
Significant Mucosa_lymphocytes /
lesions p=0.011
mean = 1.26/0.69
median = 1.00/0.00
sd =1.51/1.05
% INF: 54.32
Intestine p=0.013 p=0.912
index mean = 5.46/0.61 mean = 3.00/0.61
median = 0.00/0.00 median = 0.00/0.00
sd =11.14/1.78 sd =6.00/1.78
% INF: 44.16
Intestine RI p =1.000 p =1.000
circulatory mean = 0.21/0.00 mean = 0.00/0.00
median = 0.00/0.00 median = 0.00/0.00
sd = 1.05/0.00 sd =0.00/0.00
% INF: 6.49
Significant / /
lesions
Intestine RI p =0.860 p =1.000
regressive mean = 1.25/0.00 mean = 0.00/0.00
median = 0.00/0.00 median = 0.00/0.00
sd = 4.44/0.00 sd =0.00/0.00
% INF: 9.09
Significant / /
lesions

Table 12 continued
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Table 12 continued

Intestine RI p =1.000 / p =1.000
progressive mean = 0.08/0.00 mean = 0.00/0.00
median = 0.00/0.00 median = 0.00/0.00
sd = 0.69/0.00 sd = 0.00/0.00
% INF: 1.30
Significant / / /
lesions
Intestine RI p =0.015 / p=0.912
inflammatory mean = 3.92/0.61 mean = 3.00/0.61
median = 0.00/0.00 median = 0.00/0.00
sd =7.19/1.78 sd =6.00/1.78
% INF: 42.86
Significant Mucosa_lymphocytes / /
lesions p =0.050
mean = 0.83/0.23
median = 0.00/0.00
sd = 1.36/0.63
% INF: 35.06

RI, reaction index

The skin index exceeded the median of NH fish in 70% of F. psychrophilum-INF
fish. The circulatory, regressive, and inflammatory reaction indices were
significantly higher in INF fish and exceeded the healthy median in 41.25%,
68.75%, and 67.50% of INF fish, respectively. The difference for the progressive
index was not significant. Circulatory lesions included haemorrhage in the dermis
and muscle tissue. Regressive lesions included erosion, hydropic or vacuolar
degeneration, and necrosis of the epidermis, ulceration, necrosis of the dermis,
loss or resorption of scales or bone by osteoclasts, as well as hydropic
degeneration and Zenker’s degeneration (necrosis) of muscle tissue. Inflammatory
lesions included infiltration of the epidermis with neutrophils and infiltration with
lymphocytes, macrophages, and neutrophils in the dermis and muscle tissue,
accompanied by serous or fibrinous exudate in these layers (Table 12, Figure
24A). Few to numerous filamentous bacteria, identified as F. psychrophilum by
bacteriological investigation, were occasionally observed in the superficial necrotic
tissue of skin and fin ulcerations or adhering to and surrounding exposed bone
(Figure 24B). Some other lesions were observed in INF fish. However, analysis
per fish tank revealed no statistically significant differences. These lesions
included hyperplasia of epithelial cells (28.75% of INF fish), as well as

regeneration (2.5%) and fibrosis (1.25%) of muscle tissue.

The gill index exceeded the median of NH fish in 66.67% of F. psychrophilum-INF

fish. The circulatory, regressive, progressive, and inflammatory reaction indices
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were significantly higher in INF fish and exceeded the healthy median in 55.56%,
55.56%, 80.25%, and 55.56% of INF fish, respectively. Circulatory lesions
included haemorrhage in the lamellae and filaments, while regressive lesions
included hydropic or vacuolar degeneration and necrosis of the epithelium and
necrosis of the supporting tissue of lamellae and filaments. Progressive lesions
were hypertrophy and hyperplasia of epithelial cells and lamellar fusion.
Inflammatory lesions were characterised by infiltration of the lamellae and
filaments with lymphocytes, macrophages, and neutrophils (Figure 24C—E) (Table
12). Low to moderate numbers of filamentous bacteria, identified as
F. psychrophilum by bacteriological investigation, were occasionally observed
along the qill epithelium and in the necrotic epithelial and supporting tissue,
leading to exposure of the gill filament cartilage in severe cases (Figure 24C).
Several other lesions were observed in INF fish. However, analysis per fish tank
revealed no statistically significant differences. These lesions included intercellular
oedema in the lamellae and filaments (24.69% of INF fish), lamellar aneurysms
(18.52%), thrombosis in the lamellae or central venous sinus of the filaments
(3.7%) (Figure 24E), hyperplasia of goblet cells (33.33%), fusion of filaments
(8.64%), as well as necrosis (9.87%) and infiltration with lymphocytes (16.05%),
macrophages (16.05%), and neutrophils (11.11%) in the gill arches. Perivasculitis

of the efferent branchial arterioles was also observed (Figure 24F).
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Figure 24: Histopathological lesions in skin and gills of fish infected with Flavobacterium

psychrophilum: A) shallow skin ulceration (thick arrow shows the ulceration and thin arrow its
margin) next to the dorsal fin with Zenker’s degeneration of the underlying skeletal muscle tissue
(star) as well as mild to moderate macrophage and neutrophil infiltration in the affected area and
surrounding tissues (X) (100x magnification); B) numerous filamentous F. psychrophilum bacteria
(star) adhering to and surrounding the caudal vertebra (X), which is exposed due to severe
peduncle ulceration and necrosis (400x magnification); C) severe necrosis of the gill filament tip
with exposed cartilage surrounded by filamentous F. psychrophilum bacteria (arrow), along with
severe hyperplasia and lamellar fusion in the proximal part of the affected filament (100x

magpnification); D) severe gill epithelial hyperplasia with lamellar fusion and multifocal small areas
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of necrosis (long thin arrow), multifocal haemorrhage (short thin arrow) and mild lymphocyte
infiltration (thick arrow) (200x magnification); E) thrombus (thick arrow) adherent to the
endothelium of the central venous sinus of the gill filament with a mild macrophage infiltrate (long
thin arrow) in the surrounding connective tissue as well as mild hypertrophy, hyperplasia (short thin
arrows) and vacuolar degeneration of the epithelium (400x magnification); F) lymphocytic and
neutrophilic perivasculitis of the gill arch efferent branchial arteriole with multifocal small areas of

necrosis (arrows) (200x magnification); haematoxylin and eosin staining

In 69.62% of F. psychrophilum-INF fish, the heart index was above the median of
NH fish. The indices for regressive and inflammatory reactions were significantly
higher in INF fish and exceeded the healthy median in 64.56% and 73.42% of INF
fish, respectively. The difference in the circulatory and progressive indices was not
significant. Additionally, no lesion showed significant differences between INF and
NH fish (Table 12). However, several lesions were observed in INF fish, including
haemorrhage in the epicardium and myocardium (13.92% and 8.86% of INF fish,
respectively), thrombosis of myocardial blood vessels (1.27%), hyaline, hydropic
or vacuolar degeneration of cardiomyocytes (62.03%) (Figure 25A), necrosis in the
epicardium, myocardium and endocardium (6.33%, 30.38% and 2.53%,
respectively), myocardial regeneration (22.78%), as well as infiltration with
lymphocytes, macrophages and neutrophils in the epicardium (41.77%, 63.29%
and 8.86%, respectively), myocardium (43.04%, 13.92% and 13.92%,
respectively), and endocardium (16.46%, 6.33% and 2.53%, respectively) (Figure
25B, C). Thrombosis of the endocardium was observed in three fish (Figure 25A).
In two fish, inflammation and necrosis of the endocardium involved the
bulboventricular and atrioventricular valves (Figure 25B). Necrosis in the
myocardium was observed, particularly at the compact/spongy interface of the

ventricular myocardium (Figure 25C).

The spleen index exceeded the median of NH fish in 82.72% of F. psychrophilum-
INF fish. The circulatory, regressive, progressive, and inflammatory reaction
indices were significantly higher in INF fish and exceeded the healthy median in
60.49%, 69.14%, 34.57%, and 77.78% of INF fish, respectively. Significant
differences were observed in splenic parenchyma for hyperaemia in circulatory
lesions, lymphopaenia in regressive lesions, hyperplasia of the white pulp in
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progressive lesions, and activation of RES in inflammatory lesions (Table 12).
Several other lesions were observed in INF fish. However, analysis per fish tank
revealed no statistically significant differences. The splenic parenchyma and
capsule exhibited haemorrhage (27.16% of INF fish), necrosis (11.11% and
4.94%, respectively), and infiltration with macrophages (14.81% and 11.11%,
respectively) and neutrophils (13.58% and 7.41%, respectively) along with serous
or fibrinous exudate (3.70%). Additionally, activation of MMCs and infiltration with
EGCs (18.52%) were observed in the splenic parenchyma (48.15%), and the
capsule showed infiltration with lymphocytes (9.88%) (Figure 25D).

In 85.19% of F. psychrophilum-INF fish, the kidney index was above the median of
NH fish. The circulatory, regressive, and progressive reaction indices were
significantly higher in INF fish and exceeded the healthy median in 18.52%,
81.48%, and 56.79% of INF fish, respectively. The difference in the inflammatory
index was not significant. Significant differences were observed for hydropic,
vacuolar, or hyaline droplet degeneration of renal tubules in regressive lesions and
hyperplasia of haematopoietic tissue in progressive lesions (Figure 25E, Table
12). A significant difference was also observed in tubule regeneration. This was
the only case in which the mean value was higher in NH fish than in INF fish.
Several other lesions were observed in INF fish. However, analysis per fish tank
revealed no statistically significant differences. These lesions included
haemorrhage (14.81% of INF fish), thrombosis (1.23%), necrosis (12.35%),
nephrocalcinosis (2.47%), fibrosis (1.23%), activation of MMCs (34.57%), and
infiltration with macrophages, neutrophils and EGCs (11.11%, 8.64% and 18.52%,
respectively) along with serous or fibrinous exudate (1.23%) in the haematopoietic

tissue, as well as necrosis of the surrounding renal tubules (8.64%) (Figure 25E).

The liver index exceeded the median of NH fish in 67.90% of F. psychrophilum-
INF fish. The circulatory, regressive, and inflammatory reaction indices were
significantly higher in INF fish and exceeded the healthy median in 32.10%,
80.25%, and 51.85% of INF fish, respectively. The difference in progressive index
was not significant. Significant differences were observed for haemorrhage in

circulatory lesions, decreased hepatocellular vacuolation, micro- or macrovesicular
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fatty and/or vacuolar degeneration, and necrosis of hepatocytes in regressive
lesions and infiltration with neutrophils in inflammatory lesions (Figure 25F, Table
12). Several other lesions were observed in INF fish. However, analysis per fish
tank revealed no statistically significant differences. These lesions included
hyperaemia (11.11% of INF fish), thrombosis (1.23%), activation of MMCs
(38.27%), liver regeneration (9.88%), fibrosis (3.70%), and infiltration with
lymphocytes, macrophages, and EGCs (38.27%, 16.05%, and 4.94%,
respectively) (Figure 25F).

None of the histopathological variables analysed for the pancreas showed
significant differences between F. psychrophilum-INF and NH fish (Table 12).
However, several lesions were observed in INF fish, including haemorrhage
(13.58% of INF fish), necrosis (13.58%), fibrosis (1.23%), and infiltration with
lymphocytes, macrophages, and neutrophils (35.80%, 48.15%, and 16.05%,

respectively).

The stomach and pyloric caeca index exceeded the median of NH fish in 83.54%
of F. psychrophilum-INF fish. The circulatory, regressive, and inflammatory
reaction indices were significantly higher in INF fish and exceeded the healthy
median in 44.44%, 72.15%, and 54.43% of INF fish, respectively. The difference in
progressive index was not significant. Significant differences were observed for
intercellular oedema in the mucosa and other tissue layers in circulatory lesions,
vacuolar degeneration and necrosis of the gastric glands in regressive lesions,
and infiltration of the mucosa with lymphocytes in inflammatory lesions (Table 12).
Other lesions were also observed in INF fish. However, analysis per fish tank
revealed no statistically significant differences. Lesions observed in the mucosa
and other layers included haemorrhage (4.94% and 2.47% of INF fish,
respectively), necrosis (7.41% and 4.94%, respectively) and infiltration with
macrophages (45.68% and 13.58%, respectively), and neutrophils (4.94% and
6.17%, respectively), as well as atrophy of the gastric glands (5.06%).

The intestine index exceeded the median of NH fish in 44.16% of

F. psychrophilum-INF fish. The inflammatory reaction index was significantly
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higher in INF fish and exceeded the healthy median in 35.06% of INF fish,
respectively. The difference in other reaction indices was not significant. Only
infiltration of the mucosa with lymphocytes showed a significant difference in
inflammatory lesions (Table 12). Several other lesions were observed in INF fish.
However, analysis per fish tank revealed no statistically significant differences.
Lesions observed in the mucosa and other layers included haemorrhage (2.60% of
INF fish for each layer), necrosis (2.60% and 3.90%, respectively), and infiltration
with macrophages (18.18% and 3.90%, respectively) and neutrophils (1.30% and
2.60%, respectively).
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Figuré 25: istopathhogicé[ lesions in internal org;ms of fish iﬁfeétéd with >Fla.vac'trum |
psychrophilum: A) thrombus adherent to the endocardium overlying the spongy myocardium with
mild hyaline (long arrows) and hydropic (short arrows) degeneration (400x magnification); B)
necrotising endocarditis of the atrioventricular valves (X) with vegetations (star) infilirated by
neutrophils and lymphocytes (200x magnification); C) necrosis (star) at the compact/spongy
interface of the ventricular myocardium and moderate infiltration of epicardium, myocardium and
endocardium with lymphocytes and neutrophils (arrows) (HE, 200x magnification); D) necrosis and
haemorrhage (star) in the splenic parenchyma with severe lymphocytic and neutrophilic
perisplenitis (100% magnification); E) infiltration of kidney haematopoietic tissue with neutrophils
(X), haemorrhage (star) and necrosis of tubules (short thin arrow) in the affected area, hyaline

droplet degeneration of the surrounding kidney tubules (long thin arrow) and increased number and
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size of melanomacrophage centres (thick arrow) (200x magnification); F) small liver necrosis with
mild neutrophil (thick arrow) infiltration and erythocytes (thin arrow) indicating haemorrhage; note

the lack of hepatocellular vacuolation (400x magnification); haematoxylin and eosin staining

4.3.2.2 Flavobacterium branchiophilum

In F. branchiophilum, analysis of the histopathological variables showed that none
of the histopathological variables analysed showed significant differences between
INF and NH fish, except for fusion of the gill filaments (p = 0.010). The p-values,
means, medians, and standard deviations for all histopathological variables
analysed are shown in Table 12. It is important to note that the limited number of
POS fish reduced the statistical power of the analysis. Other lesions were also
observed in INF fish. However, analysis per fish tank revealed no statistically
significant differences. These lesions included haemorrhage and intercellular
oedema in the lamellae and filaments, lamellar aneurysms, hydropic or vacuolar
degeneration and necrosis of epithelium, hypertrophy and hyperplasia of epithelial
cells, hyperplasia of goblet cells, infiltration with lymphocytes, macrophages, and
neutrophils in the lamellae and filaments, as well as neutrophils in the gill arch.
Few to numerous filamentous bacteria, identified as F. branchiophilum with
bacteriological investigation, were occasionally observed along the gill epithelium

and in the necrotic epithelial tissue (Figure 26).

Figure 26: Histopathological lesions in gills of fish infected with Flavobacterium branchiophilum: A)

a group of F. branchiophilum bacteria and sloughed epithelial cells (thick arrow) in a pseudocyst,
lamellar aneurysms (star) and hydropic or vacuolar degeneration (thin arrows) of gill epithelium

(400x% magnification); B) filamentous F. branchiophilum bacteria (thick arrow) along the gill
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epithelium with hyperplasia and fusion of gill lamellae; the epithelium shows mild lymphocytic
infiltration (short thin arrows) and multifocal single-cell necrosis (long thin arrows) (400x

magnification); haematoxylin and eosin staining

4.3.2.3 Lesser-known Flavobacterium species

Analysis of histopathological variables was only possible for F. hercynium,
F. hydatis, and F. frigidimaris. The analysis per sampled organ showed that
F. hercynium-INF fish had significantly higher score values for skin ulceration (p =
0.035, mean = 0.43/0.17, median = 0.00/0.00, sd = 0.79/0.68) than NH fish,
F. hydatis-INF fish had significantly higher score values for hypertrophy (p = 0.022,
mean = 3.75/0.88, median = 4.00/1.00, sd = 2.06/0.94), and hyperplasia (p =
0.018, mean = 2.00/1.80, median = 1.50/2.00, sd = 1.41/0.90) of qill epithelial
cells, while F. frigidimaris-INF fish did not show any significantly different lesions.
For other lesser-known Flavobacterium spp. the statistical power was limited or
inadequate to support the statistical analysis of the histopathological lesions.
However, in the internal organs that tested POS for Flavobacterium spp. some
histopathological lesions were observed in fish that were otherwise negative for
other identified systemic fish pathogens, including F. psychrophilum. In the spleen
of a diseased fish from F3 that tested POS for F. bernardetii, we observed
moderate atrophy of the white pulp, moderate hyperaemia, mildly increased
number of MMCs, and infiltration with individual EGCs. Moderate atrophy of the
white pulp was also observed in the spleen of an apparently healthy fish from F3
that tested POS for FX18, as well as moderate activation of the RES. In the liver of
a diseased fish from the summer sampling in F2 that tested POS for FX3, we
observed diffusely severely decreased hepatocellular vacuolation, multifocal
moderate microvesicular fatty degeneration, moderately increased number of
MMCs, and multifocal moderate lymphocytic hepatitis. Similar lesions were
observed in the liver of a diseased fish from the spring sampling in F2 that tested
POS for FX24, except for infiltration with neutrophils. In the liver of an apparently
healthy fish from the autumn sampling in F2 that tested POS for FX12, we
observed diffusely severely decreased hepatocellular vacuolation, individual small

areas of necrosis, and multifocal small lymphocyte infiltrates.
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4.3.3 Histopathological and cytological investigation of filamentous bacteria

Histopathological examination revealed filamentous bacteria only in the skin
and/or gills of 22 fish, but not in the internal organs. In 12 fish (54.6%), few to
numerous filamentous bacteria were observed in skin ulcerations, including on the
fins and jaws. Two of these fish tested negative in the bacteriological investigation,
but the presence of gram-negative filamentous bacteria was confirmed by Gram
staining. Other fish tested POS for F. psychrophilum. Low to moderate numbers of
filamentous bacteria were detected in the gills of 9 fish (41%). Two fish tested
POS for F. branchiophilum in the bacteriological investigation, while another two
tested POS for F. psychrophilum. Five fish tested negative, but Gram staining
confirmed the presence of Gram-negative filamentous bacteria in two fish, while
additional, further tissue sections from three fish used for Gram staining did not
contain bacteria. Additionally, flamentous bacteria were observed in both the gills
and skin of one fish (4.6%), and bacteriological investigation identified

F. branchiophilum in the gills and F. psychrophilum in the skin.

We did not observe any filamentous or other bacteria in the smears of gill and skin

scrapes stained with Giemsa.

4.4 ANTIMICROBIAL SUSCEPTIBILITY

4.4.1 Quality control

The MICs determined for the quality control strain E. coli ATCC 25922 were within
the acceptable ranges, and the MICs for the reference strain F. psychrophilum
ATCC 49418 were below the COwr value calculated for AMP and the ECVs
established for F. psychrophilum for ENR, ERY, FLO, OXO, and OXY. In addition,
the reference strain grew at the lower end of the concentration range tested for
GEN (MIC 0.25 pg/ml) and MER (MIC < 0.008 pg/ml) and at the upper end of the
concentration range tested for CTZ (MIC 2 pg/ml) and TRS (MIC > 1/19 pg/ml).
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The MICs for the 10 antimicrobials tested against the reference strain

F. psychrophilum ATCC 49418T are shown in Appendix 5.

4.4.2 Phenotypic AMR profiles of Flavobacterium psychrophilum

The phenotypic AST profiles were determined for 54 F. psychrophilum isolates.
F. psychrophilum isolates grew well in DCAMHB and formed buttons with smooth
or rhizoid margins (Figure 27). The distribution of MICs of selected
F. psychrophilum isolates is shown in Figure 28. The MICs for the individual

isolates are shown in Appendix 5.
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Figure 27: Microtitre plates for two selected Flavobacterium psychrophilum isolates. A) Isolate
F1824 with smooth margins; B) Isolate F341 with rhizoid margins. For each microtitre plate, two

images were merged between columns 6 and 7 so that all 96 wells are clearly visible

For AMP, most isolates exhibited MICs < 0.12 ug/ml, while only two isolates were
inhibited by higher concentrations, namely 0.5 and 4 ug/ml. Using the provisional
COwr value of < 0.125 ug/ml, 52 isolates (96.3%) were classified as WT and two
isolates (3.7%) as NWT (Figure 28A).

The MICs for CTZ were unimodally distributed. All isolates grew at the upper end
of the CTZ concentration range tested, with MICs between 1 and > 4 ug/ml. The
calculated provisional COwr value was < 8 ug/ml, which is the first concentration

above the tested range for this antimicrobial (Figure 28B).

The MICs for the two quinolones, ENR and OXO, were bimodally distributed.
Using the ECV of < 0.03 pg/ml for ENR, seven isolates (13.0%) were classified as
WT and 47 isolates (87.0%) as NWT (Figure 28C). Based on the ECV of < 0.25
pg/ml for OXO, five isolates (9.3%) were classified as WT and 49 isolates (90.7%)



151
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

as NWT (Figure 28H). In both cases, the most frequently observed MICs
exceeded the highest concentration tested for ENR (0.25 ug/ml) and OXO
(1 pg/ml). It was not possible to calculate a valid COwr value for ENR and OXO

due to a high percentage of the MICs being “above-scale”.

The MICs for ERY were unimodally distributed. Using the ECV of < 8 ug/ml and
the calculated COwrt value of < 4 ug/ml for ERY, all tested isolates were classified
as WT (Figure 28D).

The MICs for FLO showed unimodal distribution. Based on the ECV of < 2 pg/ml
and the calculated COwr value of < 1 pg/ml for FLO, all tested isolates were
classified as WT (Figure 28E).

The MICs for GEN were unimodally distributed. All isolates were inhibited by the
lower end of the GEN concentration range tested, with MICs between < 0.06 and
0.25 pg/ml. It was not possible to calculate a valid COwr value due to a high

percentage of the MICs being “below-scale” (Figure 28F).

All isolates were inhibited by the lowest tested concentration of MER (MIC < 0.008
pg/ml). It was not possible to calculate a valid COwr value due to a high

percentage of the MICs being “below-scale” (Figure 28G).

The distribution of MICs for OXY was bimodal. Using the ECV of < 0.12 ug/ml for
OXY, 10 isolates (18.5%) were classified as WT and 44 isolates (81.5%) as NWT.
It was not possible to calculate a valid COwr value because the calculated
standard deviation for the normalised distribution exceeded < 1.2 log2 pg/ml
(Figure 28I).

The distribution of MICs for TRS was variable but appeared to be bimodal. Most
isolates (88.9%) were inhibited by the upper end of the TRS concentration range
tested (MICs = 0.25/4.75 ug/ml), while only six isolates (11.1%) were inhibited by
the lower end of the TRS concentration range tested, with MICs between 0.015

and 0.12 ug/ml. The most frequently observed MIC exceeded the highest
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concentration of TRS (1/19 pg/ml) tested. It was not possible to calculate a valid
COwr value because a high percentage of the MICs were “above-scale”, and the
calculated standard deviation for the normalised distribution exceeded < 1.2 log2

pg/ml (Figure 28J).
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Figure 28: The distribution of minimum inhibitory concentrations (MICs) of 54 Flavobacterium

psychrophilum isolates for 10 antimicrobials (A-J) determined using the broth microdilution method.

The tested concentration range (ug/ml) is presented on the x-axis and the number of isolates on
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the y-axis. The solid black and dashed blue vertical lines represent the epidemiological cut-off
values (ECVs) and the provisional epidemiological cut-off values for wild type (COwr) for
F. psychrophilum, respectively. Where possible, the green bars represent the wild type (WT)

isolates, and the red bars represent the non-wild type (NWT) isolates

4.4.3 Phenotypic AMR profiles of Flavobacterium branchiophilum

The phenotypic AST profiles were determined for eight F. branchiophilum isolates.
In general, the F. branchiophilum isolates grew better in the AO broth than in the
DCAMHB+C, as shown by the size of the growth buttons (Figure 29).
Nonetheless, the F. branchiophilum isolates showed sufficient growth in
DCAMHB+C to allow determination of MICs for the tested antimicrobials.
Considering the extent of possible technical variation (1 dilution) in standardised
AST, only minor differences were observed between the two media (Figure 30,
Appendix 6). The addition of 5% foetal bovine serum or yeast extract did not

improve the growth of F. branchiophilum.
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Figure 29: Microtitre plates for two selected Flavobacterium branchloph/lum isolates. A) Isolate
F1517 on Anacker and Ordal (AO) broth; B) Isolate F1628 on diluted cation-adjusted Mueller-
Hinton broth supplemented with additional cations (DCAMHB+C). For each microtitre plate, two

images were merged between columns 5 and 6 so that all 96 wells are clearly visible

The MICs for all 10 antimicrobials tested showed a unimodal distribution. The
MICs determined by AST using the DCAMHB+C were 0.06—-0.2 ug/ml for AMP, >
4 pg/ml for CTZ, 0.015-0.06 pg/ml for ENR, 1-2 pg/ml for ERY, 0.5-1 pg/ml for
FLO, < 0.06-0.25 pg/ml for GEN, < 0.008 ug/ml for MER, 0.12-0.25 ug/ml for
OXO, 0.25 pg/ml for OXY and 0.015-0.03 pg/ml for TRS. Notably, when using
DCAMHB+C, the MICs for OXY for all isolates and ENR for one isolate were the
first concentration above the ECV_FP. The remaining isolates had MICs just
below the ECV_FP for ENR (0.015-0.03 pg/ml), while all isolates had MICs just
below the ECV_FP for OXO (0.12-0.25 pg/ml), and the COwr calculated for
F. psychrophilum for AMP (0.06—0.12 pg/ml). In addition, all MICs exceeded the
highest tested concentration of CTZ and the lowest tested concentration of MER.
The MICs for ERY (1-2 pg/ml) and FLO (0.5-1 pg/ml) were in the middle of the
tested concentration range and below the ECV_FP. All isolates grew at the lower
end of the tested concentration range for GEN (MICs < 0.06-0.25 pg/ml) and TRS
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(MICs 0.015-0.03 pg/ml). The distribution of MICs of eight F. branchiophilum
isolates tested using both growth media is shown in Figure 30. The MICs for the

individual isolates are shown in Appendix 6.

No. of F. branchiophiium isolates at the indicated MIC (ug/ml)

=00005 | 0001 | 0002 | 0004 | 0008 | 0015 | 003 | 006 @ 012 | 025 | 05 1 2 4 8 16 | =32
AMP 1
CTZ I
ENR. 1 68 1
ERY 4147
FLO 2 76| 1
GEN 64|14 1
MER. | 8
0X0 2[8[ 6
OXY 8 8

TRS 1

Figure 30: The distribution of minimum inhibitory concentrations (MICs) of eight Flavobacterium
branchiophilum isolates determined using the broth microdilution method for AMP, ampicillin; CTZ,
ceftazidime; ENR, enrofloxacin; ERY, erythromycin; FLO, florfenicol; GEN, gentamicin; MER,
meropenem; OXO, oxolinic acid; OXY, oxytetracycline; TRS, trimethoprim/sulfamethoxazole. The
range of dilutions tested (ug/ml) for each antimicrobial is shaded gray. MICs higher than the highest
concentration tested are given as the first concentration above the tested range, and MICs equal to
or lower than the lowest concentration tested are underlined. The red and green numbers
represent the MICs determined using diluted cation-adjusted Mueller-Hinton broth with additional
cations (DCAMHB+C) and Anacker and Ordal (AO) broth, respectively

4.4.4 Phenotypic AMR profiles of lesser-known Flavobacterium species

The MICs for both F. bernardetii isolates exceeded the highest concentration of
CTZ tested. For TRS, the MIC for one isolate exceeded the tested concentration
range, while the MIC for the other isolate was at the highest concentration tested
(1/19 pg/ml). Both F. bernardetii isolates grew in the middle of the tested AMP
concentration range (MICs 0.25 and 0.5 pg/ml) and exceeded the COwr value
calculated for F. psychrophilum. Additionally, isolates had MICs below the
ECV_FP for ENR (0.008 and 0.015 pg/ml), ERY (0.25 pg/ml), FLO (1 pg/ml), OXO
(0.12 pg/ml), and OXY (0.12 pg/ml). Isolates also grew at the lower end of the
tested concentration range for GEN (MICs 0.12 ug/ml) and MER (MICs < 0.008
and 0.015 pg/ml). The MICs for individual isolates are shown in Appendix 6.
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The MICs for both F. branchiarum isolates exceeded the highest tested
concentrations of AMP, CTZ, ENR, and TRS. Isolates also exhibited MICs at the
upper end or exceeding the concentration ranges tested for ERY (16 pg/ml), FLO
(16 and > 16 pg/ml), GEN (8 pg/ml), OXO (1 and > 1 ug/ml), and OXY (2 and 4
pg/ml). MICs exceeded the COwr value calculated for F. psychrophilum for AMP
and the ECV_FP for ENR, ERY, FLO, OXO, and OXY. Both isolates grew in the
middle of the tested MER concentration range (MICs 0.06 ug/ml). The MICs for

individual isolates are shown in Appendix 5.

Both F. celericrescens isolates exhibited MICs at the upper end or exceeding the
concentration ranges tested for CTZ (> 4 yg/ml) and TRS (0.5/9.5 ug/ml). They
also grew in the middle of the tested AMP concentration range, with MICs
(0.25 pg/ml) at the first concentration above the COwr value calculated for
F. psychrophilum. Isolates also exhibited MICs at the first concentration above the
ECV_FP for ENR (0.06 pg/ml) and OXO (0.5 pg/ml) and the first concentration
below the ECV_FP for OXY (0.12 pg/ml). Additionally, the MICs for ERY (0.12—4
pMg/ml) and FLO (2 pg/ml) were below the ECV_FP for these antimicrobials.
Isolates grew at the lower end of the tested GEN concentration range (MICs
0.12 pg/ml), and their growth was inhibited by the lowest tested concentration of

MER. The MICs for individual isolates are shown in Appendix 6.

The MICs for both F. collinsii isolates exceeded the highest tested concentrations
of AMP, CTZ, ERY, MER, and TRS. Isolates also exhibited MICs at the upper end
or exceeding the concentration ranges tested for ENR (0.25 and > 0.25 pg/ml),
FLO (8 and > 16 ug/ml), GEN (4 and > 8 ug/ml), OXO (0.5 and 1 pg/ml), and OXY
(4 and > 8 ug/ml). The MICs exceeded the COwr value calculated for
F. psychrophilum for AMP and the ECV_FP for ENR, ERY, FLO, OXO, and OXY.

The MICs for individual isolates are shown in Appendix 5.

The F. difficile isolate exhibited MICs exceeding the highest tested concentrations
of CTZ and TRS. Additionally, the MIC for ENR (0.06 pg/ml) was the first

concentration above the ECV_FP. The isolate had MICs below the COwr value
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calculated for F. psychrophilum for AMP (0.12 ug/ml) and below the ECV_FP for
ERY (0.12 ug/ml), FLO (0.5 pg/ml), OXO (0.25 ug/ml), and OXY (0.12 pg/ml).
Growth of the isolate was inhibited by the lowest tested concentrations of GEN (<
0.06 pg/ml) and MER (=< 0.008 pug/ml). The MICs are shown in Appendix 6.

The MIC for F. erciyesense exceeded the highest tested concentration of CTZ,
and the isolate also grew at the upper end of the tested concentration ranges for
GEN (MIC 2 pyg/ml) and TRS (MIC 0.5/9.5 pg/ml). Additionally, the MICs for AMP
(0.25 pg/ml) and ENR (0.06 ug/ml) were the first concentrations above the COwr
value calculated for F. psychrophilum and ECV_FP, respectively. The isolate had
MICs below the ECV_FP for ERY (1 pyg/ml), FLO (1 pg/ml), OXO (0.25 pg/ml), and
OXY (0.06 pg/ml). Growth of the isolate was inhibited by the lowest tested
concentration of MER (= 0.008 ug/ml). The MICs are shown in Appendix 5.

The MICs for the F. hercynium isolate exceeded the highest tested concentrations
of CTZ, ENR, ERY, OXO, and TRS. The isolate also grew at the upper end of the
tested concentration ranges for AMP (MIC 16 pg/ml), FLO (MIC 4 pg/ml), GEN
(MIC 4 pg/ml), MER (MIC 0.25 pg/ml), and OXY (MIC 2 pg/ml). The MICs
exceeded the COwr value calculated for F. psychrophilum for AMP and the
ECV_FP for ENR, ERY, FLO, OXO, and OXY. The MICs are shown in Appendix
5.

F. oncorhynchi isolate exhibited MICs exceeding the highest tested concentrations
of CTZ, ERY, and TRS. Additionally, the isolate grew at the upper end of the
tested concentration ranges for AMP (MIC 16 ug/ml), ENR (MIC 0.25 ug/ml), FLO
(MIC 8 pg/ml), GEN (MIC 8 ug/ml), MER (MIC 0.5 pg/ml), OXO (MIC 0.5 ug/ml),
and OXY (MIC 2 ug/ml). The MICs exceeded the COwr value calculated for
F. psychrophilum for AMP and the ECV_FP for ENR, ERY, FLO, OXO, and OXY.
The MICs are shown in Appendix 5.

The MICs for the F. piscis isolate exceeded the highest tested concentrations of
CTZ, ERY, and TRS. The isolate also exhibited MICs at the upper end of the
tested concentration ranges for AMP (16 pg/ml), ENR (0.25 pg/ml), FLO (8 pg/ml),
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GEN (4 pg/ml), MER (0.5 pg/ml), OXO (1 ug/ml), and OXY (4 pg/ml). The MICs
exceeded the COwr value calculated for F. psychrophilum for AMP and the
ECV_FP for ENR, ERY, FLO, OXO, and OXY. The MICs are shown in Appendix
5.

The MIC for F. tiangeerense exceeded the highest tested concentration of TRS,
and the isolate also grew at the upper end of the tested concentration ranges for
AMP (MIC 2 pg/ml), CTZ (MIC 4 pg/ml), and GEN (MIC 2 ug/ml). The MIC for
AMP was above the COwr value calculated for F. psychrophilum. The isolate had
MICs below the ECV_FP for ENR (0.03 pg/ml), ERY (0.5 ug/ml), FLO (1 pg/ml),
OXO (0.25 pg/ml), and OXY (0.12 pg/ml). Growth of the isolate was inhibited by
the lowest tested concentration of MER (< 0.008 pg/ml). The MICs are shown in
Appendix 6.

F. tructae isolate exhibited MICs exceeding the highest tested concentrations of
AMP, CTZ, FLO, and TRS. Additionally, the isolate exhibited MICs at the upper
end of the tested concentration ranges for ENR (0.12 pg/ml), ERY (32 pg/ml),
GEN (4 pg/ml), MER (0.5 pg/ml), and OXY (8 pg/ml). The MICs exceeded the
COwr value calculated for F. psychrophilum for AMP and the ECV_FP for ENR,
ERY, FLO, and OXY. The MIC for OXO (0.25 ug/ml) was the first dilution below
the ECV_FP. The MICs are shown in Appendix 5.

The MICs for the three FX2 isolates exceeded the highest tested concentration of
CTZ. Isolates also exhibited MICs at the upper end and exceeding the
concentration range tested for OXY (4 and > 8 ug/ml) and TRS (0.5/9.5 and > 1/19
pg/ml). Isolates grew in the middle of the tested AMP concentration range, with
MICs (0.5 and 1 ug/ml) exceeding the COwr value calculated for F. psychrophilum.
Additionally, the isolates had MICs below the ECV_FP for ENR (0.015 and 0.03
pg/ml), ERY (0.12-0.5 ug/ml), FLO (0.5 and 2 ug/ml), and OXO (0.12 and
0.25 pg/ml). Isolates also grew at the lower end of the tested concentration ranges
for GEN (MICs 0.25 pg/ml) and MER (MICs < 0.008 and 0.03 ug/ml), except for
one isolate that had an MIC (1 pg/ml) in the middle of the tested GEN

concentration range. The MICs for individual isolates are shown in Appendix 6.
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The three FX3 isolates exhibited MICs exceeding the highest tested concentration
of CTZ and at the upper end of the concentration range tested for TRS (0.5/9.5
and 1/19 pg/ml). Isolates grew in the middle of the tested AMP concentration
range, with MICs (0.5 and 1 ug/ml) exceeding the COwr value calculated for
F. psychrophilum. Additionally, the isolates had MICs below the ECV_FP for ENR
(0.008 and 0.015 pg/ml), ERY (0.25 pg/ml), FLO (1 pg/ml), OXO (0.12 and
0.25 pg/ml), and OXY (0.06 and 0.12 pg/ml). Isolates also grew at the lower end of
the tested concentration ranges for GEN (MICs < 0.06 and 0.12 ug/ml) and MER
(MICs 0.015 and 0.03 pg/ml). The MICs for individual isolates are shown in
Appendix 6.

The MICs for the three FX5 isolates exceeded the highest tested concentrations of
CTZ and TRS. Two isolates also grew in the middle of the tested AMP
concentration range, with MICs (0.25 and 1 pg/ml) exceeding the COwr value
calculated for F. psychrophilum, while the third isolate had the MIC (0.12 pg/ml) at
the first concentration below the COwr value. Additionally, the isolates had MICs
below the ECV_FP for ENR (0.015 and 0.03 pg/ml), ERY (0.25-1 pg/ml), FLO (1
and 2 ug/ml), OXO (0.25 ug/ml), and OXY (0.12 pg/ml), except for one isolate with
an MIC at the first concentration (0.25 pg/ml) above the ECV_FP for OXY. Isolates
also grew at the lower end of the tested concentration ranges for GEN (MICs 0.12
and 0.25 pg/ml) and MER (MICs < 0.008 and 0.015 ug/ml). The MICs for individual

isolates are shown in Appendix 6.

Both FX9 isolates exhibited MICs at the upper end or exceeding the concentration
ranges tested for CTZ (> 4 pg/ml) and TRS (1/19 and > 1/19 pg/ml). One isolate
also grew in the middle of the tested AMP concentration range, with an MIC
(0.25 pg/ml) exceeding the COwr value calculated for F. psychrophilum, while the
other isolate had an MIC at the first concentration (0.12 pg/ml) below the COwr
value. Both isolates grew at the upper end of the tested concentration ranges for
ENR (MICs 0.06 and 0.12 pg/ml) and OXO (MICs 0.5 ug/ml), exceeding the
ECV_FP for these antimicrobials. Additionally, the isolates had MICs below the
ECV_FP for ERY (0.5 ug/ml), FLO (0.5 and 1 ug/ml), and OXY (0.3 ug/ml). Both
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isolates grew in the middle of the tested GEN concentration range (MICs 0.5 and
1 ug/ml), and their growth was inhibited by the lowest tested concentration of

MER. The MICs for individual isolates are shown in Appendix 5.

Both FX10 isolates exhibited MICs exceeding the concentration range for CTZ and
at the upper end of the concentration range tested for TRS (1/19 pg/ml). Isolates
also grew in the middle of the tested AMP concentration range, with MICs
(0.25 pg/ml) exceeding the COwr value calculated for F. psychrophilum. Both
isolates grew at the upper end of the tested concentration range for ENR (MICs
0.06 pg/ml), exceeding the ECV_FP. One isolate grew at the highest tested
concentration of OXY (MIC 8 pg/ml), while the other exhibited an MIC (0.06 ug/ml)
below the ECV_FP. Additionally, the isolates had MICs below the ECV_FP for
ERY (1 pg/ml), FLO (1 pg/ml), and OXO (0.12 pg/ml). Both isolates exhibited MICs
in the middle of the tested GEN concentration range (0.5 ug/ml), and their growth
was inhibited by the lowest tested concentration of MER. The MICs for individual

isolates are shown in Appendix 5.

All six FX15 isolates exhibited MICs at the upper end or exceeding the
concentration ranges tested for CTZ (> 4 uyg/ml) and TRS (from 0.25/4.75 to > 1/19
pg/ml). They also grew in the middle of the tested AMP concentration range, with
MICs (0.5-1 pg/ml) exceeding the COwrt value calculated for F. psychrophilum,
except for one isolate with an MIC at the first concentration (0.12 ug/ml) below the
COwr value. All isolates grew at the upper end of the tested ENR concentration
range (MICs 0.06-0.25 ug/ml), exceeding the ECV_FP. Two isolates had MICs at
the first concentration (0.5 pg/ml) above the ECV_FP for OXO, while the other
isolates exhibited MICs just below (0.12-0.25 ug/ml) this value. Additionally, the
MICs for ERY (4-8 ug/ml), FLO (1-2 pg/ml), and OXY (0.12 pg/ml) were just
below the ECV_FP for these antimicrobials. All isolates grew in the middle of the
tested GEN concentration range (MICs 0.5-2 ug/ml) and at the lower end of the
tested MER concentration range (MICs 0.015-0.03 ug/ml). The MICs for individual
isolates are shown in Appendix 5.
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Both FX18 isolates exhibited MICs exceeding the concentration range for CTZ and
at the upper end of the concentration range tested for TRS (0.5/9.5 ug/ml). One
isolate also grew in the middle of the tested AMP concentration range, with an MIC
(0.5 pg/ml) exceeding the COwr value calculated for F. psychrophilum, while the
other isolate had an MIC (0.06 pg/ml) below this value. Additionally, the isolates
had MICs below the ECV_FP for ENR (0.004 and 0.008 pg/ml), ERY (0.12 and
0.25 pg/ml), FLO (1 pg/ml), OXO (0.06 and 0.12 pg/ml), and OXY (0.12 ug/ml).
Both isolates grew at the lower end of the tested concentration ranges for GEN
(MICs 0.12 and 0.25 pg/ml) and MER (MICs < 0.008 and 0.015 pg/ml). The MICs

for individual isolates are shown in Appendix 6.

The two FX23 isolates had MICs exceeding the highest tested concentrations of
CTZ, ERY, and TRS. Additionally, the isolates exhibited MICs at the upper end of
the tested concentration ranges for AMP (8 and 16 ug/ml), ENR (0.25 pg/ml), FLO
(4 and 16 pg/ml), GEN (8 ug/ml), MER (0.25 and 0.5 pug/ml), OXO (1 pg/ml), and
OXY (4 pg/ml). The MICs exceeded the COwr value calculated for
F. psychrophilum for AMP and the ECV_FP for ENR, ERY, FLO, OXO, and OXY.

The MICs for individual isolates are shown in Appendix 5.

Both FX27 isolates exhibited MICs exceeding the tested concentration ranges for
CTZ and TRS. They also grew in the middle of the tested AMP concentration
range, with MICs (1 and 2 ug/ml) exceeding the COwr value calculated for
F. psychrophilum, as well as in the middle of the tested concentration ranges for
GEN (MICs 0.5 and 1 pg/ml) and MER (MICs 0.06 and 0.12 pg/ml). Additionally,
the isolates had MICs below the ECV_FP for ENR (0.03 pg/ml), ERY (0.5 and 4
pg/ml), FLO (1 ug/ml), OXO (0.12 ug/ml), and OXY (0.06 ug/ml). The MICs for

individual isolates are shown in Appendix 5.

The two FX32 isolates exhibited MICs exceeding the concentration range for CTZ
and at the upper end of the concentration range tested for TRS (0.25/4.75 and
0.5/9.5 ug/ml). Isolates also grew in the middle of the tested concentration ranges
for AMP (MICs 0.25 pg/ml) and GEN (MICs 0.5 pg/ml). The MICs for AMP were

the first concentration above the COwr value calculated for F. psychrophilum. One
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isolate exhibited an MIC (0.06 ug/ml) at the first concentration above, and the
other an MIC (0.03 ug/ml) at the first concentration below the ECV_FP for ENR.
Additionally, the isolates had MICs below the ECV_FP for ERY (0.25 and 0.5
pg/ml), FLO (0.5 pg/ml), OXO (0.12 pyg/ml), and OXY (0.03 pg/ml). Both isolates
were inhibited by the lowest concentration of MER tested. The MICs for individual

isolates are shown in Appendix 5.

Both FX36 isolates had MICs exceeding the highest tested concentrations of CTZ
and TRS. Additionally, the isolates exhibited MICs at the upper end or exceeding
the tested concentration ranges for AMP (4 ug/ml), ENR (0.12 ug/ml), ERY (16
and 32 pg/ml), GEN (2 and 4 pg/ml), MER (0.12 pg/ml), OXO (1 and > 1 ug/ml),
and OXY (0.5 and 1 pg/ml). The MICs exceeded the COwrt value calculated for
F. psychrophilum for AMP and the ECV_FP for ENR, ERY, OXO, and OXY. The
MICs for FLO (2 pg/ml) were the first dilution below the ECV_FP for this

antimicrobial. The MICs for individual isolates are shown in Appendix 5.

4.4.5 Genotypic AMR profiles of Flavobacterium psychrophilum and

Flavobacterium branchiophilum isolates

Seven F. psychrophilum isolates selected for WGS represent six different
phenotypic resistotypes based on AST for AMP, ENR, ERY, FLO, OXO, and OXY.
Resistotype 4, which includes isolates that were NWT for ENR, OXO, and OXY,
was the most prevalent (66.7%). WGS confirmed the presence of a T83A or T83V
substitution in GyrA in five of seven sequenced F. psychrophilum isolates. All five
isolates with this substitution were classified as NWT, and the two isolates without
substitution were classified as WT for OXO. The presence of this substitution did
not influence the susceptibility of F. psychrophilum to ENR (Table 13). No AMR
genes or other AMR-associated mutations were detected in the analyzed
genomes of F. psychrophilum and F. branchiophilum isolates. All F. psychrophilum
isolates harboured 1-3 small plasmids, but none encoded AMR genes. No

plasmids were found in the F. branchiophilum isolates.
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Table 13: Seven Flavobacterium psychrophilum isolates selected for whole-genome sequencing,
representing six different resistotypes based on phenotypic antimicrobial susceptibility testing for
ampicillin (AMP), enrofloxacin (ENR), erythromycin (ERY), florfenicol (FLO), oxolinic acid (OXO),

and oxytetracycline (OXY); GyrA substitution associated with resistance to quinolones is also

shown
R No. | % Isolate | AMP ENR ERY FLO OXO0 | OXY GyrA
substitution

1 1 1.8 | F88 0.06 0.015 1 0.25 0.12 0.06 Absent

2 2 3.7 |F1186 |4 >0.25 1 0.5 >1 1 T83V

3 9 16.7 | F1187 | 0.06 0.12 1 0.5 >1 0.06 T83A

4 36 |66.7 | F1519 | 0.06 >0.25 1 0.5 >1 8 T83V

5 4 74 | F1719 | 0.03 0.008 1 0.5 0.06 0.5 Absent

(] 2 3.7 | F1516 | 0.03 0.03 0.5 0.25 0.5 1 T83A

6 2 3.7 | F621 <0.015 | 0.015 1 0.25 0.5 0.25 T83A

R, resistotype; No., number of isolates (N = 54) exhibiting this resistotype; %, percentage of
isolates exhibiting this resistotype. The minimum inhibitory concentrations (MICs; in ug/ml) above
the epidemiological cut-off value (ECV) or the epidemiological cut-off value for wild type (COwr) are
marked in red, and the MICs below are marked in green. Five of the seven F. psychrophilum
isolates had MICs for OXO above the ECV and also had a corresponding T83A or T83V
substitution in GyrA; these MICs are highlighted in bold and underlined. The remaining two isolates
had no such substitution and had MICs for OXO below the ECV.

4.5 WATER QUALITY PARAMETERS

Analysis of the water quality parameters showed that the water temperature in all
sampled fish tanks ranged between 6.6 and 15.8 °C, dissolved oxygen between
7.28 and 12.11 mg/l, and pH between 7.45 and 8.42. Wilcoxon signed-rank tests
showed that water temperature consistently increased by an average of 0.10 °C (p
= 0.0014) across 26 paired inlet-outlet measurements, while dissolved oxygen and
pH consistently decreased by an average of 0.74 mg/l (p < 0.00001) and 0.061
units (p < 0.00001), respectively, as the water passed through the fish tanks.
Detailed information on the water quality parameters for each sampled fish tank

can be found in Table 14.
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Table 14: Measurements of water temperature (T), pH, and dissolved oxygen (O) at the inlet and
outlet of the sampled fish tanks for each longitudinal (LONG) and individual (IND) sampling in fish
farms F1 to F4

SAMPLING FISH | Tinlet | Toutlet | pH pH O inlet O outlet
TANK | (°C) (°C) inlet | outlet | (mg/) (mg/l)
LONGT — 1 9.4 9.4 7625 |7.595 | 1053 9.46
F1 AUTUMN 2 9.5 9.5 7.740 | 7615 | 10.70 9.93
3 9.4 9.4 7623 | 7636 |9.70 9.25
LONG2 — 1 12.6 12.6 8.386 |8.358 | 9.45 9.29
F2 AUTUMN 2 12.8 12.9 8.351 |8.283 | 9.69 9.02
3 13.0 13.1 8.336 |8.310 | 10.24 9.95
LONG3 — 1 9.3 9.3 7564 | 7445 |10.97 8.59
F1 WINTER 2 9.3 9.3 7.758 | 7.737 10.95 10.68
3 9.3 9.3 7545 | 7508 |7.55 7.51
LONG4 — 1 8.4 8.4 8273 | 8255 | 11.59 11.39
F2 WINTER 2 8.2 8.2 8.276 | 8.265 11.94 11.60
3 8.0 8.0 8283 | 8265 | 12.11 11.77
LONG5 — 1 96 9.7 7.738 | 7.633 | 1017 8.82
F1 SPRING 2 9.4 9.6 7.803 | 7.721 1117 9.53
3 9.4 95 7599 | 7589 |10.25 10.04
LONG6 — 1 11.9 11.9 8.138 | 8112 | 1055 10.07
F2 SPRING 2 11.8 12.2 8.232 | 8.094 11.18 10.10
3 114 1.5 8.059 | 8.011 11.14 10.45
LONG7 — 1 9.8 10.4 7625 | 7485 | 1045 7.89
F1 SUMMER 2 10.4 10.7 7519 |7.503 |8.48 8.41
3 9.7 9.7 7544 | 7485 | 857 7.28
LONGS — 1 14.7 14.8 8.137 |8.090 | 1043 10.22
F2 SUMMER 2 15.1 15.1 8.045 |7.883 |9.79 9.43
3 15.6 15.8 8176 |8.118 | 10.08 9.58
IND1 - F3 1 6.6 6.6 8.316 |8.162 | 10.36 9.23
IND2 — F4 1 14.0 14.2 8.420 |8372 | 998 9.32

The Kruskal-Wallis tests showed that the water quality parameters (temperature,
pH, and dissolved oxygen at both the inlet and outlet) showed significant
differences between the seasons. Water temperature (p < 0.001) was highest in
summer (mean 13.0 °C) and lowest in winter (mean 8.8 °C), with autumn and
spring intermediate. Dissolved oxygen (p < 0.001) showed the opposite pattern to
temperature and was lowest in summer (mean 9.75 mg/l) and highest in winter
(mean 10.85 mg/l). The pH varied only modestly and was slightly alkaline
throughout the year, but still showed significant differences between the seasons
(p =0.004), being highest in spring (mean 8.06) and lowest in winter (mean 7.95).
Kruskal-Wallis tests also showed that all measured water quality parameters
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showed significant differences between the four fish farms (p < 0.001). F1 had
consistently cold water (approximately 9.5 °C) with the lowest pH (approximately
7.61), F4 the warmest (approximately 14 °C), and most alkaline water
(approximately 8.4), F3 the coldest (approximately 6.6 °C) but similarly alkaline
water (approximately 8.24), and F2 with an intermediate water temperature (about
12 °C) and the highest dissolved oxygen (approximately 10.45 mg/l). Almost all
pairwise Dunn comparisons remained after Holm adjustment (p < 0.05),
underscoring that each fish farm has a distinct physico-chemical profile.
Additionally, most water quality parameters showed significant differences
between samplings, including temperature at the inlet (Kruskal-Wallis, p < 0.01)
and outlet (ANOVA, p < 0.01), pH at the inlet (ANOVA, p < 0.01) and outlet
(Kruskal-Wallis, p < 0.01), and dissolved oxygen at the outlet (ANOVA, p < 0.01),
except for dissolved oxygen at the inlet (Kruskal-Wallis, p = 0.05). The mean

water quality parameters per sampling are shown in Figure 31.
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Figure 31: Mean water quality parameters per sampling; heatmap with normalised scale indicates
low (0) or high (1) values, allowing comparison across water parameters and sampling points

(LONG, longitudinal sampling; IND, individual sampling)
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Across the LONG samplings, prevalence of F. psychrophilum infections was
broadly similar in both farms and showed only modest seasonal variation. In both
F1 and F2, the lowest infection rates were observed in autumn (F2 7.4%; F1
13.0%), although the seasonal patterns showed significant differences between
the farms. In F2, infection rates increased through winter (16.7%) and spring
(13.0%), reaching a peak in summer (22.2%). In contrast, F1 showed a
pronounced increase in winter (20.4%), followed by lower rates in spring (9.3%)
and summer (11.1%). When the data from both farms were aggregated, crude
seasonal infection rates were approximately 10.2% in autumn, 11.1% in spring,
16.7% in summer, and 18.5% in winter. A chi-squared test indicated no statistically
significant overall effect of season (x* = 4.49, df = 3, p = 0.2136). However, a GEE
model with farm-level clustering revealed that only winter differed significantly from
the autumn baseline, with fish sampled in winter having approximately twice the
odds of being infected (coefficient = - 0.696, p = 0.007). No statistically significant

differences were found for spring, summer, or between farms (F1 and F2).

The Pearson and Spearman correlation analyses revealed no significant
correlation between F. psychrophilum infection and water quality parameters or
seasonal changes (Table 15). However, the GEE model, accounting for clustering
by fish tank, showed a significant association between pH at the inlet and
F. psychrophilum infection (coefficient = +0.5531, p = 0.011), while temperature
and dissolved oxygen showed a negative but non-significant association. For each
unit increase in inlet pH, the odds of infection increased by approximately 74%,

assuming that temperature and dissolved oxygen remained the same.

In contrast, F. branchiophilum infection correlated significantly with increased
water temperature at the inlet and outlet (Pearson r = 0.410 and 0.420; Spearman
p = 0.471 and 0.465, respectively) and strongly correlated with the summer
season (Pearson r = 0.837; Spearman p = 0.896; p < 0.001). Additionally, there
was a weak but significant negative correlation with dissolved oxygen at the outlet
(Pearson r =-0.395, p = 0.046) (Table 15).
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Table 15: Pearson and Spearman correlation analyses to investigate the correlation between
Flavobacterium psychrophilum and Flavobacterium branchiophilum infections and water quality
parameters, including water temperature (T), pH, and dissolved oxygen (O) at the inlet and outlet of

sampled fish tanks, as well as sampled seasons; significant p-values (p < 0.05) are shown in red

Water parameters

and seasons

F. psychrophilum

F. branchiophilum

T inlet

Pearson r=-0.008 (p = 0.968);
Spearman p =-0.185 (p = 0.366)

Pearson r =0.410 (p = 0.037);
Spearman p = 0.471 (p = 0.015)

T outlet Pearson r=-0.027 (p = 0.897); Pearson r = 0.420 (p = 0.032);
Spearman p = - 0.185 (p = 0.367) Spearman p = 0.465 (p = 0.017)
T inlet-outlet Pearson r = 0.302 (p = 0.134); Pearson r =-0.266 (p = 0.189);
Spearman p = 0.321 (p = 0.110) Spearman p = - 0.307 (p = 0.126)
pH inlet Pearson r = 0.057 (p =0.782); Pearson r =-0.191 (p = 0.350);
Spearman p = - 0.006 (p = 0.977) Spearman p = - 0.307 (p = 0.128)
pH outlet Pearson r = 0.027 (p = 0.896); Pearsonr=-0.211 (p = 0.301);

Spearman p = - 0.033 (p = 0.873)

Spearman p =-0.308 (p = 0.126)

pH inlet-outlet

Pearson r=0.191 (p = 0.350);
Spearman p = 0.182 (p = 0.373)

Pearson r = 0.148 (p = 0.469);
Spearman p = 0.257 (p = 0.206)

O inlet Pearson r=-0.028 (p = 0.894); Pearsonr=-0.372 (p =0.061);
Spearman p =-0.017 (p = 0.934) Spearman p = - 0.387 (p = 0.051)
O outlet Pearson r =-0.045 (p = 0.829); Pearson r =-0.395 (p = 0.046);
Spearman p = - 0.085 (p = 0.679) Spearman p =-0.309 (p =0.124)
O inlet-outlet Pearson r = 0.032 (p = 0.875); Pearson r = 0.086 (p = 0.675);
Spearman p = 0.097 (p = 0.636) Spearman p = 0.014 (p = 0.946)
Autumn Pearson r=-0.275 (p = 0.174); Pearsonr=-0.278 (p = 0.169);
Spearman p =-0.272 (p = 0.180) Spearman p = - 0.298 (p = 0.140)
Winter Pearson r=0.198 (p = 0.332); Pearsonr=-0.278 (p = 0.169);
Spearman p = 0.222 (p = 0.275) Spearman p = - 0.298 (p = 0.140)
Spring Pearson r =-0.097 (p = 0.639); Pearson r = - 0.308 (p = 0.125);
Spearman p = - 0.064 (p = 0.754) Spearman p =-0.330 (p = 0.100)
Summer Pearson r=0.170 (p = 0.408); Pearson r = 0.837 (p <0.001);

Spearman p = 0.111 (p = 0.588)

Spearman p = 0.896 (p < 0.001)

4.6 OTHER FISH PATHOGENS

Several other fish pathogens were identified using the bacteriological,
histopathological, and parasitological investigations, often in combination within
the same individual, indicating a high frequency of concurrent infections.
Information on the fish pathogens identified with bacteriological and
histopathological investigations and concurrent isolation of F. psychrophilum

and/or F. branchiophilum is given in Table 16.

Bacteriological investigation with MALDI-TOF MS identification revealed the
presence of several bacterial species in the internal organs of the sampled fish,

namely Aeromonas salmonicida subsp. salmonicida (n = 2), Aeromonas spp.
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(n=9), Carnobacterium maltaromaticum (n = 3), Citrobacter gillenii (n = 2),
Lactococcus garvieae (n = 7), and Pseudomonas spp. (n = 2) (Table 16). Bacteria
of the genus Aeromonas, except A. salmonicida subsp. salmonicida, and

Pseudomonas could only be identified to genus level using MALDI-TOF MS.

Histopathological investigation confirmed the bacteriological findings of a systemic
infection with A. salmonicida subsp. salmonicida in one fish, with numerous groups
of rod bacteria observed in several internal organs on HE stained slides.
Additionally, Gram staining revealed gram-positive cocci in the macrophages
infiltrating several internal organs of one fish, indicating a systemic infection with
Renibacterium salmoninarum. Single or multifocal cyst-like structures filled with
intracellular bacteria were observed in the gill epithelium, indicating epitheliocystis
disease (n = 6). Moderate to severe fungal infection by Saprolegnia spp. was
detected in the gills, skin, and mouth (n = 9). Additionally, various parasites were
identified, namely few to numerous Acanthocephalus spp. in the digestive system
(n = 19), few to numerous amoebae exhibiting different morphologies (lined on the
surface of the gill epithelium or freely between gill filaments or in pseudocysts) in
the gills (n = 22), Dermocystidium spp. in a fin of one fish and individual to
numerous Tetracapsuloides bryosalmonae in the kidneys and less frequently in

other organs (spleen, liver gills and skin) (n = 11) (Table 16).

Table 16: Information on the other pathogens identified with bacteriological and histopathological
investigations of fish organs, including number (No.) of diseased (D) and apparently healthy (H)
fish per fish farm (F) and fish tank (T), organ of detection and connection with the isolation of

Flavobacterium psychrophilum and/or Flavobacterium branchiophilum

OTHER No. ORGAN OF F. psychrophilum | F. branchiophilum
PATHOGENS DETECTION isolation source isolation source
BACTERIOLOGICAL INVESTIGATION

BACTERIA

Aeromonas F2 summer | spleen gills, skin, spleen, -

salmonicida T2 D1 kidney, liver

subsp. :

salmonicida F2 summer | spleen, kidney, | - -

(2 ﬁSh) T3 D1 liver

Table 16 continued
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Table 16 continued

Aeromonas spp. F1 autumn | spleen, kidney, - -
(9 fish) T3 D1 liver
F2 autumn | D: kidney; - -
T1 D1, H1 H: spleen
F2 autumn | kidney kidney -
T2 D1
F2 winter spleen, kidney, - -
T3 H1 liver
F2 summer | spleen, kidney, skin, liver -
T1D1 liver
F4 D2 spleen, kidney, D1: liver -
liver
Carnobacterium F2 summer | liver, spleen - -
maltaromaticum T1 D1
(3 fish) F4 D2 D1st: spleen, - -
kidney, liver;
D2nd: spleen
Citrobacter gillenii | F2 summer | spleen gills -
(2 fish) T1 H1
F2 summer | spleen, kidney, - -
T3 H1 liver
Lactococcus F2 summer | spleen, kidney, skin D1: gills
garvieae T1 D2 liver
(7 fish) F2 summer | spleen, kidney, skin -
T2 D1 liver
F2 summer | spleen, kidney, - -
T3 D4 liver
Pseudomonas F2 autumn | liver, spleen - -
spp. T2 D1
(2 fish) F4 D1 liver, spleen - -
HISTOPATHOLOGICAL INVESTIGATION
BACTERIA
Renibacterium F2 summer | macrophages - -
salmoninarum T3 D1 infiltrating the
(1 fish) gills, skin, heart,
spleen, kidney,
stomach, pyloric
caeca, and
pancreas
Epitheliocystis F2 winter gills - -
(6 fish) T1 D1
F1 spring gills - -
T3 D1
F2 spring gills - -
T2 D1, H1
F1 summer | gills H: skin -
T1 D1, H1

Table 16 continued
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Table 16 continued

FUNGAE
Saprolegnia spp. F1 autumn | mouth - -
(9 fish) T3 D1
F1 winter skin gills, skin, spleen -
T1D1
F2 spring skin, fins skin, spleen, -
T2 D1 kidney, liver
F2 spring D1st: mouth; D1st: skin, spleen, -
T3 D2 D2nd: gills kidney, liver;
D2nd: spleen,
kidney, liver
F2 summer | D1st: gills; skin D1st: gills
T1 D2 D2nd: fins
F2 summer | fins - -
T2 D1
F2 summer | gills - gills
T3 D1
PARASITES
Acanthocephalus | F1 autumn | pyloric caeca, - -
spp.- (19 fish) T1 D1 intestine
F2 autumn | intestine - -
T2 H1
F2 winter H1st: pyloric - -
T1 H2 caeca;
H2nd: intestine
F2 winter D: pyloric caeca, | D: skin, spleen -
T3 D1, H1 intestine;
H: intestine
F2 spring intestine - -
T1 H1
F2 spring intestine - -
T3 H1
F2 summer | D1st: pyloric D1st: gills, skin; -
T1 2D, H4 caeca; D2nd: skin;
D2nd: intestine; | H1st: gills
H1--3: intestine;
H4th: abdominal
cavity, intestine
F2 summer | D: intestine; H1st: gills -
T2 2D, H3 H1st, 2nd:
intestine;
H3rd: pyloric
caeca

Table 16 continued
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Table 16 continued

Amoebae F2 autumn | gills - -
(22 fish) T1D1
F1 winter gills D1: qills, spleen, -
T1D3 kidney, liver
F1 spring gills D1: skin -
T1D2
F1 spring gills D1: gills, skin, -
T3 D2 kidney
F2 spring gills - -
T2 D1
F2 spring gills D1st: skin, spleen, -
T3 D5 kidney, liver,;
D2nd: spleen,
kidney, liver;
D3rd: skin
F1 summer | gills - -
T1 D1
F2 summer | gills D1st: skin, liver; -
T1 D3 D2nd: gills, skin;
D3rd: skin
F2 summer | gills D1st: gills, skin D2nd: gills
T2 D2
F2 summer | gills - -
T3 D1, H1
Dermocystidium F2 autumn | fin - -
spp. (1 fish) T2 D1
Tetracapsuloides | F2 autumn | D1st, 2nd: - -
bryosalmonae T2 D4, H1 kidney;
(11 fish) D3rd: gill,
kidney;
D4th: qills, skin,
spleen, kidney;
H: gill, kidney
F2 autumn | kidney - -
T3 D1
F2 winter kidney - -
T1 D1
F2 summer | D1st: gills, D1st: gills, skin, -
T2 D2, H2 kidney; spleen, kidney,
D2nd: gills, liver;
spleen, kidney, D2nd: gills, skin,
liver,; spleen
H1st: spleen,
kidney, liver,
stomach;
H2nd: spleen

F, fish farm; T, fish tank; D, diseased fish; H, apparently healthy fish

Parasitological investigation of the gill and skin smears stained with Giemsa
revealed the presence of several different parasites, namely mild to severe
infestation of the gills and skin with Apiosoma spp. (gills 4/540, 0.7%; skin 75/540,
13.9%), Chilodonella spp. (gills 31/540, 5.7%; skin 25/540, 4.6%), I. necator (gills
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20/540, 3.7%; skin 47/540, 8.7%), Monogenea (Gyrodactylus spp. or Dactylogyrus
spp.) (gills 106/540, 19.6%; skin 268/540, 49.6%), Trichodina spp. (gills 31/540,
5.7%; skin 64/540, 11.9%), and mild infestation with Ichthyophthirius multifiliis (gills
20/540, 3.7%; skin 10/540, 1.9%). A mild to severe infestation with Epistylis spp.
(21/540, 3.9%) and a mild infestation with Riboscyphidia spp. (2/540, 0.4%) was

only found in the skin samples.

The Pearson chi-squared test showed that infection with F. psychrophilum was
significantly associated with infestation of the gills (p = 0.002) and skin (p <
0.0001) with Monogenea. No other pathogens identified with parasitological or
histopathological investigation were significantly associated with F. psychrophilum

infections.

Hierarchical clustering of fish based on infection with other fish pathogens,
identified with parasitological or histopathological investigation, revealed distinct
clusters of both fish and fish pathogens, reflecting patterns of co-occurrence and
common pathogen profiles, with the heatmap showing varying levels of pathogen
presence across individuals. Notably, the skin-associated parasites Gyrodactylus
spp. and/or Dactylogyrus spp. were represented in most fish clusters. The co-
occurrence of gill-associated pathogens, such as Apiosoma spp., Gyrodactylus
spp., and/or Dactylogyrus spp., I. necator, and Trichodina spp., was also evident in
certain fish groups. Some parasites, including Epistylis spp. and T. bryosalmonae,
occurred more sporadically and were not strongly clustered. Clustering also shows
a group of fish with minimal parasite occurrence in all fish pathogens assessed.
The clustering of fish pathogens on the y-axis highlights common coinfections
(Figure 32).



174
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

Parasite score

\J_ |
FH omo \}U\ b A Fn ﬁ'— il lL ﬁ'

, -
0 1 2 3
| | | | HH BRI 0o .

«[ HHH ~ Chilodonella spp. (skin)
I . et

— Saprolegnia spp. (skin, gills,

M ‘ m ‘|H = Amoebae (gills)
‘ ‘ — Trichodina spp. (gills)
] ‘ ‘ Il — Chilodonella spp. (gills)
H ‘| ‘ = Ichthyobodo necator (gills)

‘I IH ‘ ‘ — Acanthocephalus spp. (intestine, pyloric caeca)

{ |H|H“ — Tetracapsuloides bryosalmenae (kidney, spleen, liver gill, skin)
‘ ‘ — Epistylis spp. (skin)
\—‘— — Ichthyophthirius multifiliis (gills)

— Apiosoma spp. (gills)

— Epitheliocystis (gills)

’i — Ichthyophthirius multifiliis (skin)

= Riboscyphidia spp. (skin)

‘ ‘H”HHI‘ ‘ — Ichthyobodo necator (skin)
‘ ‘ — Gyrodactylus spp. / Dactylogyrus spp. (gills)
| ‘ H ‘ ‘ — Trichodina spp. (skin)
‘ ‘ ‘ H — Apiosoma spp. (skin)

Fish (n=351)

Figure 32: Hierarchical clustering of fish (n = 351; at least one other fish pathogen) based on
semiquantitatively assessed infection with other fish pathogens. The heatmap shows infection
severity from 0 (none) to 3 (severe). In the top dendrogram, fish are clustered based on similar
infection profiles, and in the left dendrogram, fish pathogens are clustered based on their co-

occurrence in the same fish



175
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

5 DISCUSSION

5.1 FLAVOBACTERIA IN SLOVENE FARMED RAINBOW TROUT AND THEIR
ASSOCIATION WITH PATHOLOGICAL LESIONS

In recent decades, aquaculture has expanded significantly worldwide, surpassing
capture fisheries in the production of aquatic animals for human consumption
(FAO, 2024). However, the farming environment is known to favour the occurrence
and spread of infectious diseases, including those caused by opportunistic and
facultative pathogens, such as flavobacteria (Pulkkinen et al., 2010; Lee et al.,
2023). To our knowledge, flavobacteria in Slovenia have so far only been detected
in freshwater (Mulec et al., 2021a; Erzen, 2024), seawater (Turk and Tinta, 2021),
and ice (Jarci¢, 2021; Mulec et al., 2021b), as well as in rumen contents (Ramsak
and Avgustin, 1998), and in certain animals, such as the olm (Proteus anguinus)
(Bokan, 2013) and jellyfish (Tinta et al., 2012). To mitigate the negative impact of
flavobacteria on fish aquaculture and implement effective management practices,
it is important to understand the occurrence and aetiology of flavobacterioses and
the characteristics of flavobacteria present in the aquaculture environment. In this
research, at least one Flavobacterium spp. was isolated from one or more organs
in 89.3% of all sampled rainbow trout, most frequently from the gills and skin,
which was not surprising given their ubiquitous distribution in nature (Bernardet
and Bowman, 2006) but in some cases also from the internal organs (16.9% of
POS fish). We isolated several different flavobacteria from the gills and skin of
most fish. As observed in other studies reviewed by Bernardet and Bowman
(Bernardet and Bowman, 2006), the morphology of flavobacteria was highly
diverse, even within a single species, while some different species showed a very
similar morphology, which is why accurate identification of the isolates is always
recommended. This research is the first to confirm the presence of flavobacteria in
Slovene fish, including the well-known fish pathogens F. psychrophilum and
F. branchiophilum. Notably, no species belonging to the F. columnare group were
detected, which could be due to the low water temperatures recorded in this

research (up to 15.8 °C) because the disease occurs most frequently when water
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temperatures rise above 15 °C to around 20 °C (Suomalainen et al., 2005;
Declercq et al., 2013a). The lesser-known species identified in this study include
F. araucananum, F. bernardetii, F. collinsii, F. frigidimaris, F. hercynium,
F. hydatis, F. oncorhynchi, F. piscis, F. plurextorum, F. tiangeerense and
F. tructae, which have previously been associated with disease in fish as reviewed
by Heckman et al. (2023), presumably causing external lesions (Anderson and
Ordal, 1961; Strohl and Tait, 1978; Carson et al., 1993) and/or systemic infections
(Flemming et al., 2007; Kampfer et al., 2012; Loch, 2012; Suebsing and Kim,
2012; Zamora et al., 2012). Among lesser-known species, the pathogenicity of
F. tructae has been experimentally demonstrated (Loch, 2012; Loch and Faisal,
2016). It should be noted that F. araucananum and F. plurextorum were only
identified by MALDI-TOF MS in this study. However, the Bruker MALDI Biotyper
matching hints table indicates that these species share highly similar MSPs with
certain other Flavobacterium species, making reliable identification at the species
level difficult. Filamentous bacteria were observed in the histological preparations
of gills and skin of some fish that tested negative for F. psychrophilum and
F. branchiophilum, indicating that isolation was not always successful or that the
observed bacteria may belong to the lesser-known Flavobacterium species. Other
studies investigating the diversity of fish-associated flavobacteria are scarce, but
they also reported the isolation of numerous lesser-known flavobacteria and
putative new species from gills, skin, and internal organs. Some of the isolates
were obtained from diseased fish exhibiting pathologies similar to those commonly
observed in BCWD or BGD. These studies underscore the complexity of the
aetiologies of flavobacterioses and the growing number of different flavobacteria
suspected of causing disease in fish (Loch, 2012; Loch and Faisal, 2014, 2015;
Verma and Rathore, 2015; Mwega et al., 2019; Heckman et al., 2023). Notably,
experimental infections with some uncharacterised Flavobacterium spp. resulted in
mortality, development of gross lesions, and reisolation of the bacteria from
internal organs (Loch, 2012; Loch and Faisal, 2014). Lee et al. (2023) concluded
that some recently described Flavobacterium spp. are likely saprophytic or
commensal bacteria that may behave as opportunistic pathogens.



177
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

Studies of flavobacterial communities in healthy and diseased fish are needed to
enable differentiation between commensal or mutualistic species and pathogenic
species (Loch, 2012). However, there are few diagnostic methods available for the
lesser-known flavobacteria, making their identification challenging (Loch and
Faisal, 2015). In this research, MALDI-TOF MS enabled rapid and reliable
identification of F. psychrophilum, F. branchiophilum, and several lesser-known
flavobacteria, as has been observed in other studies (Strepparava et al., 2012b;
Pérez-Sancho et al., 2017; Saticioglu et al., 2021a; Saticioglu et al., 2021b;
Zurbuchen et al., 2023). Most isolates obtained in this research could not be
classified to species level using MALDI-TOF MS. WGS and subsequent ANI
analysis of selected isolates identified only to the genus level, particularly those
isolated from internal organs or in greater numbers from skin or gills, as well as
those with frequently observed colony morphologies and/or MALDI-TOF MS
results, revealed that most WGS-typed isolates (74.1%, 60/81) represented 41
putative new flavobacterial species. Further studies are required before these can
be recognised as validly described new species. The latter should follow the
IJSEM minimal standards for the description of new bacterial species and include
a comprehensive polyphasic typing approach (Bernardet et al., 2002; Riesco and
Trujillo, 2024). The Bruker MALDI-TOF MS reference database used in this
research contained MSPs for 48 Flavobacterium species. The spectra for some
species identified with WGS, namely F. bernardetii, F. branchiarum,
F. celericrescens, F. collinsii, F. cupriresistens, F. difficile, F. erciyesense, and
F. tructae, were not yet included. Following the expansion of the in-house
Flavobacterium MALDI-TOF MS database, some of the selected isolates with
previously unreliable results were identified as F. branchiarum and F. tructae, as
well as several putative new species (FX3, FX6, FX9, FX10, FX15, FX18, and
FX32). These results underscore the usefulness of MALDI-TOF MS for the
identification of flavobacteria, provided that the species-specific MSP is available
in the database. Additionally, in the MSP dendrogram by MALDI-TOF MS, isolates
of the same species typically clustered together. In contrast, the two FX36 isolates
formed separate clusters, although WGS and ANI analyses confirmed that they
belong to the same species, indicating possible contamination in the MSP of one

isolate. It should be noted that some closely related flavobacterial species have
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very similar MSPs, making it difficult to differentiate between these species using
MALDI-TOF MS. The WGS revealed that five isolates identified as Flavobacterium
spp. by MALDI-TOF MS belong to the genera Kaistella and Pedobacter.
Therefore, further comparative studies between MALDI-TOF MS and WGS are
needed to assess the reliability of MALDI-TOF MS for the identification of lesser-
known or closely related flavobacterial species. Of the 12 lesser-known species
identified by WGS, all corresponded to the best matches based on the 16S rRNA
gene sequence similarity, except for F. cupriresistens, which was more accurately
identified using the gyrB gene. This indicates that the 16S rRNA gene provided
higher taxonomic resolution than gyrB in this dataset. This observation is
somewhat unexpected because although the 16S rRNA gene remains the most
commonly used phylogenetic marker for bacterial identification, some studies
suggest that the gyrB gene may provide better species-level discriminatory power
(Peeters and Willems, 2011; Galloway-Pena et al., 2014; Reichley et al., 2017,
Kumru et al., 2020; Heckman et al., 2023; Gélinas et al., 2024). Notably, most
isolates (34/60, 56.7%) representing putative new species showed 16S rRNA
gene sequence identities of 99-100% with their closest matches, exceeding the
99% threshold used for species-level identification of flavobacteria (Dong et al.,
2016; Edgar, 2018). These results confirm that ANI analysis is the most accurate

approach for the identification of Flavobacterium species (Gélinas et al., 2024).

F. psychrophilum was the most common pathogenic flavobacterium in Slovene
farmed fish sampled in this research. It was isolated in 23.7% of all sampled fish,
both in clinically diseased fish (77.3%) and in apparently healthy fish (22.7%) from
all sampled organs, from all fish farms, and in all seasons. MLST analysis showed
that the F. psychrophilum isolates (n = 7) belonged to different clonal complexes,
namely CC-ST1 and CC-ST10, which are widely distributed in Europe and
associated with high virulence in rainbow trout (Nilsen et al., 2014; Knupp et al.,
2019; Sundell et al., 2019), as well as several newly identified sequence types.
However, given the limited number of isolates analysed, further studies are
needed to characterise the genetic diversity of F. psychrophilum in Slovene
farmed rainbow trout better. F3 had a significantly higher percentage (37%) of

F. psychrophilum-INF fish compared to the other samplings. When analysed by
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fish farm, the prevalence of infection was lowest in F1 and F2 (about 14%), while
F3 and F4 had significantly higher infection rates (about 24-28%). Fish from F3
and F4 had significantly higher odds for infection compared to those from F1 and
F2, while F1 was not significantly different from F2. Therefore, infection with
F. psychrophilum was probably the cause or contributed to the increased mortality
observed in F3 and F4. Notably, isolation from the skin (n = 2) and gills (n = 0) of
fish from F4 was significantly lower compared to the other samplings, although an
equal or greater number of fish tested POS in the internal organs (n = 13), which
may be due to the formalin treatment performed a few days before sampling. High
concentrations of formalin can inactivate flavobacteria (Grabowski et al., 2004),
while a study using bath treatment with low concentrations of formalin (0.017%)
observed fewer but similar numbers of F. branchiophilum cells after treatment
(Ostland et al., 1995b).

F. psychrophilum-INF fish had a significantly lower body weight and total length
than NH fish, while the difference in K was not significant when analysed per
sampling. However, no significant difference was found when these variables were
analysed per fish tank. The association with lower body weight and length per
sampling supports well-established understanding that younger fish are more
susceptible to infection (Starliper, 2011). Body weight, total length and K of
F. psychrophilum-INF, and POS fish ranged from 4-300.5 g and 4-650 g, 7-30.5
cm and 7-40 cm and 0.59-2.07 and 0.5-2.07, respectively, indicating that
different life stages were affected, from juveniles to yearlings, which is also
consistent with the literature (Lorenzen et al., 1997). Notably, the three fish with
the highest K had a shortened body resulting from severe caudal fin and peduncle
ulceration due to infection with F. psychrophilum, which led to a misleadingly high
K value. The results per fish tank and the fact that no significant difference in K
was found indicate that F. psychrophilum infection did not influence the body
condition of fish in this research. In contrast, we found one study in which a
correlation was found between F. psychrophilum and lower K (Boutin et al., 2014).
Infection with F. psychrophilum was associated with a significantly higher necropsy
fish index, as well as score values of all organs except the opercula, stomach with

pyloric caeca, and intestine. The gross lesions observed in POS fish were
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consistent with those described in the literature (Kent et al., 1989; Lorenzen et al.,
1991; Bruno, 1992; Ekman and Norrgren, 2003; Bruno et al.,, 2013; Loch and
Faisal, 2017), including erosions and ulcerations of the skin and fins, in severe
cases resulting in saddleback-like lesions, complete loss of the caudal fin and
severe ulceration of the caudal peduncle, S-shaped tails, as well as skin
hyperpigmentation, ocular lesions, thickened gills, enlarged spleen and
perisplenitis, anaemia of the gills, liver, kidney and spleen, intestinal hyperaemia,
haemorrhage in different organs, and mild ascites. The liver atrophy observed in
this study had not previously been described in the literature on F. psychrophilum
infections and was more likely associated with cachexia rather than a direct effect
of the F. psychrophilum infection, as all but one of the affected fish had a low K.
Gross enlargement of the liver and kidney were also not yet reported in rainbow
trout infected with F. psychrophilum. In the enlarged livers and kidneys, we
histologically observed haemorrhage, degeneration, necrosis, and inflammation,
which have also been described in other studies (Lorenzen et al., 1991; Bruno,
1992; Aly et al., 2013).

The analysis of the histopathological variables revealed that the indices of all
organs, except the pancreas, were significantly higher in F. psychrophilum-INF fish
compared to NH fish. The regressive, inflammatory, and circulatory reaction
indices were significantly higher in most of the analysed organs of
F. psychrophilum-INF fish, while the progressive indices were significantly different
only in the gills, spleen, and kidney. Histopathological investigation revealed
haemorrhage, necrosis, degeneration, and infiltration with lymphocytes,
macrophages, and neutrophils in most of the examined organs of
F. psychrophilum-INF fish. However, there were only a few lesions that showed
significant differences between F. psychrophilum-INF and NH fish. In the skin,
these lesions included hydropic or vacuolar degeneration, necrosis, erosion,
ulceration and infiltration of the epidermis with neutrophils, haemorrhage, and
necrosis of the dermis, loss or resorption of scales or bone, haemorrhage,
hydropic degeneration, and Zenker’s degeneration of the muscle tissue, as well as
infiltration with lymphocytes, macrophages, and neutrophils in the dermis and

muscle tissue, accompanied by serous or fibrinous exudate. Gill lesions that



181
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

showed significant differences included haemorrhage and necrosis in the lamellae
and filaments, hydropic or vacuolar degeneration, necrosis, hypertrophy, and
hyperplasia of the epithelial cells, along with lamellar fusion and infiltration of the
lamellae and filaments with lymphocytes, macrophages, and neutrophils. In the
splenic parenchyma, significant differences were found for hyperaemia, atrophy,
and hyperplasia of the white pulp and activation of RES. In the kidney, significantly
different lesions included hydropic, vacuolar, or hyaline droplet degeneration of the
renal tubules and hyperplasia of the haematopoietic tissue. A significant difference
was also observed in tubule regeneration. This was the only case in which the
mean value was higher in NH fish than in INF fish, indicating a reduced capacity of
tubule regeneration in INF fish, which has also not been previously described. In
the liver, significant differences were observed for haemorrhage, decreased
hepatocellular vacuolation, micro- or macrovesicular fatty, and/or vacuolar
degeneration, necrosis, and infiltration with neutrophils. Significantly different
lesions in the stomach and pyloric caeca included intercellular oedema in the
mucosa and other tissue layers, vacuolar degeneration and necrosis of the gastric
glands, and infiltration of the mucosa with lymphocytes. Only the infiltration of the
mucosa with lymphocytes showed a significant difference in the intestine. There
were no significant differences between INF and NH fish in the heart and
pancreas, except for the heart index and the regressive and inflammatory reaction
indices in the heart. The lesions described are generally in good agreement with
the existing literature (Lorenzen et al., 1991; Bruno, 1992; Ekman and Norrgren,
2003; Ferguson, 2006; Nilsen et al., 2011; Aly et al., 2013; Soares et al., 2019;
Park et al., 2023). However, this is one of the few studies in which the
histopathological lesions in flavobacterial infections are assessed
semiquantitatively and an NH control group is used (Ostland et al., 1990; Ekman
and Norrgren, 2003; Marancik et al., 2014). The spleen is usually the most
affected internal organ, and perisplenitis is a very common and possibly
pathognomonic lesion in F. psychrophilum infections (Nilsen et al., 2011). In
contrast, in this research, we found no lesions in the splenic capsule that showed
significant differences between INF and NH fish. Haemorrhage, necrosis, and
inflammation in the splenic parenchyma and capsule, as well as in the kidney

haematopoietic tissue, have been described previously (Ekman and Norrgren,
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2003; Bruno et al.,, 2013; Marancik et al., 2014) and were also observed in
F. psychrophilum-INF fish in this research, but showed no significant differences.
The significant difference in hyperplasia of the kidney haematopoietic tissue and
splenic white pulp in F. psychrophilum-INF fish in this study reflects increased
white blood cell production during infection, while the atrophy of splenic white pulp
indicates mobilisation of lymphocytes from the spleen to peripheral tissues. We
found only one study describing white pulp atrophy in Siberian sturgeons
(Acipenser baerii) infected with F. psychrophilum (Chinchilla et al., 2023).
Hyperplasia of kidney haematopoietic tissue and splenic white pulp has not yet
been described in F. psychrophilum infections. Fish confirmed to be infected with
T. bryosalmonae, which is known to cause such lesions, were excluded from the
analyses. Some infested individuals may have remained undetected, albeit it is
unlikely that mild infestations would significantly affect the results. Additionally,
Gram staining of kidneys with granulomatous inflammation revealed the presence
of gram-positive cocci in only one fish. However, in practice, Gram staining of R.
salmoninarum may not always be successful. Therefore, it is possible that more
fish were infected than were detected. Lesions in the heart have also been
described in some studies (Rangdale, 1995; Cipriano and Holt, 2005; Nilsen et al.,
2011), and several lesions were observed in this study, but did not show a
significant difference. Studies investigating the histopathological lesions in the
stomach, pyloric caeca, intestine, and pancreas of fish infected with
F. psychrophilum are lacking, although gross lesions in the intestine are often
described (Ekman and Norrgren, 2003; Bruno et al.,, 2013; Knupp and Loch,
2023). The bacterium has been detected in these organs of naturally infected ayu,
although no histopathological lesions were found (Liu et al., 2001; Miwa and
Nakayasu, 2005), as well as in the intestines of salmonids showing hyperaemia
(Ekman and Norrgren, 2003). The gastric glands may show vacuolation (Park et

al., 2023), which was also described in this research.

F. branchiophilum was only isolated from the gills of 11 fish (2.04% of all fish
sampled) from F1 and F2 during summer sampling. Like F. psychrophilum, it was
mostly isolated from diseased fish (72.73%) and also from apparently healthy fish

(27.27%). Only individual F. branchiophilum colonies were observed during
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primary isolation. Given its fastidious nature, it is possible that the bacterium was
present in other fish, but the isolation was not successful. The ranges of body
weight, total length, and K for F. branchiophilum-INF and POS fish were 24.5-48.5
g and 12-300.5 g, 12.5-19.5 cm and 11-29 cm, and 0.58-1.25 and 0.58-1.61,
respectively. Therefore, fish of various life stages were affected, which is
consistent with the available literature (Ferguson et al., 1991; Ferguson, 2006).
Analysis of necropsy variables for F. branchiophilum revealed that K of INF fish did
not differ significantly from that of NH fish. No other studies were found that
analysed the association between K and F. branchiophilum infection. On the other
hand, INF fish had significantly higher necropsy fish indices, as well as score
values for gills and spleen. F. branchiophilum-POS fish showed anaemic gills, mild
to severe clubbing of the qill filaments, one fish had focal gill necrosis, two fish had
shortened opercula, and one fish also exhibited anaemia of the spleen and kidney.
Analysis of histopathological variables showed that only the fusion of the gill
filaments showed significant differences between F. branchiophilum-INF and NH
fish, indicating severe hyperplasia of the gill epithelium in INF fish. Other lesions
were also observed in F. branchiophilum-INF fish, including haemorrhage,
necrosis, and inflammation in the gill lamellae and filaments, but these did not
show any significant differences. The gross and histopathological lesions observed
in the gills of INF fish were consistent with lesions reported in the literature
(Ostland et al., 1990; Speare et al., 1991; Ferguson, 2006; Frasca et al., 2018).

It is noteworthy that 75.98% of the isolates could not be classified to the species
level during this research. A total of 2652 isolates belonging to the genus
Flavobacterium were identified by MALDI-TOF MS, of which 2105 were preserved
in storage. The high biodiversity within the genus, combined with the limited MSPs
for Flavobacterium spp., available in the current Bruker MALDI-TOF MS reference
database, prevented identification to species level for most isolates. This was the
main limitation of the study because the low number of isolates that could be
reliably identified to species level prevented the analysis of associations between
infections with most of the lesser-known Flavobacterium spp. and the presence of
gross and histopathological lesions. The large number of stored isolates enables

future studies to determine their species identity using additional methods and to
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further investigate their pathogenic potential. Several lesser-known and putative
new species were isolated in greater numbers from the gills and/or skin, and also
from internal organs of fish exhibiting gross and/or histopathological lesions,
indicating a pathogenic potential. Analysis of histopathological lesions was only
possible for F. hercynium, F. hydatis, and F. frigidimaris, which were isolated from
gills and skin of diseased and apparently healthy fish in this research. The results
showed that F. hercynium-INF fish had significantly higher score values for skin
ulceration than NH fish, and F. hydatis-INF fish had significantly higher score
values for hypertrophy and hyperplasia of gill epithelial cells. Analysis for
F. frigidimaris did not show any significantly different lesions. Some studies
reported the isolation of these species from diseased fishes, including salmonids,
namely F. hercynium from fins, gills, kidney, and swim bladder (Loch et al., 2013;
Loch and Faisal, 2014; Verma and Rathore, 2015), F. hydatis from gills (Strohl and
Tait, 1978; Loch and Faisal, 2014; Mantareva et al., 2022), and F. frigidimaris from
gills (Loch and Faisal, 2014). However, these studies did not report the
pathological lesions observed, except for F. hydatis, which has been described to
cause pathological lesions similar to BGD. Additionally, only for F. hydatis we
found a study describing histopathological lesions in the gills of F. hydatis-INF
Russian sturgeon (Acipencer gueldenstaedtii), including epithelial hyperplasia
(Timur et al., 2010). Our results show that F. hercynium and F. hydatis may indeed
cause pathological lesions in fish, while the pathological significance of
F. frigidimaris was not evident. Further research is required to determine whether
these flavobacteria meet Koch’s postulates for pathogenicity. Hierarchical
clustering between sampled fish and Flavobacterium spp. isolated from more than
1% of individuals showed no significant association between clustering patterns
and metadata variables, such as health status, season, or sampling. The role of
many flavobacteria in fish health remains unclear, including whether they are
transient inhabitants or part of the commensal microflora, and which newly

described species are opportunistic pathogens.

It is important to note that the pathological lesions observed in this research may
not be solely attributed to the recovered flavobacteria because these fish were

naturally infected, and other pathogens could have contributed to the lesions.
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5.2 ANTIMICROBIAL SUSCEPTIBILITY OF SLOVENE FLAVOBACTERIUM
SPECIES ISOLATES

This research investigated the antimicrobial susceptibility of F. psychrophilum,
F. branchiophilum, and several lesser-known Flavobacterium spp. Antimicrobials
approved for use in aquaculture in different countries were tested (Cabello et al.,
2013), including FLO and OXY used in Slovenia (JAZMP, 2025), as well as CTZ
and MER, which are primarily used in human medicine. Information on
antimicrobial susceptibility of flavobacterial isolates provides the basis for
appropriate treatment selection and prudent use of antimicrobials in Slovene
aquaculture. Considering the limited number of published standardised AST
studies for F. psychrophilum, our results make a valuable contribution to the global
and especially European understanding of susceptibility of this important

aquaculture pathogen to antimicrobials.

The F. psychrophilum isolates were mostly WT for AMP, ERY, and FLO, but
showed high NWT frequencies for OXY (81.5%) and quinolones (87.0% for ENR
and 90.7% for OXO). Additionally, all isolates grew at the lower end of the
concentration ranges tested for GEN and MER and probably represent WT strains,
while most isolates grew at the upper end of the ranges tested for CTZ and TRS.
Other studies using the standardised method reported similar findings (Smith et al.,
2016; Van Vliet et al., 2017; Ngo et al., 2018; Séderlund et al., 2018; Jarau et al.,
2019; Saticioglu et al., 2019; Li et al., 2021; Vaibarova et al., 2024). Studies that
used non-standardised broth microdilution methods were also included for
comparison (Hesami et al., 2010; Henriquez-Nufiez et al., 2012). However, it is
important to consider that valid comparisons between studies are only possible
when standardised and harmonised methods and growth media are used. The
calculated provisional COwr value of <0.125 pg/ml for AMP aligns with previous
research using the NRI method (Miranda et al., 2016; Smith et al., 2016; Ngo et
al., 2018). Few studies reported a high frequency (71.0-82.3%) of reduced
susceptibility to AMP, possibly due to its extensive use, including in

F. psychrophilum infections (Hesami et al., 2010; Li et al.,, 2021). Few studies
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reported low to moderate frequencies (up to 20%) of NWT isolates for ERY
(Hesami et al., 2010; Saticioglu et al., 2019; Vaibarova et al., 2024). ERY is
primarily used to treat infections caused by gram-positive bacteria. However, in a
previous study, it was found to be more effective than FLO in reducing fish
mortality and splenic bacterial load in F. psychrophilum infections (Jarau et al.,
2019). Hesami et al. (2010) also stated that ERY could be used to treat
F. psychrophilum infections and, if used prudently, could delay the emergence of
widespread resistance to FLO. Surprisingly, despite the use of FLO in aquaculture
for over 30 years, there are few published reports of F. psychrophilum strains with
reduced susceptibility. Two NWT isolates (2/31) for FLO were found in China (Li et
al., 2021), and only two studies reported high frequencies of reduced susceptibility
to FLO, namely in 52.8% (38/72) of isolates from Canada (Hesami et al., 2010)
and in 92.5% (37/40) of isolates from Chile (Henriquez-Nufez et al., 2012).
Additionally, a recent study from the Czech Republic reported a low frequency of
NWT isolates for FLO (11/70; 15.7%) while most remaining isolates had MICs at
the first (44.3%) or second (37.2%) concentration below ECV (Vaibarova et al.,
2024). Studies investigating the susceptibility of F. psychrophilum to GEN
observed varying results of predominately low, moderate (< 2 pg/ml) (Van Vliet et
al., 2017; Li et al., 2021; Vaibarova et al., 2024), and high (> 4 ug/ml) (Hesami et
al., 2010) MICs. GEN is used in aquaculture against gram-negative bacterial
infections but not typically for F. psychrophilum (Bojarski et al., 2019). To our
knowledge, no information is yet available on the susceptibility of F. psychrophilum
or other flavobacteria to MER. The reduced susceptibility of F. psychrophilum to
OXY and the quinolones is probably due to the widespread use of these
antimicrobials in aquaculture, including for the treatment of F. psychrophilum
infections (Shao, 2001; Saticioglu et al., 2019). A study from the USA, where the
use of quinolones in food animals is restricted, reported a low frequency of NWT
isolates for OXY (24%) and the quinolones (0%), supporting this assumption.
Although OXY is commonly used in USA aquaculture, this study was the first to
report reduced susceptibility, particularly in isolates from farmed rather than wild
fish (Van Vliet et al., 2017). According to reports by Slovene fish veterinarians
Rosvita Sitar, M.Sc., Marija Seni¢ar, M.Sc., and Dr. Diana Zele Vengust (personal

communication, May 20, 2024), the efficacy of OXY for the treatment of suspected
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F. psychrophilum infections is decreasing. Interestingly, a recent study from Italy
reported that tested F. psychrophilum isolates were sensitive to all antimicrobials,
including OXY and the quinolones (Zamparo et al., 2024). Notably, most
F. psychrophilum isolates in this study, including the reference F. psychrophilum
strain, displayed high MICs for CTZ and TRS. These results may indicate potential
intrinsic resistance or unknown resistance mechanisms. On the other hand, the
calculated provisional COwr value for CTZ (< 8 pg/ml) was higher than the tested
concentration range, suggesting that the isolates were WT. The distribution of
MICs for TRS was variable, as observed in other studies using NRI analysis,
resulting in standard deviations greater than the limit of < 1.2 log? pyg/ml (Smith et
al., 2016; Van Vliet et al., 2017; Ngo et al., 2018; Saticioglu et al., 2019) and
precluding the establishment of valid ECVs for the interpretation of MICs for this
antimicrobial. The NRI analysis conducted by Smith et al. (2016), Van Vliet et al.
(2017) (= 1/19 pg/ml), and Ngo et al. (2018) (= 8/152 ug/ml) generated high
provisional COwr values for TRS, leading to the conclusion that the isolates tested
were WT. Considering these results, it is not possible to reliably classify the
Slovene isolates as WT or NWT. To our knowledge, no other studies for CTZ are
available for comparison, and few studies reported predominantly moderate (Smith
et al., 2016; Saticioglu et al., 2019) or low (Van Vliet et al., 2017) MICs for TRS.

Concordance between phenotypic and genotypic AMR profiles of
F. psychrophilum and F. branchiophilum isolates was assessed for AMP, ENR,
OXO, and OXY. Reliable classification of isolates as WT or NWT for CTZ, GEN,
MER, and TRS was not possible, and only WT isolates were available for FLO and
ERY, which precluded the assessment for these antimicrobials. The T83A or T83V
substitution in GyrA, previously associated with quinolone resistance in
F. psychrophilum (lzumi and Aranishi, 2004; Shah et al., 2012; Séderlund et al.,
2018; Saticioglu et al., 2019), was observed in five out of seven sequenced
F. psychrophilum isolates, which was consistent with phenotypic resistance to
OXO but not to ENR, indicating possible differences in drug targets or uptake
mechanisms. The genotypic AMR profiling revealed no AMR genes or other AMR-
associated mutations in the studied F. psychrophilum and F. branchiophilum

genomes. Alvarez et al. (2004) identified the presence of AMR genes, such as
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ermF and tetQ, in the F. psychrophilum genomes, potentially involved in reduced
susceptibility to ERY and tetracycline, respectively. However, other studies
described the presence of AMR genes, such as floR, sul2, and various tet genes,
which were not associated with phenotypic resistance to FLO, sulfonamides, and
tetracyclines, respectively (Soderlund et al., 2018; Saticioglu et al., 2019). In
addition, the isolates in this study did not have the previously reported six-
nucleotide polymorphisms in the 16S rRNA gene associated with tetracycline
resistance (Soule et al., 2005). Therefore, the genetic background of tetracycline
resistance remains unclear. Furthermore, the pB-lactamase gene bla is not
associated with AMP resistance in F. psychrophilum (Alvarez et al., 2004). These
discrepancies underline the incomplete understanding of resistance mechanisms
in flavobacteria. Notably, AMR genes known in Pseudomonadota are generally not
found in Flavobacteriaceae (Verner-Jeffreys et al., 2017), and the inconsistencies
between resistance phenotypes and genotypes observed in some studies (Stine et
al., 2017; Soderlund et al., 2018; Saticioglu et al., 2019; Kim et al., 2023b) suggest
the presence of new or complex resistance mechanisms in flavobacteria. WGS
provides an alternative approach to predict AMR profile but requires
comprehensive and accurate AMR gene databases, which are currently not
available for Flavobacterium spp. Recent studies also highlight the importance of
efflux pumps in multidrug resistance and pathogenicity of Flavobacterium spp.
(Clark et al., 2009; Chen et al., 2017; Zhang et al., 2017; Mata et al., 2018; Castillo
et al., 2021; Chokmangmeepisarn et al., 2021; Declercq et al., 2021; Park et al.,
2021), making them an interesting new area of research and a potential target for

new therapeutics (Blair et al., 2014; Declercq et al., 2021).

The two media used for the AST of F. branchiophilum gave comparable results.
Notably, several lesser-known Flavobacterium spp. did not grow using the
standardised method recommended for F. psychrophilum (CLSI, 2020a) but
showed good growth using this method adjusted for AST of F. branchiophilum
(Appendix 6). Therefore, DCAMHB+C appears to be a suitable growth medium for
the AST of F. branchiophilum and other more fastidious flavobacteria. It is worth
noting that the divalent cations present in DCAMHB+C in higher concentrations

are known to reduce the biological activity of quinolones (Pursell et al., 1995) and
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tetracyclines (Burka et al., 1997). Consequently, the measured MICs for ENRO,
OXO0, and OXY may have been underestimated (Appendix 5, Appendix 6).

Classification of F. branchiophilum and the lesser-known Flavobacterium spp. as
WT or NWT was not possible for any of the antimicrobials tested. Slovene
Flavobacterium isolates of the same species exhibited similar AMR profiles.
Notably, some species had MICs at the upper end of the concentration ranges
tested for all 10 antimicrobials, namely F. branchiarum, F. collinsii, F. hercynium,
F. oncorhynchi, F. piscis, and FX23. Additionally, at least one isolate of other
tested species demonstrated an MIC above the concentration required for
resistance of F. psychrophilum to AMP (F. bernardetii, F. celericrescens,
F. erciyesense, F. tiangeerense, F. tructae, FX2, FX3, FX5, FX9, FX10, FX15,
FX18, FX27, FX32, and FX36), ERY (F. tructae and FX36), FLO (F. tructae), OXY
(F. branchiophilum, F. tructae, FX2, FX5, FX10, and FX36), and the quinolones
ENR (F. branchiophilum, F. celericrescens, F. difficile, F. erciyesense, F. tructae,
FX9, FX10, FX15, FX32, and FX36), and OXO (F. celericrescens, FX9, FX15, and
FX36). Furthermore, all other tested Flavobacterium spp. exceeded the tested
CTZ concentration range, all species except F. branchiophilum grew at the upper
end or above the tested TRS concentration range, and several species grew in the
middle or at the upper end of the tested concentration ranges of GEN
(F. erciyesense, F. tiangeerense, F. tructae, FX2, FX9, FX10, FX15, FX27, FX32,
and FX36) and MER (F. tructae, FX27, and FX36). This is consistent with previous
studies demonstrating that Flavobacterium isolates can grow in high
concentrations of various antimicrobials, suggesting the presence of intrinsic
and/or acquired resistance mechanisms that contribute to reduced susceptibility to
multiple antimicrobials (Hesami et al., 2010; Henriquez-Nunez et al., 2012; Mwega
et al., 2020; Heckman et al., 2023). There are no other studies in which the broth
microdilution method for AST of F. branchiophilum was used for comparison.
There is a significant knowledge gap regarding the AMR of this important fish
pathogen, likely due in part to its fastidious nature. Additionally, only two studies
used the standardised method recommended for F. psychrophilum for the AST of
lesser-known flavobacteria (Mwega et al., 2020; Heckman et al., 2023). In both

studies, 16S rRNA gene sequencing was used for the identification of
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Flavobacterium isolates. Heckman et al. (2023) investigated, among others,
isolates most closely related to F. branchiarum, F. collinsi, F. oncorhynchi,
F. tiangeerense, and F. tructae, which were also investigated in this study. Mwega
et al. (2020) reported combined results for all tested isolates, including
Chryseobacterium spp. Therefore, a comparison of results for individual species
was not possible. As in this study, Heckman et al. (2023) also observed high MICs
for amoxicillin, ENR, ERY, FLO, GEN, OXY, and TRS in isolates most closely
related to F. branchiarum, F. collinsi, F. oncorhynchi, and F. tructae. In contrast to
our findings, they reported high MICs for OXY in isolates most closely related to
F. tiangeerense. Similar to this research, Mwega et al. (2020) reported that all
tested isolates showed reduced susceptibility to AMP, GEN, and OXY. They also
observed that the isolates were predominantly (97%) susceptible to ENR.
However, the given MIC range exceeded the ECV_FP for ENR. Contrary to our
results, Mwega et al. (2020) reported that all tested isolates showed reduced
susceptibility to ERY and that the isolates were moderately susceptible to FLO
(62.7%, MICs 1-8 pg/ml) and TRS (77.6%, MICs 0.5/9.5-2/38 ug/ml). Notably, the
MICs reported for TRS were comparable to the results of this study. Both
Heckman et al. (2023) and Mwega et al. (2020) observed high MICs for ceftiofur,
another third-generation cephalosporin. In this study, the MICs for all tested
isolates of F. branchiophilum and lesser-known Flavobacterium spp. exceeded the
highest CTZ concentration tested, further supporting the assumption of intrinsic

resistance of flavobacteria to this antimicrobial.

5.3 INFLUENCE OF WATER QUALITY PARAMETERS ON THE ONSET OF
FLAVOBACTERIOSIS

Water quality is considered an important factor contributing to the outbreak of
flavobacterial diseases (Decostere et al., 1999c; Barnes and Brown, 2011;
Strepparava et al., 2014). However, despite thorough database searches aimed at
finding studies investigating this relationship, only a few reports were found (Holt
et al., 1989; Bullock, 1990; Soltani and Burke, 1995; Nematollahi et al., 2003b;
Starliper, 2011; Good et al., 2015; Elmore, 2016). The water quality parameters

recorded during this research were within the acceptable range for rainbow trout
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aquaculture (Molony, 2001; EFSA, 2008). The water temperature in all sampled
fish tanks ranged between 6.6 and 15.8 °C, pH between 7.45 and 8.42, and
dissolved oxygen between 7.28 and 12.11 mg/l. We observed a significant
seasonal and spatial variability in water quality parameters across the studied fish
farms. Seasonal variations were consistent with expected climatic influences,
while differences among farms highlight the unique physico-chemical profiles of
each site, likely due to different water sources, local environmental conditions, and
farm management practices. Significant differences were also found between the
water quality parameters at the inlet and outlet of the fish tanks, which is probably

due to the influence of the metabolic activity of the fish.

Our results showed a significant association between infection with
F. psychrophilum and increased water pH at the inlet as well as the winter season.
In contrast to our results, EImore (Elmore, 2016) observed a correlation between
F. psychrophilum abundance and a lower pH in one farm and an increased
temperature in another farm. A literature search revealed no previous studies that
confirmed the association we found between water pH and infection risk. The
association between F. psychrophilum infections and the winter season observed
in this study confirms the known cold-adapted nature of the bacterium. However,
the pathogen caused disease in all seasons during the study period as water
temperatures ranged from 6.6 to 15.8 °C, which is consistent with literature
describing that F. psychrophilum infections occur most frequently at water
temperatures between 4 and 15 °C (Holt et al., 1993). The highest mortality rate
and shortest time from infection to death were reported at 15 °C (Holt et al., 1989),
which was consistent with the fastest doubling time for this bacterium in culture
media (Holt et al., 1993).

In contrast, F. branchiophilum infection correlated significantly with increased
water temperatures, and a weak but significant negative correlation was observed
with dissolved oxygen at the outlet. F. branchiophilum was only isolated during
summer samplings and strongly correlated with this season. These results suggest
that higher water temperatures and possibly lower dissolved oxygen favour the

occurrence of F. branchiophilum infections. Additionally, prolonged heavy rainfall
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was observed before summer sampling in F1 and F2, increasing water turbidity
and possibly contributing to F. branchiophilum infections. Similarly, other studies
also observed that F. branchiophilum infections often occur in association with
reduced dissolved oxygen (Bullock, 1990; Good et al., 2015), increasing water
temperature (15—19 °C) in spring and summer (Bullock et al., 1994; Ostland et al.,
1995a) and water turbidity due to sediment disturbance during heavy rainfall,
supporting these findings. It is suspected that particulate material irritates the gills

and that the sediment may be a reservoir for F. branchiophilum (Starliper, 2011).

These results indicate that different environmental conditions influence the odds of
infection with F. psychrophilum and F. branchiophilum. The association between
infection and water temperature, increased pH, and decreased dissolved oxygen
is probably due to a combination of stress-related immunosuppression in fish and
already described environmental preferences of the two pathogens. Inappropriate
water temperature, pH, and dissolved oxygen levels are known stressors in fish
aquaculture (Rebl et al., 2020). Wagner et al. (1997) found that high water pH
(8.4-9.6) and low temperature (7-9 °C) significantly increased stress in rainbow
trout, especially when occurring concurrently, which may have contributed to the
association we found between these parameters and F. psychrophilum infections.
They also investigated the influence of high-water temperatures (19 and 22 °C) on
fish stress but found no significant association. On the other hand, Uiuiu et al.
(2021) found that elevated water temperatures in combination with low dissolved
oxygen levels in the summer season significantly increased physiological stress in
rainbow trout and led to immunosuppression, which may have contributed to the
association we found between these parameters and F. branchiophilum infections.
Additionally, when water temperature and pH (> 7.5) increase, the ammonia
equilibrium shifts towards undissociated ammonia (NH3), which is highly toxic to
fish (Ferguson, 2006; Roberts, 2012). It is important to recognise that other
unstudied water quality parameters may also influence the occurrence of
flavobacterial diseases. In this study, we found that water quality parameters
showed significant differences between seasons and individual fish farms,
highlighting the need for customised management depending on the season and

the specific conditions of each location. Therefore, regular monitoring of water
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quality parameters, namely temperature, pH, and dissolved oxygen, while
considering seasonal associations, can help predict and control the increased risk

of infection with F. psychrophilum and F. branchiophilum.

5.4 CONCURRENT INFECTIONS

Concurrent infections in fish are common, including with F. psychrophilum
(Starliper, 2011), and it is important to consider the influence of their synergistic or
antagonistic interactions on the occurrence and severity of fish diseases.
However, the available data on this subject in fish are sparse (Kotob et al., 2016;
Chowdhury et al., 2021).

The findings of this research show a high prevalence of concurrent infections in
the assessed fish. We observed multiple different fish pathogens, most frequently
parasites, namely Acanthocephalus spp., amoebae, Apiosoma spp., Chilodonella
spp., Dermocystidium spp., Epistylis spp., I. necator, I. multifilis, Monogenea
(Gyrodactylus spp. or Dactylogyrus spp.), T. bryosalmonae, Trichodina spp., and
Riboscyphidia spp. Other bacterial pathogens, namely A. salmonicida subsp.
salmonicida, Aeromonas spp., C. maltaromaticum, C. gillenii, L. garvieae,
Pseudomonas spp., and R. salmoninarum, as well as lesions consistent with
epitheliocystis disease and the fungus Saprolegnia spp., were also observed. The
Pearson chi-squared test showed that infection with F. psychrophilum was
associated with infestation of gills and skin with Monogenea. No other pathogens
showed association with F. psychrophilum infections. Monogeneans can damage
the skin and gill epithelium of fish and create entry points for bacterial invasion.
Busch et al. (2003) found a weak indication of a possible enhancement of
F. psychrophilum invasion by the presence of Gyrodactylus derjavini in rainbow
trout, while mortality was associated with gyrodactylid infestation. Zhang et al.
(2015) demonstrated that parasitism in goldfish (Carassius auratus) with
Dactylogyrus intermedius can suppress the host's immune functions and enhance
invasion of F. columnare. The exact mechanisms by which parasitic infections can
promote bacterial invasion remain unclear, but may include direct damage to the

skin or gill epithelium, creating entry points for bacteria (Buchmann and Bresciani,
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1997), the parasite acting as a vector (Xu et al., 2012), or suppression of the

host’s immune response (Zhang et al., 2015).
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6 CONCLUSIONS

Hypothesis 1: Flavobacteria are widespread in rainbow trout from Slovene
fish farms and affect fish health.

This study confirmed the presence of the known fish pathogens F. psychrophilum
and F. branchiophilum in Slovene farmed rainbow trout and described the gross
and histopathological lesions associated with the infection. F. psychrophilum was
isolated from fish across all studied farms and in all seasons, while
F. branchiophilum was isolated only at LONG samplings in summer. Analysis of
the histopathological lesions for the lesser-known Flavobacterium spp. showed
that F. hercynium and F. hydatis can indeed be pathogenic for fish. Numerous
other lesser-known flavobacteria were also isolated at each sampling. However,
further studies are needed to elucidate their pathogenic potential. As only four
farms were studied, which may not be representative of all Slovene fish farms,
further investigations are needed to confirm the widespread presence of

flavobacteria in Slovene farmed rainbow trout.

Hypothesis 2: Environmental factors, such as water temperature, pH, and
dissolved oxygen in the water, influence the dynamics of flavobacterial
infections.

F. psychrophilum infections were significantly associated with increased pH at the
inlet and the winter season, although the pathogen caused disease in all seasons
during the study. In contrast, F. branchiophilum infections correlated significantly
with increased water temperatures, decreased dissolved oxygen at the outlet, and
the summer season. These results suggest that different environmental conditions
influence the odds of infection with the two pathogens. Monitoring temperature,
pH, and dissolved oxygen, considering seasonal associations, can help to predict
and control the increased risk of infection with F. psychrophilum and

F. branchiophilum.

Hypothesis 3: Flavobacteria isolated from rainbow trout in Slovene fish

farms are multidrug-resistant.
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The Slovene Flavobacterium spp. isolates were predominantly multidrug-resistant,
with F. psychrophilum showing high NWT frequencies for ENR, OXO, and OXY,
as well as high MICs for CTZ and TRS. Six lesser-known Flavobacterium spp. had
MICs at the upper end of the tested concentration ranges for all 10 antimicrobials.
Most other Flavobacterium isolates tested also exhibited high MICs across at least
three antimicrobial classes. The consistently high MICs for CTZ and TRS indicate
potential intrinsic resistance of most flavobacteria. In F. psychrophilum, a
substitution in GyrA was associated with reduced susceptibility to OXO. No other
AMR genes or AMR-associated mutations were detected in the genomes of

F. psychrophilum and F. branchiophilum isolates.

Additional scientific contribution:

This research is the first to confirm the presence of known pathogens,
F. psychrophilum and F. branchiophilum, in Slovene rainbow trout aquaculture. It
is also one of the few studies that analysed the association between the isolation
of flavobacteria from naturally infected fish and the presence of semiquantitatively
assessed gross and histopathological lesions. This study identified 41 putative
new Flavobacterium species and contributed to the expansion of the in-house
Flavobacterium MALDI-TOF MS database at the Veterinary Faculty, University of
Ljubljana, thus promoting research and routine diagnostic applications. This is one
of a limited number of studies using the standardised AST method for
F. psychrophilum, providing important information for the selection of appropriate
antimicrobial treatment. Additionally, we adjusted the standardised AST method to
support the growth of F. branchiophilum and other more fastidious flavobacteria.
This is the first study to use the broth microdilution method for AST of
F. branchiophilum and one of the few to investigate AMR of F. branchiophilum and
lesser-known flavobacteria. This research provides the foundation for further

studies on biodiversity and the role of flavobacteria in fish health and disease.
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7 SUMMARY

Pathogenic Flavobacterium spp., namely F. psychrophilum, F. branchiophilum,
and species of the F. columnare group, are recognised worldwide as major
causative agents of bacterial diseases in freshwater fish, especially rainbow trout.
Additionally, a growing number of lesser-known Flavobacterium spp. have been
implicated in disease outbreaks, often based on their isolation from clinically
diseased fish, yet little is known about their pathogenicity. Despite the worldwide
importance of Flavobacterium spp. as fish pathogens, their occurrence in Slovene
farmed fish has not been investigated so far. This research aimed to address
several important knowledge gaps in fish-associated Flavobacterium spp. We
investigated the biodiversity of flavobacteria in farmed rainbow trout and the
pathological lesions associated with flavobacterial disease. A standardised method
was used for AST of F. psychrophilum, and AST was also performed for
F. branchiophilum and lesser-known Flavobacterium spp. because such studies
are limited or lacking. Additionally, this study investigated the association between
flavobacterial infections and selected water quality parameters, because water
quality is considered an important factor contributing to the occurrence of

flavobacterial diseases, but few studies have investigated this relationship.

We sampled a total of 540 rainbow trout, namely longitudinally across all seasons
in two farms (F1 and F2) and in two other farms (F3 and F4) following mortality
reports. At each sampling, 27 diseased and 27 apparently healthy fish were
necropsied, and samples were taken for bacteriological, histopathological, and
parasitological investigations. At necropsy, we measured the body weight and total
length of the fish, calculated the K for each fish, and semiquantitatively assessed
the gross lesions in the skin, fins, opercula, eyes, gills, spleen, kidney, liver,
stomach with pyloric caeca, and intestine. The necropsy fish index was calculated
from these data. The histopathological lesions in the skin, gills, heart, spleen,
kidney, liver, pancreas, stomach with pyloric caeca, and intestine were also
assessed semiquantitatively, and for each organ index and reaction indices were
calculated. For the isolation of flavobacteria, skin, gill, spleen, kidney, and liver

samples were inoculated on AO agar and MS agar supplemented with tobramycin.
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Using MALDI-TOF MS, we confirmed the presence of the known fish pathogens
F. psychrophilum and F. branchiophilum. Notably, no species belonging to the
F. columnare group were detected. At least one Flavobacterium spp. was isolated
from one or more organs in 89.3% of the sampled fish. Our results suggest that
MALDI-TOF MS can reliably identify certain Flavobacterium species if
corresponding MSPs are available in the database. WGS and ANI analyses of
selected isolates (n = 81) revealed that 74.1% of isolates represented 41 putative
new Flavobacterium species. The data also showed that species-level
identification based on 16S rRNA and gyrB gene sequencing is not highly reliable
for this genus because many isolates (56.7%) representing putative new species
exceeded the 99% 16S rRNA gene sequence identity threshold commonly used
for species-level classification of Flavobacterium. These results confirm that ANI
analysis is the most reliable method for the identification of Flavobacterium spp.
Further comparative studies are required to assess the accuracy and limitations of
MALDI-TOF MS in identifying lesser-known or closely related species within this

diverse genus.

F. psychrophilum and F. branchiophilum were isolated mainly from diseased fish
(77.3% and 72.73%, respectively) and also from apparently healthy fish, and
various gross lesions were observed in both groups. Therefore, we defined a
necropsy fish index threshold of = 5.5 for the statistical analyses to distinguish
between INF fish and NH individuals. Our results show that F. psychrophilum was
the most prevalent (128/540; 23.7%) pathogenic Flavobacterium in Slovene
farmed rainbow trout because it was isolated across all fish farms and in all
seasons. We observed significant differences in infection prevalence between
farms, with F3 and F4 having higher infection rates, suggesting that
F. psychrophilum likely played a role or contributed to the increased mortality
observed in these fish farms. F. psychrophilum-INF fish had lower body weight
and total length, which was consistent with the established understanding that
younger fish are more susceptible to infection, although fish at different life stages
were affected. The difference in K between F. psychrophilum-INF and NH fish was
not significant, suggesting that infection did not affect the body condition of the

fish. F. psychrophilum infection was associated with a significantly higher necropsy
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fish index, as well as score values of all organs except the opercula, stomach with
pyloric caeca, and intestine. We documented a wide range of gross lesions in the
POS fish, many of which were consistent with previous literature, such as skin and
fin erosion and ulceration, gill anaemia and thickening, splenomegaly, and other
lesions consistent with systemic infection. Notably, we also observed lesions that
have not yet been reported in F. psychrophilum infections, including gross
enlargement of the liver and kidney in association with histopathological lesions.
The histopathological analysis confirmed significant differences between INF and
NH fish in all organs examined except the pancreas. The regressive, inflammatory,
and circulatory reaction indices were significantly higher in most of the organs
examined in F. psychrophilum-INF fish, while the progressive indices were
significantly different only in the gills, spleen, and kidney. Lesions in the skin, gills,
and liver included haemorrhage, necrosis, degeneration, and infiltration by
lymphocytes, macrophages, and/or neutrophils, many of which have already been
described in the literature. In the kidney and spleen, we found hyperplasia of the
haematopoietic and white pulp tissues, respectively, as well as white pulp atrophy,
lesions that have rarely or never been described in previous studies and indicate
immune activation during the infection. Although the spleen is often reported as
the most affected organ, we found no significant differences in haemorrhage,
necrosis, and inflammation of the splenic capsule or parenchyma. Some
gastrointestinal lesions, such as intercellular oedema, vacuolar degeneration and
necrosis in the gastric glands, and lymphocytic infiltration in the mucosa, showed
significant differences between INF and NH fish, despite being rarely or never
reported in previous studies. Our findings contribute new insights into the
histopathological lesions caused by F. psychrophilum in naturally infected rainbow

trout.

F. branchiophilum was isolated from the gills of 11 fish (11/540; 2.04%) from F1
and F2 during summer sampling. Due to its fastidious growth, the bacterium may
have been underdetected. The infected fish showed a wide range of body sizes,
indicating susceptibility to infection at different life stages. As with
F. psychrophilum, no significant difference in K was found between
F. branchiophilum-INF fish and NH fish, while INF fish had significantly higher
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necropsy fish indices, as well as score values for gills and spleen. Gross lesions
included anaemia, gill filament clubbing, and shortened opercula. Analysis of
histopathological variables showed that only the fusion of gill filaments showed a
significant difference between INF and NH fish, suggesting severe epithelial
hyperplasia, although other gill lesions, such as haemorrhage, necrosis, and
inflammation, were also observed. These findings are consistent with previous

descriptions of pathological lesions in BGD.

A total of 2652 Flavobacterium isolates were identified by MALDI-TOF MS, of
which 2105 were preserved. However, due to the high species diversity within the
genus and the limited number of Flavobacterium MSPs available in the Bruker
MALDI-TOF MS reference database, 75.98% of all Flavobacterium isolates could
not be identified to species level during this research. This was the main limitation
of the study because the low number of isolates that could be identified to species
level prevented the analysis of pathological lesions for most of the lesser-known
Flavobacterium spp. Analysis of histopathological lesions was only possible for
F. hercynium, F. hydatis, and F. frigidimaris isolated from gills and skin of diseased
and apparently healthy fish. The results showed that the score values for skin
ulceration and gill epithelium hyperplasia and hypertrophy were significantly higher
in fish INF with F. hercynium and F. hydatis, respectively, indicating that these
species may indeed be pathogenic to fish as previously proposed. However, the
analysis for F. frigidimaris did not show any significantly different lesions,
indicating that this species was not pathogenic to the fish in this research. Several
other lesser-known and putative new species were isolated from internal organs or
in greater numbers from the gills and/or skin of fish showing gross and/or
histopathological lesions, suggesting pathogenic potential. The extensive
collection of stored isolates allows us to conduct future studies to determine their
species identity, evaluate their pathogenic potential, and investigate their role as
pathogens, commensals, or mutualists. It is important to note that the fish used in
this research were naturally infected and that some of the lesions observed may
have been influenced by co-infection with other pathogens.
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AST was performed for 10 antimicrobials representing seven different
antimicrobial classes using the standardised broth microdilution method
recommended for F. psychrophilum. Most of the antimicrobials tested are
commonly used in aquaculture, including FLO and OXY, which are approved for
use in Slovenia. A total of 106 Flavobacterium isolates representing 24 different
species were subjected to AST. The results showed that Flavobacterium spp.
were predominantly multidrug-resistant. F. psychrophilum showed high NWT
frequencies for OXY (81.5%) and quinolones (87.0% for ENR and 90.7% for
0OXO0), as well as high MICs for CTZ and TRS. However, all isolates were WT for
FLO, which remains a suitable drug of choice for the treatment of
F. psychrophilum infections. The lack of a standardised AST method and ECVs for
F. branchiophilum and lesser-known flavobacteria prevented differentiation
between WT and NWT phenotypes. Nevertheless, most of the lesser-known
Flavobacterium spp. showed high MICs across at least three antimicrobial classes,
and some had high MICs for all 10 antimicrobials tested. The adjustment of the
standardised method recommended for F. psychrophilum enabled a successful
AST of F. branchiophilum and other fastidious flavobacteria and may contribute to
the development of a standardised method for F. branchiophilum. The species
tested with the adjusted method showed relatively low MICs for OXY and
quinolones, which may be due to the higher concentration of divalent cations in the
growth medium, which are known to reduce the biological activity of these
antimicrobials. The consistently high MICs for CTZ and TRS indicate potential
intrinsic resistance of most flavobacteria. In F. psychrophilum, a substitution in
GyrA, previously associated with quinolone resistance, was consistent with
reduced susceptibility to OXO but not ENR. No other AMR genes or AMR-
associated mutations were detected in the genomes of F. psychrophilum and
F. branchiophilum isolates. The multidrug resistance observed in flavobacteria,
combined with the limited understanding of resistance mechanisms, highlights the
importance of performing AST before treatment and the need for further studies

comparing phenotypic and genotypic resistance.

Selected water quality parameters, namely water temperature, pH, and dissolved

oxygen, were measured at the inlet and outlet of each sampled fish tank. The
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water quality parameters showed significant differences between seasons and fish
farms. We investigated the relationship between F. psychrophilum and
F. branchiophilum infections and water quality parameters and found a significant
association between F. psychrophilum and increased water pH at the inlet and the
winter season. The latter finding supports the known cold-adapted nature of this
bacterium. However, the association between F. psychrophilum infection and
increased pH has not been reported previously. In contrast, F. branchiophilum was
only isolated in summer, and infections correlated significantly with increased
water temperatures and decreased dissolved oxygen at the outlet. Heavy rainfall
and increased water turbidity were also noted before summer samplings. These
findings are consistent with the literature. The observed association between
infection risk and water quality parameters is probably due to a combination of
stress-related immunosuppression in fish and environmental preferences of
pathogens. Previous studies have shown that high pH and low temperatures or
high temperatures and low dissolved oxygen increase physiological stress in
rainbow trout. Moreover, high water pH and temperature can increase toxic
ammonia levels. Seasonal and farm-specific differences in water quality
emphasise the need for tailored, site-specific monitoring. Regular monitoring of
water temperature, pH, and dissolved oxygen, while considering seasonal
associations, can help predict the increased risk of F. psychrophilum and

F. branchiophilum infection, facilitating timely preventive management strategies.

We found a high prevalence of concurrent infections in fish, particularly involving
parasites and bacterial pathogens. Infections with F. psychrophilum were
significantly associated with infestation of the gills and skin with Monogenea,
possibly indicating a predisposing interaction. Monogenea may facilitate bacterial
invasion by damaging epithelial barriers, suppressing host immunity, or acting as a
vector. No other pathogens were associated with F. psychrophilum infections.
These findings highlight the importance of considering co-infections in the

dynamics of fish diseases.

This research provides information on the biodiversity of fish-associated

flavobacteria in Slovene rainbow trout aquaculture, provides detailed information
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and new insights into the pathological lesions associated with F. psychrophilum
and F. branchiophilum infections, and supports the development of targeted
treatment and preventive strategies. It also provides the foundation for further
studies on the biodiversity of flavobacteria, their characteristics, and their impact
on fish health, including the pathological lesions associated with infections by

lesser-known Flavobacterium species.
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8 POVZETEK

Flavobakterije so po Gramu negativne, aerobne, rumeno pigmentirane paliCaste
ali filamentozne bakterije. Rod Flavobacterium trenutno vsebuje veC kot 320 vrst,
vendar Stevilo novo odkritih in opisanih vrst Se vedno hitro naras¢a. Flavobakterije
so ubikvitarne v naravi in del normalne mikroflore rib in ribjih iker, nekatere vrste
pa so oportunisti¢ni patogeni, ki lahko kaZejo razli¢no virulenco. Patogene vrste iz
rodu Flavobacterium, predvsem F. psychrophilum, F. branchiophilum ter vrste iz
skupine F. columnare, so po vsem svetu poznane kot pomembni povzro itelji
bakterijskih bolezni pri sladkovodnih ribah. Flavobakterije lahko povzro€ajo bolezni
pri razlicnih vrstah rib, vendar so postrvi, zlasti Sarenke, najbolj obcutljive za
okuzbo. V zadnjem Casu Cedalje veC raziskav opisuje manj poznane vrste
flavobakterij v povezavi z izbruhi bolezni, pogosto zgolj na podlagi njihove izolacije
iz klinicno bolnih rib. Po drugi strani pa je o patogenosti manj poznanih vrst
flavobakterij in z okuzbami povezanih patomorfoloskih spremembah le malo
znanega. Glede na globalno razSirjenost flavobakterij ter kliniche znake in
patoanatomske spremembe, opazene pri gojenih ribah v Sloveniji, so verjetno
flavobakterijske bolezni pogoste tudi v slovenskih ribogojnicah. V Sloveniji doslej
ni bilo opravljene raziskave na to temo, zato podatki o vrstah iz rodu
Flavobacterium pri ribah niso na voljo. Ceprav je bilo v zadnjem stoletju v svetu
opravljenih veliko raziskav, katerih namen je bil prepreCevanje in obvladovanje
izbruhov flavobakterioz, je bil napredek omejen zaradi hitrega taksonomskega
razvoja rodu in zahtevnosti izolacije patogenih flavobakterij. Namen nase
raziskave je bil obravnavati ve¢ pomembnih vrzeli v znanju o flavobakterijah. V
raziskavi smo preucCevali biodiverziteto flavobakterij pri gojenih Sarenkah ter
patoloSke spremembe, ki so povezane s flavobakterijskimi okuzbami. Za testiranje
protimikrobne obcutljivosti (AST) F. psychrophilum smo uporabili standardizirano
metodo; poleg tega smo testirali tudi izolate F. branchiophilum in manj znanih vrst
Flavobacterium, saj so tovrstne raziskave redke ali pa Se niso bile opravljene.
Analizirali smo tudi povezavo med flavobakterijskimi okuzbami in izbranimi
parametri kakovosti vode. Kakovost vode se na sploSno razume kot pomemben

dejavnik pri pojavu flavobakterijskih okuzb, vendar pa je raziskav na to temo malo.
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Skupno smo vzorc€ili 540 Sarenk, in sicer longitudinalno skozi vse letne Case v
dveh ribogojnicah (F1 in F2) ter v dveh drugih ribogojnicah (F3 in F4) po poro¢anju
0 poviSanem poginu rib. Pri longitudinalnih vzor€enjih smo ribe odvzeli iz treh
razlicnih bazenov, pri individualnih pa le iz enega bazena. Ob vsakem vzorCenju
smo opravili raztelesbo 27 klinicno bolnih in 27 na videz zdravih rib ter odvzeli
vzorce za bakteriolosko, histopatoloSko in parazitoloSko preiskavo. Ob vsakem
vzorCenju smo pregledali vse bazene v ribogojnici in za nadaljnjo analizo izbrali
tiste, v katerih so bile ribe z najbolj izrazenimi klinicnimi znaki bolezni. Ribe smo
opredelili kot bolne, Ce so kazale kliniche znake, kot so letargija, nejeSCnost,
plavanje v blizini vodne gladine ali na iztoku, pospeseno in poudarjeno gibanje
Skrznih poklopcev, nepravilno plavanje ter patoanatomske spremembe, kot so
napihnjenost trebuha, krvavitve, erozije in ulceracije koze in/ali plavuti,
hipopigmentacija ali hiperpigmentacija koze ter izbocene oc€i (eksoftalmus). Ribe
smo opredelili kot na videz zdrave, e so kazale normalno obnasanje in niso imele
zunanjih patoanatomskih sprememb. Pri raztelesbi smo izmerili telesno maso in
celotno telesno dolZino rib, izraCunali Fultonov kondicijski faktor (K) ter
semikvantitativno ocenili patoanatomske spremembe koze, plavuti, oci, Skrznih
poklopcev, Skrg, vranice, ledvic, jeter, Zelodca s piloricnimi podaljski in Crevesja ter
izraCunali indeks raztelesbe rib. HistopatoloSke spremembe koze, Skrg, srca,
vranice, ledvic, jeter, trebudne slinavke, Zelodca s piloricnimi podaljski in Crevesja
smo prav tako ocenili semikvantitativno. Na podlagi pridobljenih rezultatov smo
izraCunali indekse organov ter cirkulatorni, regresivni, progresivni in vnetni
reakcijski indeks za vsak organ. Za izolacijo flavobakterij smo vzorce koze, Skrg,
vranice, ledvic in jeter nasadili na Anackerjevo in Ordalovo (AO) gojisCe ter
modificirano Shiehovo (MS) gojis¢e z dodanim tobramicinom; za sploSno
bakterioloSko preiskavo pa smo vzor€ili zgolj notranje organe in uporabili krvno

gojisce.

Vzorcili smo ribe razli¢nih starostnih kategorij, starosti od 4 do 33 mesecev ter z
razponom telesne mase od 3 do 650 g, celotne telesne dolzZine od 6,5 do 40 cm in
K od 0,5 do 2,1. Z uporabo metode masne spektrometrije, ionizacija v matriksu z
lasersko desorpcijo — €as preleta ionov (MALDI-TOF MS), smo potrdili znana

patogena rib, F. psychrophilum in F. branchiophilum. Vrst iz skupine F. columnare



206
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

med raziskavo nismo izolirali, verjetno zaradi prenizke temperature vode, saj ta
vrsta povzro€a bolezen pri temperaturah nad 15 °C. Sekvenciranje multilokusnih
zaporedij (MLST) je pokazalo, da so izolati F. psychrophilum (n = 7) pripadali
razlicnim klonskim kompleksom, in sicer CC-ST1 in CC-ST10, ki sta zelo
razSirjena v Evropi in visoko virulentna za Sarenko, ter veC novo opredeljenim
sekvencnim tipom. Zaradi majhnega Stevila sekvenciranih izolatov bodo za boljSo
opredelitev genetske raznolikosti slovenskih izolatov F. psychrophilum potrebne
nadaljnje raziskave. 1z enega ali ve€ organov smo pri 89,3 % vseh vzor€enih rib
izolirali vsaj eno vrsto rodu Flavobacterium; najpogosteje smo jih izolirali iz Skrg
(70,2 % vzorCenih rib) in koze (81,1 %), redkeje pa iz notranjih organov (16,9 %).
Pri vecini rib smo s Skrg in koze izolirali veC razli¢nih flavobakterij. Med drugim
smo ugotovili tudi nekatere manj znane vrste, in sicer F. araucananum,
F. bernardetii, F. collinsii, F. frigidimaris, F. hercynium, F. hydatis, F. oncorhynchi,
F. piscis, F. plurextorum in F. tructae, ki so bile v predhodnih raziskavah ocenjene
kot potencialno patogene, saj so bile izolirane iz zunanjih sprememb ali iz notranjih
organov. Od vseh nastetih manj znanih flavobakterij je bila patogenost
eksperimentalno dokazana le za vrsto F. tructae. Morfologija kolonij flavobakterij je
bila zelo raznolika, tudi znotraj posamezne vrste, medtem ko so si bile nekatere
razlicne vrste morfoloSko zelo podobne, zato je natan€na identifikacija izolatov
vedno priporocljiva. V histoloskih preparatih Skrg in koZe nekaterih rib, pri katerih
nismo ugotovili F. psychrophilum in F. branchiophilum, smo opazili flamentozne
bakterije, kar nakazuje, da izolacija ni bila vedno uspesna ali pa so bile prisotne
bakterije morda predstavnice manj znanih vrst rodu Flavobacterium. NaSi rezultati
kazejo, da je zanesljiva identifikacija doloCenih vrst Flavobacterium z uporabo
MALDI-TOF MS mogoca, ¢e so v MALDI-TOF MS podatkovni bazi na voljo
ustrezni MSP. Sekvencirali smo celotni genom (WGS) 81 izolatov, izbranih na
podlagi izolacije iz notranjih organov ali izolacije v ve€jem $tevilu iz Skrg in koze,
ter pogosto opazene morfologije kolonij in/ali rezultatov MALDI-TOF MS ter izvedli
analizo povpre€ne nukleotidne identitete (ANI) izolatov. Ugotovili smo, da je
74,1 % izolatov predstavljalo 41 domnevno novih vrst Flavobacterium, vendar so
za njihovo priznanje kot veljavno opisane nove vrste potrebne nadaljnje raziskave.
Ugotovili smo tudi, da identifikacija na nivoju vrste na podlagi zaporedij genov 16S

rRNA in gyrB ni zelo zanesljiva za ta rod, saj je 56,7 % izolatov, ki so predstavljali
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domnevno nove vrste, imelo 99-100 % identicnost zaporedja gena 16S rRNA z
najblizjimi ujemaniji, kar presega mejno vrednost (99 %), ki se obi€ajno uporablja
za razlikovanje med vrstami znotraj rodu Flavobacterium. Ti rezultati potrjujejo, da
je ANI analiza trenutno najzanesljivejSi pristop za doloCanje vrst znotraj rodu
Flavobacterium. Za oceno natan¢nosti in omejitev metode MALDI-TOF MS pri
dolo€anju manj znanih ali sorodnih vrst flavobakterij bodo potrebne dodatne

raziskave v kombinaciji s WGS.

F. psychrophilum in F. branchiophilum smo izolirali tako iz klinicno bolnih (77,3 %
in 72,73 % pozitivnih rib) kot iz na videz zdravih rib. Tako pri klinicno bolnih kot pri
na videz zdravih ribah smo ugotovili razlicne patoanatomske spremembe, zato
smo za potrebe statistiCche analize uvedli mejno vrednost indeksa raztelesbe rib =
5,5, na podlagi katere smo razlikovali med okuzenimi (INF) in negativnimi zdravimi
(NH) ribami.

V okviru naSe raziskave je bila F. psychrophilum najpogosteje izolirana patogena
flavobakterija pri slovenskih gojenih Sarenkah (128/540; 23,7 %), saj smo jo
ugotovili v vseh proucCevanih ribogojnicah in v vseh letnih ¢asih. Ugotovili smo
statisticno znacilne razlike v prevalenci okuzb med posameznimi ribogojnicami, pri
¢emer je bila prevalenca v F3 in F4 viSja kot v F1 in F2. To nakazuje, da je okuzZba
s F. psychrophilum verjetno pomembno prispevala k povecani smrtnosti rib v teh
dveh ribogojnicah. F. psychrophilum-INF ribe so imele statisticno znacilno nizjo
telesno maso in celotno telesno dolzino v primerjavi z NH ribami, kar je skladno s
podatki iz literature, da je zarod bolj dovzeten za okuzbo. Vendar pa smo v
raziskavi ugotovili okuzbo pri ribah razli€nih razvojnih stopenj. Razlika v K med
INF in NH ribami ni bila statisticno znacilna, kar kaze, da okuzba ni pomembno
vplivala na telesno kondicijo rib. F. psychrophilum-INF ribe so imele statistiCno
organih (angl. organ score value), razen Skrznih poklopcev, Zelodca s pilori€nimi
podaljSki in Crevesja. Pri INF ribah smo ugotovili razlicne patoanatomske
spremembe, od katerih so bile Stevilne Ze opisane v literaturi, med drugim erozije
in ulceracije kozZe in plavuti ter pri nekaterih ribah popolno izgubo repne plavuti in

globoko ulceracijo repnega stebla (bolezen repnega stebla) ali pa rep v obliki ¢rke



208
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

S. Ugotovili smo tudi zadebelitev Skrg, anemijo Skrg in notranjih organov,
povec€anje vranice ter druge spremembe, znacilne za sistemsko okuzbo. Opazili
pa smo tudi patoanatomske spremembe, ki do zdaj Se niso bile opisane pri okuzbi
s F. psychrophilum, kot sta poveCanje jeter in ledvic, v katerih smo s
histopatoloSko preiskavo nato ugotovili cirkulatorne, regresivhe in vnetne

spremembe.

Z analizo rezultatov histopatoloSke preiskave smo potrdili statisticno znacilne
razlike med F. psychrophilum-INF in NH ribami za vse analizirane organe, razen
za trebusno slinavko. Cirkulatorni, regresivni in vnetni reakcijski indeksi so bili pri
INF ribah znacilno vi§ji v vecini pregledanih organov, medtem ko je bila razlika za
progresivni reakcijski indeks statisticno znacilna le za Skrge, vranico in ledvica. S
histopatolosko preiskavo smo pri F. psychrophilum-INF ribah ugotovili krvavitve,
nekroze, degenerativne spremembe ter infiltracijo limfocitov, makrofagov in
nevtrofilcev v vecini pregledanih organov. Vendar pa smo statisticno znacilne
razlike med F. psychrophilum-INF in NH ribami potrdili le za nekaj sprememb.
NajveC statisticno znacilnih sprememb smo ugotovili v koZi in Skrgah
F. psychrophilum-INF rib; v kozi so te spremembe vkljuCevale hidropsko ali
vakuolarno degeneracijo, nekrozo, erozijo, ulceracijo ter infiltracijo epidermisa z
nevtrofilci, krvavitve in nekrozo dermisa, izgubo ali resorpcijo lusk ali kosti,
krvavitve, hidropsko degeneracijo in Zenkerjevo degeneracijo (nekrozo) skeletne
makrofagi in nevtrofilci ter prisotnost seroznega ali fibrinskega eksudata. V Skrgah
F. psychrophilum-INF rib smo statisticno znacilno pogosteje ugotovili krvavitve in
nekroze v lamelah in filamentih, hidropsko ali vakuolarno degeneracijo, nekrozo,
hipertrofijo in hiperplazijo epitelnih celic, ki vodi v zras€anje lamel, ter infiltracijo
lamel in filamentov z limfociti, makrofagi in/ali nevtrofilci. V ledvicah INF rib smo
ugotovili statisticno znacilne razlike za hiperplazijo hematopoetskega tkiva, v
vranici pa za aktivacijo retikuloendotelnega sistema (RES) in hiperplazijo ali pa
atrofijo bele pulpe, kar nakazuje aktivacijo imunskega sistema ob okuzbi. Te
spremembe v literaturi Se niso bile opisane ali pa so opisane le redko. V ledvicah
smo ugotovili tudi hidropsko, vakuolarno in hialino kapljicasto degeneracijo

ledviénih tubulov ter zmanj$ano regeneracijo tubulov pri INF ribah. Ceprav so
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krvavitve, nekroze in vnetje parenhima in kapsule vranice v literaturi pogosto
opisane, v nasi raziskavi nismo ugotovili statisticno znacilnih razlik med INF in NH
ribami. V jetrih INF rib smo dokazali statisticno znacCilne razlike za krvavitve,
zmanjSano vakuolizacijo hepatocitov, vakuolarno in/ali mikro- ali makrovezikularno
mascobno degeneracijo, nekrozo ter infiltracijo parenhima z nevtrofilci. Nekatere
spremembe v prebavilih, kot so intercelularni edem, vakuolarna degeneracija in
nekroza Zelod¢nih zlez ter limfocitna infiltracija sluznice, za katere smo ugotovili
statisticno znacilne razlike med INF in NH ribami, v preteklih raziskavah Se niso

bile opisane ali pa so opisane zgolj redko.

F. branchiophilum smo izolirali iz Skrg 11 rib (11/540; 2,04 %) iz ribogojnic F1 in F2
med poletnim vzoréenjem. Ob izolaciji smo opazili le posamezne kolonije, poleg
tega pa je ta bakterija izredno zahtevna za gojenje, zato obstaja moznost, da
izolacija ni bila vedno uspeSna. Okuzene ribe so bile razli¢nih velikosti, kar kaze,
da so Sarenke dovzetne za okuzbo v razli¢nih Zivljenjskih obdobijih. Podobno kot
pri F. psychrophilum nismo zaznali znacilnih razlik v K med F. branchiophilum-INF
raztelesbe ter visjo oceno patoloskih sprememb v Skrgah in vranici. Pri raztelesbi
smo ugotovili anemijo Skrg in pri eni ribi tudi anemijo vranice in ledvic, zadebelitev
8krg, nekrozo konic Skrznih filamentov pri eni ribi ter skrajSane Skrzne poklopce.
Pri analizi podatkov histopatolo$ke preiskave smo statisticno znacilno razliko med
F. branchiophilum-INF in NH ribami ugotovili zgolj za zras€anje Skrznih filamentov,
kar nakazuje mocno hiperplazijo epitela. Poleg tega smo ugotovili tudi druge
spremembe, kot so krvavitve, nekroze in infiltracijo z limfociti, makrofagi in
nevtrofilci. NaSe ugotovitve se ujemajo s prejSnjimi opisi patoloskih sprememb pri
bakteriozi skrg (BGD).

S pomocjo metode MALDI-TOF MS smo identificirali 2652 izolatov iz rodu
Flavobacterium ter 2105 izolatov shranili pri —70 °C. Zaradi visoke vrstne
raznolikosti znotraj rodu Flavobacterium in omejenega Stevila referencnih profilov
masnih spektrov (MSP) v Brukerjevi MALDI-TOF MS bazi podatkov pri 75,98 %
izolatih nismo mogli dolociti vrste. To je bila tudi glavha omejitev raziskave, saj

zaradi majhnega Stevila izolatov z zanesljivo identifikacijo vrste statisticna analiza
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patoloskih sprememb za vecino manj znanih vrst Flavobacterium ni bila mogoca.
Analizo histopatoloskih sprememb smo lahko izvedli le za vrste F. hercynium,
F. hydatis in F. frigidimaris, ki smo jih izolirali iz Skrg in koZe bolnih ter na videz
zdravih rib. Rezultati so pokazali, da so bile ocene za ulceracijo koze ter
hiperplazijo in hipertrofijo epitela Skrg statisticno znacilno visje pri ribah, okuzenih
s F. hercynium oziroma F. hydatis, kar potrjuje domnevo, da sta ti vrsti lahko
patogeni za ribe. Glede na predhodne raziskave lahko F. hydatis povzroCa
podobne patoloSke spremembe, kot so opisane pri BGD. Pri analizi za
F. frigidimaris v na$i raziskavi nismo ugotovili statisticno znacilnih razlik, kar
nakazuje, da ta vrsta ni povzroCila patoloskih sprememb. V raziskavi smo iz
notranjih organov ali pa v ve¢jem S$tevilu iz Skrg in/ali koze rib s patoanatomskimi
in/ali histopatoloskimi spremembami izolirali tudi druge manj znane in domnevno
nove vrste, kar nakazuje njihovo morebitno patogenost. Obsezna zbirka
shranjenih izolatov nham omogoca izvedbo prihodnjih raziskav, s katerimi bomo
lahko dolocili identiteto izolatov do nivoja vrste, ocenili njihov patogeni potencial in
raziskali njihov pomen v odnosu do rib, bodisi kot ribjih patogenov, komenzalov ali
mutualistov. Pomembno je poudariti, da so bile ribe v tej raziskavi naravno
okuZene, zato so lahko bile nekatere ugotovljene spremembe posledica soasnih
okuzb z drugimi povzrocCitelji. Hierarhi¢no razvr§€anje med vzorenimi ribami in
vrstami rodu Flavobacterium, ki smo jih izolirali iz ve¢ kot 1% osebkov, ni
pokazalo statisticno znacilnih povezav med vzorci razvr§€anja in zdravstvenim

stanjem rib, letnimi Casi ali vzorceniji.

Z mikrodilucijsko metodo dolo¢anja minimalne inhibitorne koncentracije (MIC) smo
izvedli AST za 10 antibiotikov iz sedmih razlicnih skupin protimikrobnih zdravil.
Vecina testiranih ucCinkovin se pogosto uporablja v ribogojstvu, vkljuéno s
florfenikolom (FLO) in oksitetraciklinom (OXY), ki sta odobrena za uporabo v
Sloveniji. AST smo izvedli za 54 izolatov F. psychrophilum, osem izolatov
F. branchiophilum, dva izolata F. branchiarum, F. bernardetii, F. collinsii in
F. celericrescens ter en izolat F. difficile, F. erciyesense, F. hercynium,
F. oncorhynchi, F. piscis, F. tiangeerense in F. tructae. Testirali smo tudi 29
izolatov, ki so pripadali 11 domnevno novim vrstam Flavobacterium. Skupno smo

testirali 106 izolatov iz rodu Flavobacterium, ki so predstavljali 24 razlicnih vrst.
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Institut za klini€ne in laboratorijske standarde (CLSI) je v letu 2020 izdal vodilo
VETO03 z najnovejsimi navodili za standardizirano mikrodilucijsko metodo za AST
F. psychrophilum ter vodilo VETO04, ki vsebuje prve epidemioloSke mejne vrednosti
(ECV) za enrofloksacin (ENR), eritromicin (ERY), FLO, oksolinsko kislino (OXO) in
OXY. Z uporabo metode normalizirane interpretacije odpornosti (NRI, angl.
normalised resistance interpretation) smo izracunali zaCasno epidemiolosko mejno
vrednost za divji tip (COwr) za ampicillin (AMP), ki se je ujemala z redkimi
obstojeCimi raziskavami (< 0,125 pg/ml). Visok delez izolatov F. psychrophilum je
bil zunaj obmodja divjega tipa (NWT) za OXY (81,5 %) in kinolone (87,0 % za ENR
in 90,7 % za OXO); poleg tega so izolati imeli visoke MIC za ceftazidim (CTZ) in
trimetoprim/sulfametoksazol (TRS). ZmanjSana obcutljivost F. psychrophilum za
OXY in kinolone je verjetno posledica pogoste uporabe teh protimikrobnih zdravil v
ribogojstvu. Vsi izolati so bili divijega tipa (WT) za FLO, kar nakazuje, da je FLO
primernejSa izbira za zdravljenje okuzb s F. psychrophilum v Sloveniji kot OXY.
Vecina izolatov je bila tudi WT za AMP in ERY; poleg tega so izolati imeli nizke
MIC za gentamicin (GEN) in meropenem (MER). Glede na omejeno S$tevilo
raziskav, v katerih so wuporabili standardizirano metodo za AST za
F. psychrophilum, nasi rezultati pomembno prispevajo k razumevanju obcutljivosti
tega pomembnega patogena na protimikrobna sredstva tako v svetovnem kot Se

zlasti v evropskem prostoru.

Razlikovanje med fenotipi WT in NWT za F. branchiophilum in manj znane
flavobakterije ni bilo mogoCe zaradi pomanjkanja standardiziranih metod za AST
ter ECV. Ker izolati F. branchiophilum in nekaterih manj znanih vrst
Flavobacterium niso rasli, ko smo uporabili standardizirano metodo, priporo¢eno
za F. psychrophilum, smo metodo prilagodili tako, da smo v sterilno destilirano
vodo, ki smo jo uporabili za pripravo razredCenega Mueller-Hinton bujona s
prilagojeno vsebnostjo kationov (DCAMHB, angl. diluted cation-adjusted Mueller-
Hinton broth) dodali 50 mg/l kalcijevih, magnezijevih in Kkalijevih kationov.
Prilagoditev standardizirane metode za F. psychrophilum je omogocila uspesno
AST za F. branchiophilum in druge za gojenje zahtevne flavobakterije, kar lahko
prispeva k razvoju standardizirane metode za F. branchiophilum. Pri AST za

F. branchiophilum smo z uporabo AO bujona ugotovili podobne rezultate. Pri
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uporabi prilagojene metode so bile MIC vrednosti za OXY in kinolone na splosno
nizje, kar je morda posledica viSje koncentracije dvovalentnih kationov v gojiScu,
za katere je poznano, da zmanjSujejo bioloSko aktivnost teh uc€inkovin. Ugotovili
smo, da so imeli izolati iste vrste podobne MIC. Nekatere vrste, kot so
F. branchiarum, F. collinsii, F. hercynium, F. oncorhynchi, F. piscis in FX23, so
imele MIC v zgorniji polovici testiranega koncentracijskega obmocja za vseh deset
protimikrobnih u€inkovin. Poleg tega je imel vsaj en izolat drugih vrst flavobakterij
MIC, ki je presegala ECV, priporoCeno za F. psychrophilum za AMP
(F. bernardetii, F. celericrescens, F. erciyesense, F. tiangeerense, F. tructae, FX2,
FX3, FX5, FX9, FX10, FX15, FX18, FX27, FX32 in FX36), ERY (F. tructae in
FX36), FLO (F. tructae), OXY (F. branchiophilum, F. tructae, FX2, FX5, FX10 in
FX36) ter za kinolone ENR (F. branchiophilum, F. celericrescens, F. difficile,
F. erciyesense, F. tructae, FX9, FX10, FX15, FX32 in FX36) in OXO
(F. celericrescens, FX9, FX15 in FX36). MIC nekaterih vrst smo ugotovili tudi v
srednjem ali zgornjem delu testiranega koncentracijskega obmocja za GEN
(F. erciyesense, F. tiangeerense, F. tructae, FX2, FX9, FX10, FX15, FX27, FX32
in FX36) in MER (F. tructae, FX27 in FX36). Zanimivo je, da so imeli vsi izolati
F. psychrophilum, vkljuéno z referenénim sevom, ter vsi izolati F. branchiophilum
in manj znanih vrst visoke MIC za CTZ. Visoke MIC smo ugotovili pri vecini
testiranih izolatov tudi za TRS, razen pri F. branchiophilum in nekaterih izolatih
F. psychrophilum. Ti rezultati kaZejo na morebitno intrinzicno odpornost ali
neznane mehanizme odpornosti vecine flavobakterij proti CTZ in TRS. Poleg tega
smo ocenili skladnost med fenotipskimi in genotipskimi profili odpornosti proti
protimikrobnim zdravilom (AMR) izolatov F. psychrophilum in F. branchiophilum.
Zamenjavo T83A ali T83V v GyrA, ki je bila v literaturi Ze opisana v povezavi z
odpornostjo F. psychrophilum proti kinolonom, smo ugotovili pri petih od sedmih
sekvenciranih izolatov F. psychrophilum, kar se je popolnoma ujemalo s
fenotipsko odpornostjo proti OXO, ne pa tudi proti ENR. To nakazuje mozne
razlike v mehanizmih delovanja teh dveh ucinkovin. V preu¢evanih genomih
F. psychrophilum in F. branchiophilum nismo ugotovili AMR genov ali drugih
mutacij, povezanih z odpornostjo. Ugotovljena multirezistenca flavobakterij in

omejeno razumevanje mehanizmov odpornosti poudarjata pomen izvajanja AST
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pred zdravljenjem in potrebo po nadaljnjih raziskavah, ki bi primerjale fenotipsko in

genotipsko odpornost flavobakterij.

Na dotoku in iztoku vsakega vzorCenega bazena smo izmerili izbrane parametre
kakovosti vode, in sicer temperaturo vode, pH in raztopljeni kisik. Med raziskavo
se je temperatura vode gibala med 6,6 in 15,8 °C, pH med 7,45 in 8,42 ter
raztopljeni kisik med 7,28 in 12,11 mg/l. Parametri kvalitete vode so se statistiCno
znacilno razlikovali med letnimi €asi in med ribogojnicami. Sezonska nihanja so
bila skladna s priCakovanimi podnebnimi vplivii, medtem ko razlike med
posameznimi ribogojnicami odrazajo edinstvene fizikalno-kemijske znadcilnosti
posameznih lokacij, verjetno zaradi razli€nih vodnih virov, lokalnih okoljskih razmer
in praks upravljanja ribogojnic. Statisticno znacilne razlike smo ugotovili tudi med
vhodno in izhodno vodo, kar najverjetneje odraza vpliv presnovne aktivnosti rib.
Raziskali smo tudi povezavo med okuzbami s F. psychrophilum in
F. branchiophilum ter parametri kakovosti vode ter ugotovili statisticno znacilno
povezavo med okuzbami s F. psychrophilum in zviSanjem pH vode na dotoku ter z
zimsko sezono. Ugotovljena povezava med okuzbo in zviSanjem pH v drugih
raziskavah Se ni bila opisana. Nasprotno smo F. branchiophilum izolirali le poleti,
okuzbe pa so bile statisticho znacilno povezane s povisano temperaturo vode na
dotoku in iztoku ter znizano koncentracijo raztopljenega kisika na iztoku. Poleg
tega smo pred vzorCenjem opazili mo¢ne padavine in pove¢ano motnost vode, kar
lahko glede na podatke iz literature prispeva h okuzbi s F. branchiophilum.
Ugotovljena povezava med tveganjem za okuzbo in parametri kakovosti vode je
verjetno posledica kombinacije stresnega vpliva okoljskih dejavnikov na ribe, kar
vodi v oslabitev imunskega sistema, ter okoljskih dejavnikov, ki ustrezajo
patogenom. Spremljanje kakovosti vode, predvsem temperature, pH in
koncentracije raztoplienega kisika ob upoStevanju sezonskih vplivov lahko
pripomore k napovedi poveCanega tveganja za okuzbe s F. psychrophilum in

F. branchiophilum ter omogoci pravo€asno izvajanje preventivnih ukrepov.

Rezultati naSe raziskave kazejo, da so sofasne okuzbe oziroma infestacije z
razli€nimi patogeni pri gojenih Sarenkah zelo pogoste. Poleg flavobakterij smo

ugotovili razlicne patogene rib, pri ¢emer so bili najpogostejsi paraziti, in sicer
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Acanthocephalus spp., amebe, Apiosoma spp., Chilodonella  spp.,
Dermocystidium spp., Epistylis spp., Ichthyobodo necator, Ichthyophthirius
multifiliis, monogeni sesaCi (Gyrodactylus spp. ali Dactylogyrus spp.),
Tetracapsuloides bryosalmonae, Trichodina spp. in Riboscyphidia spp. Za oceno
infestacije s paraziti smo odvzeli ostruzke kozZe in Skrg in jih po suSenju obarvali po
Giemsi. Nekatere parazite smo ugotovili tudi s histopatoloSko preiskavo. S splo$no
bakterioloSko preiskavo smo izolirali tudi druge patogene bakterije, kot so
Aeromonas salmonicida subsp. salmonicida, Aeromonas spp., Carnobacterium
maltaromaticum, Citrobacter gillenii, Lactococcus garvieae in Pseudomonas spp.
ter s histopatolosko preiskavo ugotovili Renibacterium salmoninarum in
spremembe, znacilne za bolezen epitelijskih cist (angl. epitheliocystis disease). S
histopatolosko preiskavo smo ugotovili tudi glive Saprolegnia spp. Ob parazitolo$ki
in histopatoloski preiskavi smo stopnjo infestacije oziroma okuzbe ocenili kot
blago, zmerno ali mocCno ter rezultate uporabili za analizo povezave med
prisotnostjo drugih patogenov in okuzbo s F. psychrophilum. Pearsonov hi-kvadrat
test je pokazal, da je bila okuzba s F. psychrophilum povezana z infestacijo Skrg in
koZze z monogeni sesaCi (Monogenea). Za druge patogene nismo ugotovili
statisti€no znacilne povezave. Natan¢ni mehanizmi, s katerimi infestacija s paraziti
pripomore h okuzbi z bakterijami, Se niso povsem pojasnjeni. Mozno je, da paraziti
povzrocijo posSkodbo epitela koze in Skrg rib ter s tem olajSajo vstop bakterij, da
delujejo kot vektorji ali pa gostitelju povzrocijo stres, ki vodi v zmanjSano imunsko

odpornost.

Z raziskavo smo pridobili pomembne podatke o biodiverziteti flavobakterij,
povezanih z ribami, ter o pomembnih patogenih vrstah pri Sarenki v Sloveniji.
Raziskava vsebuje podrobne in nove informacije o patoloskih spremembah,
povezanih z okuzbami s F. psychrophilum in F. branchiophilum; rezultati prav tako
nakazujejo patogenost manj znanih vrst F. hercynium in F. hydatis. Ta raziskava je
tudi ena izmed redkih, v kateri je bila preuCena povezava med okuzbo rib s
flavobakterijami in patoanatomskimi in/ali histopatoloSkimi spremembami.
Raziskava omogoc€a razvoj ciljno usmerjenih terapevtskih in preventivnih strategij
ter predstavlja osnovo za nadaljnje raziskave o biodiverziteti in znacilnostih

flavobakterij ter njihovega vpliva na zdravije rib.
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APPENDICES

Appendix 1: Owner's informed consent form

First and last name of the owner:

Fish farm (location, G-MID farm identification number):

Animal information: rainbow trout (Oncorhynchus mykiss)

Owner’s declaration:

I, the undersigned, as the owner of the above-mentioned animals, have understood the procedures
to be carried out as part of the research entitled “Biodiversity of pathogenic flavobacteria in rainbow
trout (Oncorhynchus mykiss) and dynamics of infections in selected Slovene fish farms” and

consent to the use of my animals in this research.

With my signature, | permit the collection of samples for the following purposes:

necropsy, histopathological, and bacteriological examination

My participation in the research is entirely voluntary, and | can refuse or terminate my participation
at any time during the research.

| have been informed that the results of this research will contribute to the advancement of
veterinary medicine. | am aware that the methodology of this research has been reviewed and
approved by the Ethical Committee for experiments on animals.

Associate Professor Dr. Tanja Svara, who is responsible for the safe conduct of the research, has
clearly explained to me the benefits, risks, and potential discomforts to which my animals may be

exposed.

Therefore, | voluntarily and knowingly consent to the use of my animals in this research and agree
that any samples collected during the research may be used for research purposes. | also consent
to the publication of the research results and the use of photographic material, provided that the

identity of the owner is not disclosed.

Signature of the animal owner:
Date:

Researcher’s declaration:

I, the undersigned, have clearly explained to the animal owner the benefits, risks, and potential

discomforts of participating in the research.
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Signature of the researcher:
Date:
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Appendix 2: Questionnaire for fish farmers

Note: The questionnaire was completed directly by the fish farmers, but inconsistencies were noted
in several responses, particularly regarding the dimensions of the fish tanks, the number of fish per
tank, and the body weight of the fish, which prevented an accurate calculation of the fish density
per tank.

NA, answer not available.

A) QUESTIONNAIRE: FIRST LONGITUDINAL SAMPLING AND INDIVIDUAL SAMPLINGS

|. GENERAL INFORMATION

1. What is the annual production of fish (kg or tons)?

FISH FARM Answer
F1_autumn 2022 8 tons
F2_autumn 2022 200 tons
F3_March 2023 15 tons
F4_June 2024 5 tons

2. Which system(s) do you use?

ponds/parallel tanks/flow-through tanks/partial recirculation systems/recirculation systems/other

FISH FARM Answer

F1_autumn 2022 parallel and flow-through tanks

F2_autumn 2022 parallel and flow-through tanks

F3_March 2023 parallel and flow-through tanks

F4_June 2024 parallel tanks

3. What type of substrate is used in the tanks?

soil/soil with gravel base/concrete with gravel base/concrete/plastic/other

FISH FARM

Answer

F1_autumn 2022

concrete and plastic

F2_autumn 2022 concrete
F3_March 2023 concrete
F4_June 2024 concrete
4. What water source do you use?
spring/river/stream/lake/other

Water source name:

FISH FARM Answer
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F1_autumn 2022 spring
F2_autumn 2022 river
F3_March 2023 river
F4_June 2024 stream

5. Does the water supplying your fish farm pass through upstream fish farms? YES/NO
If yes, how many?

FISH FARM Answer
F1_autumn 2022 no

F2_autumn 2022 yes, two
F3_March 2023 yes, probably one
F4_June 2024 no

6. Is the water treated at the inflow and/or outflow (sedimentation, filtration, disinfection, etc.)?
YES/NO

FISH FARM Answer
F1_autumn 2022 no

F2_autumn 2022 no

F3_March 2023 no

F4_June 2024 yes, sedimentation

7. What is the current water flow rate (liters/second)?

FISH FARM Answer
F1_autumn 2022 40 1/s
F2_autumn 2022 1500 I/s
F3_March 2023 50 1/s
F4_June 2024 301U/s

8. Do you monitor the water quality? YES/NO

If yes, how often?

How do you perform the measurements? Probes/test strips/other

What parameters do you monitor, and what are the average values during the different seasons?
a) temperature

b) dissolved oxygen

c) pH
d) other
FISH FARM Answer
F1_autumn 2022 no, water temperature is 9 °C throughout the
year
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F2_autumn 2022 yes, daily temperature measurements using
a thermometer, on average 8-20 °C
(minimum 3 °C and maximum 23 °C)

F3_March 2023 no, water temperature around 2-14 °C

F4_June 2024 no

9. Do you also farm other fish species besides rainbow trout? YES/NO

If yes, please list the species:

FISH FARM Answer
F1_autumn 2022 no

F2_autumn 2022 yes, sturgeons
F3_March 2023 no

F4_June 2024 no

10. What age categories of rainbow trout do you have in your farm?

Eggs ( %)/sac fry ( %)/fry and fingerlings ( %)/one-year-old juveniles ( %)/two-

year-old juveniles (___ %)/adult fish or broodstock (%)

FISH FARM Answer

F1_autumn 2022 fry and fingerlings 70%, one-year-old
juveniles 20%, adult fish or broodstock 10%

F2_autumn 2022 fry and fingerlings 50%, one-year-old
juveniles 50%

F3_March 2023 fry and fingerlings 75%, one-year-old
juveniles 25%

F4_June 2024 fry and fingerlings 90%, one-year-old
juveniles 10%

11. Do you farm sterile triploid female rainbow trout? YES/NO

FISH FARM Answer
F1_autumn 2022 yes
F2_autumn 2022 yes
F3_March 2023 yes
F4_June 2024 yes

12. Do you hatch your own eggs, or do you buy the fish?
If you buy fish:
What age category(ies) do you purchase?

Do the purchased fish have any certificates (disease-free, organic farming, etc.)?

FISH FARM Answer

F1_autumn 2022 hatching their own eggs in a separate facility

F2_autumn 2022 purchasing eyed-stage eggs with a disease-
free (VHS and IHN) certificate

F3_March 2023 purchasing juveniles weighing 10 g (100
fish/kg), NA
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F4_June 2024

purchasing eyed-stage eggs with a disease-
free (VHS and IHN) certificate

II. INFORMATION ABOUT THE SAMPLED TANKS AND FISH

1. What is the size of the tank (m?3)?

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3
F1_autumn 2022 20 m?® (outside, 27 m?® (outside, 1.5 m3 (inside,
concrete) concrete) plastic)
F2_autumn 2022 256 m? (outside, 256 m3 (outside, 256 m? (outside,
concrete) concrete) concrete)
F3_March 2023 56 m® (outside, / /
concrete)
F4_June 2024 50 m?® (outside, / /
concrete)
2. How many fish are in the tank, and what is their average weight?
FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3

F1_autumn 2022

15000 fish, 40 g

2000 fish, 82 g

2000 fish, 84 g

F2_autumn 2022

4500 fish, 50 g

77556 fish, 55 g

5000 fish, 180 g

F3_March 2023

32730 fish, 55 g

/

/

F4_June 2024

141000 fish, 8.3 g

/

/

3. What is the approximate age of the fish (in days/months/years)?

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3
F1_autumn 2022 8 months 9 months 9 months
F2_autumn 2022 17-18 months 20 months 20 months
F3_March 2023 20 months / /

F4_June 2024 7 months / /

4. What is the current water flow rate in the tank?

High/satisfactory/low

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3

F1_autumn 2022

satisfactory

satisfactory

satisfactory

F2_autumn 2022

satisfactory

satisfactory

satisfactory

F3_March 2023

satisfactory

/

/

F4_June 2024

satisfactory

/

/

5. Does the water supplying the tank also flow through upstream tanks? YES/NO

If yes, how many tanks?

FISH FARM

FISH TANK 1

FISH TANK 2

FISH TANK 3
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F1_autumn 2022 no yes no

F2_autumn 2022 yes, two tanks yes, two tanks yes, two tanks
F3_March 2023 yes, two tanks / /

F4_June 2024 no / /

6. What feed do you use? How much (kg feed/kg fish) and how often per day do you feed the fish?

Do you use manual feeding or automatic feeding systems?

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3

F1_autumn 2022 Biomar, 1% feed per | Biomar, 1% feed per | Biomar, 1% feed per
1 kg of fish, twice 1 kg of fish, twice 1 kg of fish, twice
daily, manual and daily, manual and daily, manual and
automatic feeding automatic feeding automatic feeding

F2_autumn 2022 Biomar, 1% feed of Biomar, 1% feed of Biomar, 1% feed of

biomass (1 kg feed biomass (1 kg feed biomass (1 kg feed
per 100 kg fish), NA, per 100 kg fish), NA, per 100 kg fish), NA,
manual feeding manual feeding manual feeding

F3_March 2023 NA, 13.5 kg of feed / /
per 1000 kg of fish,
NA, manual feeding

F4_June 2024 Biomar, 2% feed per |/ /
1 kg of fish, once
daily, manual feeding

7. Do you currently use other food products/supplements (probiotics, vitamins, minerals, etc.)?

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3
F1_autumn 2022 no no no
F2_autumn 2022 no no no
F3_March 2023 no / /

F4_June 2024 no / /

8. Have the fish been treated with antibiotics in the last month? YES/NO

If yes, which antibiotic(s) and when?

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3
F1_autumn 2022 no no no
F2_autumn 2022 no no no
F3_March 2023 no / /

F4_June 2024 no / /

9. Have you observed any changes in the behaviour or appearance of the fish in the last month?
YES/NO

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3

F1_autumn 2022 no no no

F2_autumn 2022 no no no
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F3_March 2023

increased mortality

F4_June 2024

increased mortality

10. What was the daily mortality rate in the last two weeks?

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3
F1_autumn 2022 normal normal normal

F2_autumn 2022 normal mildly increased, 4-5 | mildly increased, 3

kg daily (normal 1 kg
daily)

kg daily (normal 1 kg
daily)

F3_March 2023

severely increased

/

/

F4_June 2024

severely increased

/

/

11. Have the fish been exposed to stress in the last two weeks (handling, transportation, sorting,

etc.)? YES/NO

If yes, please explain:

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3
F1_autumn 2022 no no no
F2_autumn 2022 no no no
F3_March 2023 no / /

F4_June 2024 no / /

Ill. DISEASES, PREVENTION, AND TREATMENT

1. Is the fish farm positive for any of the mandatory reportable infectious diseases?

Viral

status/other

FISH FARM Answer

F1_autumn 2022 disease-free status
F2_autumn 2022 IHN positive
F3_March 2023 IHN positive

F4_June 2024

disease-free status

2. Are the fish vaccinated? YES/NO

If yes, against which pathogens/diseases?

FISH FARM Answer
F1_autumn 2022 no
F2_autumn 2022 no
F3_March 2023 no
F4_June 2024 no

hemorrhagic septicemia (VHS)/infectious hematopoietic necrosis (IHN)/disease-free
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3. How often do you inspect the tanks for the health and well-being of the fish?

FISH FARM Answer
F1_autumn 2022 daily
F2_autumn 2022 daily
F3_March 2023 daily
F4_June 2024 daily

4. How often do you remove dead fish?

FISH FARM Answer
F1_autumn 2022 daily
F2_autumn 2022 daily
F3_March 2023 daily
F4_June 2024 daily

5. In your opinion, which diseases (bacterial, viral, parasitic, fungal, or other) occur frequently on

your farm?

FISH FARM Answer

F1_autumn 2022 Flavobacterium
psychrophilum
(RTFS)

F2_autumn 2022 furunculosis,
yersiniosis,
flavobacteriosis, IHN

F3_March 2023 NA

F4_June 2024 Flavobacterium
psychrophilum,
Aeromonas

6. Has a veterinarian confirmed any disease in the last month? YES/NO

If yes, which one?

FISH FARM Answer
F1_autumn 2022 no
F2_autumn 2022 no
F3_March 2023 no
F4_June 2024 no

7. Have you heard of flavobacterial diseases (including rainbow trout fry syndrome/cold water

disease, columnaris disease, bacterial gill disease)?

YES/NO
If yes, do you think they occur in your fish farm?
FISH FARM Answer

F1_autumn 2022 yes, yes
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F2_autumn 2022 yes, yes
F3_March 2023 yes, ho
F4_June 2024 yes, yes

8. Are the fish selectively bred for increased resistance to any of the flavobacterial diseases?

YES/NO

If yes, which one?

FISH FARM Answer
F1_autumn 2022 no
F2_autumn 2022 no
F3_March 2023 NA
F4_June 2024 no

9. What preventive measures do you take to avoid diseases in fish?

FISH FARM Answer

F1_autumn 2022 appropriate stocking density and feeding, hygiene, if
needed, bath/immersion treatment

F2_autumn 2022 hygiene

F3_March 2023 hygiene, salt, lime

F4_June 2024 hygiene

B) QUESTIONNAIRE: FOLLOW-UP LONGITUDINAL SAMPLINGS

INFORMATION ABOUT THE SAMPLED TANKS AND FISH

1. What is the size of the tank (m?3)?

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3

F1_winter 2023 25 m3 (outside, 7.5 m? (outside, 1.5 m3 (inside,
concrete) concrete) plastic)

F2_winter 2023 256 m?® (outside, 121 m3 (outside, 121 m3 (outside,
concrete) concrete) concrete)

F1_spring 2023 140 m?3 (outside, 27 m? (outside, 30 m3 (outside,
concrete) concrete) concrete)

F2_spring 2023 256 m? (outside, 121 m? (outside, 498 m? (outside,
concrete) concrete) concrete)

F1_summer 2023 25 m? (outside, 23 m?® (outside, 1.5 m3(inside,
concrete) concrete) plastic)

F2_summer 2023 256 m? (outside, 140 m?® (outside, 256 m? (outside,
concrete) concrete) concrete)

2. How many fish are in the tank, and what is their average weight?

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3

F1_winter 2023

10000 fish, 86 g

2000 fish, 81 g

8000 fish, 1.8 g
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F2_winter 2023

7600 fish, 500 g

35000 fish, 83 g

35000 fish, 83 g

F1_spring 2023

10500 fish, 185 g

15000 fish, 89 g

2500 fish, 166 g

F2_spring 2023

39732 fish, 100 g

26000 fish, 71 g

84220 fish, 33 g

F1_summer 2023

5700 fish, 225 g

10000 fish, 65 g

1000 fish, 14.7 g

F2_summer 2023

6000 fish, 30 g

63000 fish, 120 g

70000 fish, 50 g

3. What is the approximate age of the fish (in days/months/years)?

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3
F1_winter 2023 9 months 9 months 4 months
F2_winter 2023 33 months 23 months 23 months
F1_spring 2023 9 months 7 months 10 months
F2_spring 2023 23 months 20 months 20 months
F1_summer 2023 13 months 9 months 7 months
F2_summer 2023 20 months 23 months 20 months

4. What is the current water flow rate in the tank?

If possible, in liters/second:

or describe: high/satisfactory/low.

If the flow rate is low, do you currently apply measures such as water reuse or
aeration/oxygenation?
FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3

F1_winter 2023

satisfactory

satisfactory

satisfactory

F2_winter 2023

satisfactory

satisfactory

satisfactory

F1_spring 2023

satisfactory

satisfactory

satisfactory

F2_spring 2023

satisfactory

satisfactory

satisfactory

F1_summer 2023

satisfactory

satisfactory

satisfactory

F2_summer 2023

satisfactory

satisfactory

satisfactory

5. Does the water supplying the tank also flow through upstream tanks? YES/NO

If yes, how many tanks?

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3
F1_winter 2023 yes, NA yes, NA no

F2_winter 2023 yes, two tanks no no

F1_spring 2023 yes, NA yes, NA yes, NA
F2_spring 2023 yes, two tanks no no
F1_summer 2023 yes, NA yes, NA no
F2_summer 2023 yes, two tanks yes, three tanks yes, two tanks
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6. What feed do you use? How much (kg feed/kg fish) and how often per day do you feed the fish?

Do you use manual feeding or automatic feeding systems?

FISH FARM

FISH TANK 1

FISH TANK 2

FISH TANK 3

F1_winter 2023

Biomar, 1% of fish
weight, twice daily,
manual and
automatic feeding

Biomar, 1% of fish
weight, twice daily,
manual and
automatic feeding

Biomar, 1.5% of fish
weight, twice daily,
manual and
automatic feeding

F2_winter 2023

Biomar, 1% feed of
biomass (1 kg feed
per 100 kg fish), NA,
manual feeding

Biomar, 1% feed of
biomass (1 kg feed
per 100 kg fish), NA,
manual feeding

Biomar, 1% feed of
biomass (1 kg feed
per 100 kg fish), NA,
manual feeding

F1_spring 2023

Biomar, diameter 4.5
mm, 25 kg/day, five
times daily,
automatic feeding

Biomar, diameter 2
mm, 18 kg/day, NA,
manual feeding

Biomar, diameter 4.5
mm, 12 kg/day, NA,
manual feeding

F2_spring 2023

Biomar, 1% feed of
biomass (1 kg feed
per 100 kg fish), NA,
manual feeding

Biomar, 1% feed of
biomass (1 kg feed
per 100 kg fish), NA,
manual feeding

Biomar, 1% feed of
biomass (1 kg feed
per 100 kg fish), NA,
manual feeding

F1_summer 2023

Biomar, 15 kg feed
per 1425 kg
biomass, twice
daily, manual and
automatic feeding

Biomar, 7 kg feed
per 650 kg biomass,
twice daily, manual
and automatic
feeding

Biomar, 1.5 kg feed
per 15 kg biomass,
NA, manual feeding

F2_summer 2023

Biomar, 1% feed of
biomass (1 kg feed
per 100 kg fish), NA,
manual feeding

Biomar, 1% feed of
biomass (1 kg feed
per 100 kg fish), NA,
manual feeding

Biomar, 1% feed of
biomass (1 kg feed
per 100 kg fish), NA,
manual feeding

7. Do you currently use other food products/supplements (probiotics, vitamins, minerals, etc.)?

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3
F1_winter 2023 no nho no
F2_winter 2023 no nho no
F1_spring 2023 no nho no
F2_spring 2023 no nho no
F1_summer 2023 no no no
F2_summer 2023 no no no

8. Have the fish been treated with antibiotics in the last month? YES/NO

If yes, which antibiotic(s) and when?

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3
F1_winter 2023 no no no
F2_winter 2023 no no no
F1_spring 2023 no no no
F2_spring 2023 no no no
F1_summer 2023 no no no
F2_summer 2023 no no no
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9. Have you observed any changes in the behavior or appearance of the fish in the last month?

YES/NO

If yes, please describe (when/duration, what were the first signs, how did they progress, what

percentage of fish was affected, mortalities, etc.):

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3
F1_winter 2023 no no no
F2_winter 2023 no no no
F1_spring 2023 no no no
F2_spring 2023 no no no
F1_summer 2023 no no no
F2_summer 2023 no no no
10. Has a veterinarian confirmed any disease in the last month? YES/NO
If yes, which one?
FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3
F1_winter 2023 no no no
F2_winter 2023 no no no
F1_spring 2023 no no no
F2_spring 2023 no no no
F1_summer 2023 no no no
F2_summer 2023 no no no
11. What was the daily mortality rate in the last two weeks?
FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3
F1_winter 2023 normal normal normal
F2_winter 2023 very mildly normal normal
increased, 2 kg daily
(normal 1 kg daily)
F1_spring 2023 normal normal normal
F2_spring 2023 normal normal normal
F1_summer 2023 normal normal normal

F2_summer 2023

mildly increased, 5
kg daily (normal 1 kg
daily)

mildly increased, 5
kg daily (normal 1 kg
daily)

mildly increased, 4
kg daily (normal 1 kg
daily)

12. Have the fish been exposed to stress in the last two weeks (handling,

transportation, sorting,

etc.)? YES/NO

If yes, please explain:

FISH FARM FISH TANK 1 FISH TANK 2 FISH TANK 3
F1_winter 2023 no no no
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F2_winter 2023 no no no
F1_spring 2023 no no no
F2_spring 2023 no no no
F1_summer 2023 no no no
F2_summer 2023 no no no
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Appendix 3: Information on the Flavobacterium isolates subjected to whole genome sequencing
and/or antimicrobial susceptibility testing, including sampling time, fish farm, fish tank, health status

of the fish, source of isolation, and other positive organs

ISOLATE FLAVOBACTERIUM SAMPLING FISH ISOLATION OTHER
NAME SPECIES TIME FARM, SOURCE POSITIVE
TANK, ORGANS
HEALTH#

F21 F. psychrophilum Autumn 2022 F1T1D kidney gills, skin

F23 F. psychrophilum Autumn 2022 F1T1D skin -

F27 F. psychrophilum Autumn 2022 F1T2D gill skin, liver

F29 F. psychrophilum Autumn 2022 F1T2D kidney -

F35 F. psychrophilum Autumn 2022 F1T3D gill -

F36 F. psychrophilum Autumn 2022 F1T3D kidney liver

F38 F. psychrophilum Autumn 2022 F1T2H skin -

F82 F. psychrophilum Autumn 2022 F2T2D kidney gills, skin,
spleen, liver

F88 F. psychrophilum Autumn 2022 F2T2D skin -

F202 F. psychrophilum Winter 2023 F1T1D spleen -

F206 F. psychrophilum Winter 2023 F1T1D spleen gill, kidney,
liver

F211 F. psychrophilum Winter 2023 F1T2D kidney gill, spleen,
liver

F328 F. psychrophilum Winter 2023 F1T3D liver -

F332 F. psychrophilum Winter 2023 F1T3D kidney gill, spleen

F296 F. psychrophilum Winter 2023 F1T1H gill -

F255 F. psychrophilum Winter 2023 F1T2H spleen gill, kidney,
liver

F341 F. psychrophilum Winter 2023 F1T3H spleen -

F415 F. psychrophilum Winter 2023 F2T1D skin -

F418 F. psychrophilum Winter 2023 F2T2D skin -

F421 F. psychrophilum Winter 2023 F2T2D skin -

F444 F. psychrophilum Winter 2023 F2T3D skin spleen, liver

F427 F. psychrophilum Winter 2023 F2T3D skin -

F1125 F. psychrophilum Spring 2023 F1T1D skin -

F1126 F. psychrophilum Spring 2023 F1T1D skin -

F937 F. psychrophilum Spring 2023 F1T2D skin kidney

F1127 F. psychrophilum Spring 2023 F1T3D skin -

F1070 F. psychrophilum Spring 2023 F1T3D liver -

F1146 F. psychrophilum Spring 2023 F1T2H gill -

F1147 F. psychrophilum Spring 2023 F1T3H skin -

F1184 F. psychrophilum Spring 2023 F2T1D spleen gills, skin,
kidney, liver

F1186 F. psychrophilum Spring 2023 F2T1D spleen kidney

F1187 F. psychrophilum Spring 2023 F2T2D spleen skin, kidney,
liver

F1188 F. psychrophilum Spring 2023 F2T2D spleen skin, kidney,
liver

F1266 F. psychrophilum Spring 2023 F2T3D spleen skin, kidney,
liver
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F1267 F. psychrophilum Spring 2023 F2T3D kidney spleen, liver

F1268 F. psychrophilum Spring 2023 F2T3H liver -

F1560 F. psychrophilum Summer 2023 | F1T1D skin -

F1516 F. psychrophilum Summer 2023 | F1T1D skin -

F1518 F. psychrophilum Summer 2023 | F1T2D kidney liver

F1562 F. psychrophilum Summer 2023 | F1T3D skin -

F1519 F. psychrophilum Summer 2023 | F1T3D liver gills, skin,
spleen,
kidney

F1595 F. psychrophilum Summer 2023 | F1T1H gill -

F1719 F. psychrophilum Summer 2023 | F2T1D liver skin

F1723 F. psychrophilum Summer 2023 | F2T1D skin gill, kidney

F1828 F. psychrophilum Summer 2023 | F2T2D spleen skin, kidney,
liver

F1819 F. psychrophilum Summer 2023 | F2T2D gill skin, spleen,
kidney, liver

F1824 F. psychrophilum Summer 2023 | F2T1H gill -

F1823 F. psychrophilum Summer 2023 | F2T2H gill -

F551 F. psychrophilum March 2023 F3D liver gills, skin,
spleen,
kidney

F621 F. psychrophilum March 2023 F3D skin gill

F896 F. psychrophilum March 2023 F3H gill -

F2125 F. psychrophilum June 2024 F4D spleen kidney, liver

F2130 F. psychrophilum June 2024 F4D liver skin, spleen,
kidne

F2123 F. psychrophilum June 2024 F4D kidney splee?l\, liver

F1517 F. branchiophilum Summer 2023 | F1T2D gill -

F1628 F. branchiophilum Summer 2023 | F1T3D gill -

F1629 F. branchiophilum Summer 2023 | F1T3D gill -

F1727 F. branchiophilum Summer 2023 | F2T1D gill -

F1728 F. branchiophilum Summer 2023 | F2T2D gill -

F1862 F. branchiophilum Summer 2023 | F2T3D gill -

F1822 F. branchiophilum Summer 2023 | F2T2H gill -

F1730 F. branchiophilum Summer 2023 | F2T3H gill -

F1040 F. bernardetii Spring 2023 F1T1D skin -

F609 F. bernardetii Spring 2023 F1T1D skin -

F324 F. branchiarum Winter 2023 F1T2D skin -

F963 F. branchiarum Spring 2023 F1T2D gill -

F1856 F. celericrescens Summer 2023 | F2T2H gill -

F1959 F. celericrescens Summer 2023 | F2T1H gill -

F1673 F. collinsii Summer 2023 | F2T1D gill -

F1548 F. collinsii Summer 2023 | F1T1D skin -

F2097 F. cupriresistens June 2024 F4D gill -

F1633 F. difficile Summer 2023 | F1T2D gill -

F562 F. erciyesense March 2023 F3D skin -

F2050 F. hercynium June 2024 F4D gill -

F1942 F. oncorhynchi Summer 2023 | F2T1D liver gill
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F1228 F. piscis Spring 2023 F2T1D gill -
F1485 F. tiangeerense Summer 2023 | F1T1D gill -
F1900 F. tructae Summer 2023 | F2T3D gill -
F1141 FX1 Spring 2023 F1T2D gill -
F334 FX2 Winter 2023 F1T2H skin -
F317 FX2 Winter 2023 F1T3H skin -
F1038 FX2 Spring 2023 F1T1D skin -
F1048 FX3 Spring 2023 F1T3D gill -
F1821 FX3 Summer 2023 | F2T2D liver gills, skin,
F1782 FX3 Summer 2023 | F2T2D skin gill, liver
F1100 FX4 Spring 2023 F1T2H gill -
F1933 FX5 Summer 2023 | F2T3H gill -
F1140 FX5 Spring 2023 F1T3D gill liver
F1142 FX5 Spring 2023 F1T1D gill -
F1466 FX6 Spring 2023 F2T3D skin -
F1987 FX7 Summer 2023 | F2T1D gill -
F1718 FX8 Summer 2023 | F2T1D spleen skin
F1616 FX9 Summer 2023 | F1T3D gill -
F945 FX9 Spring 2023 F1T1D gill -
F944 FX10 Spring 2023 F1T1D skin -
F1511 FX10 Summer 2023 | F1T2D liver gill
F1498 FX11 Summer 2023 | F1T1D gill -
F62 FX12 Autumn 2022 F2T1H liver gill
F65 FX13 Autumn 2022 F2T2H spleen -
F77 FX14 Autumn 2022 F2T1D liver -
F2167 FX15 June 2024 F4D gill -
F2043 FX15 June 2024 F4D gill -
F1859 FX15 Summer 2023 | F2T1D spleen -
F1692 FX15 Summer 2023 | F2T1D gill -
F106 FX15 Autumn 2022 F2T1H spleen -
F1677 FX15 Summer 2023 | F2T1D liver -
F283 FX16 Winter 2023 F1T3D gill -
F616 FX17 March 2023 F3H skin -
F1773 FX18 Summer 2023 | F2T1D skin -
F626 FX18 March 2023 F3H spleen gill
F656 FX19 March 2023 F3D gill -
F666 FX20 March 2023 F3D skin -
F799 FX21 March 2023 F3D skin -
F1112 FX22 Spring 2023 F1T2D skin -
F1259 FX23 Spring 2023 F2T2D skin -
F1213 FX23 Spring 2023 F2T2D skin -
F1252 FX24 Spring 2023 F2T1D liver -
F1418 FX25 Spring 2023 F2T2D skin gill
F1486 FX26 Summer 2023 | F1T2D skin -
F1593 FX27 Summer 2023 | F1T1D liver -
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F1527 FX27 Summer 2023 | F1T1D liver -
F1631 FX28 Summer 2023 | F1T3D skin -
F1678 FX29 Summer 2023 | F2T1D liver -
F1683 FX30 Summer 2023 | F2T1D skin gill
F1698 FX31 Summer 2023 | F2T2D skin -
F1715 FX32 Summer 2023 | F2T1D kidney -
F2020 FX32 Summer 2023 | F2T2D skin -
F1797 FX33 Summer 2023 | F2T1D gill -
F1849 FX34 Summer 2023 | F2T2D skin -
F1902 FX35 Summer 2023 | F2T1H gill -
F1996 FX36 Summer 2023 | F2T1H gill -
F2035 FX36 Summer 2023 | F2T1H gill -
F2009 FX37 Summer 2023 | F2T1D gill -
F2034 FX38 Summer 2023 | F2T1D kidney -
F2063 FX39 June 2024 F4D skin -
F2074 FX40 June 2024 F4D gill -
F1757 FX41 Summer 2023 | F2T2D gill -
#F, fish farm; T, fish tank; D, diseased fish; H, apparently healthy fish.

Isolates that were further characterised using whole-genome sequencing (WGS) are marked in

bold, isolates that underwent antimicrobial susceptibility testing (AST) are marked in

isolates that underwent both WGS and AST are marked in bold and italic.

italic, and
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Appendix 4: Pairwise comparison of blast-based average nucleotide identity (ANIb) values between

Flavobacterium species isolates and their closest phylogenetic relatives

cPossnss 1




277
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.




278
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

o

o
®

z
g
2
o -06
&
g
£
g
S -04
g
d
=
=
= -0.2
- Genomes
0.0

F1678

Fg44

F1511

F2050

Fhercynium_MUGWO00000000.1

i . o C 7 76 77 [ 1259

F1213

Fflavipigmentatum_NZ_CP0OB7133.1

Genomes

Fbizetiae

Firigidimaris MUGVOL.1

Flaiguense_QCZHOL.1

F1757

Fpraedii_NZ_CP113948.1

Fgawalongense_VjZPO000D0D0.1

Facetivorans_NZ_CP0B7132.1

=
B
s

Genomes
F1511
F2050
F1259
F1213

Fbizetiae
F1757

m_NZ_CP087133.1

Ffrigidimaris_ MUGV0L.1

Fhercynium_MUGWO0000000.1
Flaiguense_QCZHOL.1

Fpraedii_ NZ_CP113948.1
Fgawalongense_VJZPO0000000.1
Facetivorans NZ_CPOB7132.1

Filavipigmentatu



279
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

o

o
®
]

z
g
2
ol L 06 1
&
g
£
g
S -04
g
d
=
=
= -0.2
- Genomes
0.0

F1527

F1593

F1996

F2035

Fflavipigmentatum_NZ_CPOB7133.1

Fbizetiae_NZ_CPO91B61.1

Fpiscis_LVENO1.1

F1228

Genomes

Fresistens_WKKG00000000.1

Fpectinovorum_NZ_CP130042.1

Fsaccharophilum_FRBY00000000.1

F1486

Fpraedii_NZ_CP113948.1

F2020

F1715

Genomes
F1527
F1593
F1996
F2035
F1228
F1486
F2020 -
F1715

Fpiscis LVEND1.1

Fbizetiae_NZ_CPD91861.1

Fresistens WKKG00000000.1
Fpectinovorum_NZ_CP130042.1
Fpraedii_ NZ_CP113948.1

Fflavipigmentatum_NZ_CP087133.1
Fsaccharophilum_FRBY00000000.1



280
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

1.0

2
=3

'
b
S

ANIb_percentage_identity
'
o
El

|
il

- Genomes

'
2
=3

0.76 0.76 0.76 0.76 0.76 Fammonificans_NZ_AP025185.1

F1797

Fpraedii_NZ_CP113948.1

Fsuccinicans_FOUTO01.1

F106

F1677

Genomes

F1859

F1692

6 ) 0.84 0 5 i 4 9 F2167

F2043

— 0.76 0.7 0.89 9 0 0 . Fl1466

w — ~ - — o ~ o ~ r~ ”m ~ o
@ i @ @ - =] ~ n o o b= ~ ©
£ o = @ =] ~ o © v = S w <
5 = - 3 e iy 1 et 1 ~ N o
2 i © 2 g [ o Iy o & @
5§ 8 g 2
i
g B
N‘ :\ c
I

= =z no

' = E

= o (v}

o 8 [+

g g Z

£ 5 2

S fre

£

E

T

&



281
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

1.0

>
£
L]
= I
! 1
& -0.6 J_
£
]
¥} -0.4
o
&
=]
= -0. T —
= 0.2
< - Genomes
-0.0
F1933
F1140
F1142
F1902
F1100
@
£
Fterrigena_FNYAQ01.1 2
@
=l
Findicum_HE774682.1
Fsediminilitoris_NZ_CP090145.1
Fhaoranii_FQZH00000000.1
- Fcyclinae_NZ_CP089095.1
Fchannae_NZ_CP089096.1
'
$ m g =T 8§ & 94 B # 2 @ B
E 9 = b= o o 3 3 < 8 & &
=] [ = [ i = < © — =] =] o
c > = o [=} o o
@ =z ~ =3 =} @ @
[C] i ~ =] =] o =]
| w [=% [=] a o
g 5 9 £ 49 g
[T N N N
o2 E = 5 Z z
= o m\ b WI ﬂJ‘
o =] = =l © 1]
i £ S E c 2
e = [ S E
c S & =
£ 2 e &
= i
@
n
w
—10 g_ 10
I H—
s L 06 o'
g 2 06
% -0.4 § 0.4
:' [04 - Genomes a -0.2 - Genomes
H 00 2
Feelericrescens_JAAJBVO1.1 Z g F1996
e F2035
F1856
Feollinsii_NZ_OX336425.1 "
Foyclinae_NZ_CPOB9095.1 & 5
£ g
H F2034 =
g

Fehannae_NZ_CPOS9096.1

Fpectinovorum_FRBX00000000.1
Findicum_HE774682.1

- F1633 Fresistens_WKKG00000000.1

0 e ) - . = pr
Fdifficile_JAAIBTOL1 E 2 o a ) s s
s & & F & g8 8
: ; i 2 E 2
§ =~ 2 2 2 o 5o = 8 8 g g
£t & 8§ 4 f g & 3 2 g g
s £ ) ] 2 2 g @ 2 [} ]
€ o - k=3 k3 - @ I = 9
g g £l ] 2 ) o @ %
° 3 E 5 & 3 = g =
" 5 9 % o z £
g Z “
; g H g 5 ¢
o ; £ 3 - =
g 4 L. b H 7
: £ £ £ & 3
: 5 £ ¥ =
8 o g g
L 2



282
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

2 z
£ —10 £ m—10
3 H
2 0.8 3 0.8
P @
2 -0.6 @ -0.6
g -0.4 g -0.4
S 0.2 - Genomes 2 -02 - Genames
al a‘
E -0.0 H -0.0 6
< 0.96 Fo63 Z 0.95 5 3 ) F1485
Ftiangeerense_VLK001.1
Fbranchiarum_JAUFQQ01.1 -
o
g £
g
£ g
1 @
5 Fflavipigmentatum_NZ_CP0B87133.1 ©
Fsediminilitoris NZ_CP090145.1
Facetivorans_NZ_CP087132.1
Fiohnsoniae_CPO00GS5.1
F|aEu5[rﬁ_NZ_CPllﬁBHZ 2
Feupriresistens NZ_CPOBT134.1 g
g 8 i a = & o
. . g E = b N a a b
g ! | 2 s & g & 2 2 8
= 2 2 g & g ] = 3 e
5 154 = 3 a & S - S =
£ =4 s E = & & a
X e = =1 @ ] (v o (=]
4] =1 =1 o a 1
2 a a a s N L) N
ES =} s} [ g = z z
P o
E 5 & g g E & ¢
w' = w' 5 g e g
3 = ] 4 L} 2 S 2
5 ] = & z g ] 5
g £ ] g g [
d £ 2 (7] & &
2 E £ 8 £
b B 3
[ g =
2 =
2 —1.0 210
3 H
P @
2 -0.6 @ -0.6
g -0.4 s -0.4
S -0.2 - Genomes g -0.2 - Genomes
ﬂl D‘
z -0.0 H -0.0
< Feburneipallidum_NZ_CP114291.2 =<

Fcupriresistens_NZ_CP0B87134.1

Fgalactosidilyticum_NZ_CPOB7135.1

w F799
£
Flacustre_NZ_CP114882.2 s “E*
5 g
] H
o
— Freichenbachi JAGYVZO1.1
Fe56
Fpanici NZ_CP100437.1
83 5 R} g 2
E g 8 B £ g :
g g g g g o ) - 2
§ 3 g 3 I Z g s
& 3 g g E % £ & g
= g g g = 2
8 g B g E H 2
o o N 52 g =
] E 2 g ES g
£ £ g o = N
E}l El g P T =
E g o z o
2 L g g B
] - H s &
£ g 2
E 5
z z
£—10 §—10
g g
2 08 3 08
i
AR YRS
z €
g0 os § oa
3 gl - Genomes
L e - Genomes o 02
H -0.0 s -0.0
E % F1498
Frestrictum VJZTOL.1
Flacustre_NZ_CP114882.2
"
Faestivum_NZ_CP113977.2 :
& 2
g &
2 Fflavipigmentatum_NZ_CP087133.1
Q
Fpraedil NZ_CP113848.1
Ffrigoritolerans_JAOZEV01.1
FB5 A
§ 8 a b 3
E 9 @ " S
E 2 2 o H
: 5 g H 7
P - ~ ~ 0 = fd = 2
3 IS d 8
e g § 0§ : 5% o
U P8
i L a &
i A = | P §
£ g 5 H H s
2 o ' 2 B =
g 2 = = |3 &
2 £ = £ & 2
g T
F 2 H
2 S



283
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

£ 10 [

o B

o H ™M

g 0z g 02

H 00 Senomss H 00 Genames.
ES

Feupreum QWDMO1.1

Fsinopsychrotolerans_ FODND1.1

Genomes

Fle49

Genames

Feupriresistens_NZ_CPOB7134.1

Flacustre_NZ_CP114882.2

H H g 3
§ g g a .
- a 5 P - o ~
& H 2 £ z 2 ]
< i) g H e H
£ : ] 3
3 2 8 2 7
= r ' =
: H H o
g & H =i
g g
= g

o

e
=

© o9 oo
aREs &

-0.2 - Genaomes

- Genomes

ANIb_percentage._identity
s o
= &
ANIb_percentage_identity

Fplurexts NZ_CP100442.1
plurextorum_NZ_CP100: Fbizetiae NZ_CP091861.1

- Foncorhynchi_ MUHAOL.1

Genomes

- Fhercynium_MUGWO1.1

Genomes

— . F1942
F2050

r
g
o
&
o

Genomes -
Genomes -
F2050

Fancerhynchi_ MUHAQL.1 -

Fplurextorum_NZ_CP100442.1
Fhercynium MUGWOL.1 -

i
2
2
=
3
3
g
s}
r
2
o
=
g
2

a

oo e 00
o~ & o om

o -
@ o

o e o o
ERTRES)

- Genomes

AMNIb_percentage_identity

- Genomes

ANIb_percentage_identity

Frivu\i(nia_NZ_[FlZ 1446.1
Faquatile_JRHHO1

Fcheonhonense_JAXAVYOL.1

Genomes

- F2063

Genomes.

F1683

Genomes -
F1683

Genames -

Faguatile_JRHHOL
F2063

Frivulicola_NZ_CP121446.1

Fcheonhonense JAXAVY01.1



284
Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.
University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

z Ey
£ m—10 =10 o
3 H]
e i
o o
= - 0.6 g 08
] 0.4 H] 0.4
5 ]
ES -0.2 - g -0.2
& Genomes b - Genomes
z -0.0 H 0.0
Ed Ed
Fehungbukense JAJGZVOL.1 Feircumlabens SLWAOL.1
0 n
Fluteolum NZ_CP114286.1 & H
uleoitom H.e g Fjohnsoniae_CPO0D6BS.1 &
B 8
F2009
F2074
2 - - @ .
= & p - -
2 g g g 2 3 2 g
s I s 5 2 2 o
) o = 5 E g =
= g 3 B 8
= S, © a, g
¥ oy o S,
c = 1 '
g ] 3 S
3 3 = :
=3 E € 2
g g 3 g
2 ] & 5
& i 2 =
z z
£ =10 £ =10
H g
= 0.8 S 0.8
o &
g - 0.6 2 - 0.6
g L o2 - Genomes. g -0.2
i & a |
g )
S -0.0 z -0.0 - Genomes
2
F62
0.84 0.95 - Feollinsii
£
Fginsengisoli_BAABDT000000000.1 5
T
o
B
F1673 %
1
Ftyrosinilyticum_JAMOKGO1.1 ¢
@ o - -
£ £ g g
£ g 2
3
& -] 2
] F1548
8 =
e 2
E E
S
E: =
] £ ' .
E g g g 2 g
@ = £ s o] 0
H w 8 = — —
2 £ e - ™
] s g
£ K] &
&
? — 1.0
H]
& E
& 0.6
H -0.4
g -0.2
o
H - 0.0 -
% Genomes
F1900
8
£
5
2
5
It
Ftructae MIKEOL.1
3 o
£ 2
g fd
2
5
&

H
z
]
[



285

Pavlin, K. Biodiversity of...flavobacteria in rainbow trout...and dynamics of infections...fish farms.

University of Ljubljana, Veterinary Faculty, 2025. Doctoral dissertation.

Appendix 5: Raw data on phenotypic antimicrobial susceptibility testing (minimum inhibitory

concentrations in ug/ml) for the Flavobacterium psychrophilum ATCC 494187 reference strain

(Ref), the 54 Slovene F. psychrophilum isolates and other Flavobacterium spp., determined using

the standardised method recommended for F. psychrophilum (CLSI, 2020a) for AMP, ampicillin;
CTZ, ceftazidime; ENR, enrofloxacin; ERY, erythromycin; FLO, florfenicol; GEN, gentamicin; MER,

meropenem; OXO, oxolinic acid; OXY, oxytetracycline; TRS, trimethoprim/sulfamethoxazole

Flavo. AMP CTZ | ENR ERY FLO GEN MER OoX OXY | TRS

F. psychrophilum 0.12 2 0.015 1 0.5 0.25 <0.008 812 0.06 | >1/19
E.e:)sychrophilum 0.06 4 >0.25 2 0.5 <0.06 | <0.008 > 1 8 0.5/9.5
I'i'.zzasychrophilum 0.06 4 0.12 1 0.5 0.12 <0.008 > 1 >8 0.25/4.75
I'i'.zzsychrophilum 0.06 4 >0.25 1 0.5 <0.06 | <0.008 > 1 4 1/19
lF:.z,t?szchrophilum 0.06 4 0.25 1 0.5 0.12 <0.008 1 >8 119
l'::.zgsychrophilum 0.06 2 >0.25 1 0.25 <0.06 | <0.008 > 1 4 0.25/4.75
IF:?;s)sychrophilum 0.06 1 >0.25 1 0.5 <0.06 | <0.008 > 1 4 >1/19
Eﬁ@mMmme 0.06 4 >0.25 2 0.5 <0.06 | <0.008 > 1 4 0.5/9.5
lF:.S,isychrophilum 0.06 2 >0.25 1 0.5 <0.06 | =0.008 > 1 8 >1/19
lF:.S,tszychrophilum 0.06 4 0.015 1 0.25 <0.06 | =0.008 0.12 | 0.06 | >1/19
Ii.sgsychrophilum 0.06 2 0.12 1 0.25 <0.06 | <0.008 1 1 1/19
EﬁiwmmwMMm 0.06 2 >0.25 2 0.5 <0.06 | <0.008 > 1 8 >1/19
ll::.zggychrophilum 0.06 2 0.12 1 0.5 0.12 <0.008 > 1 1 >1/19
EﬁémMmme 0.06 4 >0.25 1 0.5 <0.06 | =0.008 1 4 0.5/9.5
E%gmmmem 0.06 4 >0.25 2 0.5 <0.06 | <0.008 > 1 4 0.5/9.5
Ii.sgiychrophilum 0.06 4 >0.25 2 0.5 <0.06 | <0.008 > 1 4 0.25/4.75
lF:.Z?)gychrophilum 0.06 2 0.12 1 0.25 <0.06 | <0.008 > 1 1 >1/19
l'::.zgiychrophilum 0.06 2 >0.25 2 0.5 <0.06 | <0.008 > 1 8 >1/19
Eﬁ;mhmmem 0.06 2 >0.25 2 0.5 <0.06 | <0.008 >1 8 >1/19
?;iychrophilum 0.03 4 0.06 1 0.25 <0.06 | <0.008 1 4 >1/19
l'?:)gychrophilum 0.06 2 >0.25 1 0.5 <0.06 | <0.008 > 1 4 1/19
E%;mmmme 0.03 2 >0.25 1 0.25 <0.06 | <0.008 > 1 0.03 | 0.12/2.38
Iiflzgychrophilum 0.5 4 0.06 1 0.5 0.12 <0.008 1 4 0.25/4.75
E%;wmmwMMm 0.06 2 >0.25 2 0.5 <0.06 | <0.008 > 1 2 >1/19
l'::jgischrophilum 0.06 4 >0.25 2 0.5 0.12 <0.008 > 1 1 1/19
;ggimeWm 0.06 1 >0.25 1 0.5 <0.06 | <0.008 > 1 0.03 | 0.5/9.5
I'::??)Zychrophilum 0.03 4 0.06 1 0.5 <0.06 | <0.008 1 2 0.25/4.75
Egg;mmme 0.06 1 >0.25 1 0.5 <0.06 | <0.008 > 1 >8 >1/19
l'::jg\:)?chrophilum 0.06 2 0.06 0.5 0.5 <0.06 | <0.008 1 2 0.5/9.5

F1146
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F. psychrophilum 0.06 >4 >0.25 2 0.5 0.12 <0.008 > 1 1 1/19
F1147

F. psychrophilum 0.06 2 >0.25 2 0.5 0.12 <0.008 > 1 1 >1/19
F1184

F. psychrophilum 4 1 >0.25 1 0.5 <0.06 | <0.008 >1 1 0.5/9.5
F1186*

F. psychrophilum 0.06 2 0.12 1 0.5 <0.06 | <0.008 >1 0.06 | >1/19
F1187*

F. psychrophilum 0.06 2 0.12 2 0.5 0.12 <0.008 > 1 0.03 | >1/19
F1188

F. psychrophilum 0.06 2 >0.25 2 0.5 <0.06 | =0.008 > 1 8 >1/19
F1266

F. psychrophilum 0.06 1 >0.25 1 0.25 <0.06 | <0.008 >1 8 >1/19
F1267

F. psychrophilum 0.03 2 0.004 1 0.5 <0.06 | <0.008 0.06 | 0.25 | 0.03/0.6
F1268

F. psychrophilum 0.06 2 0.008 0.5 0.25 0.12 <0.008 0.06 | 0.5 0.03/0.6
F1560

F. psychrophilum 0.03 2 0.03 0.5 0.25 <0.06 | =0.008 0.5 1 0.015/0.3
F1516*

F. psychrophilum 0.06 4 >0.25 1 0.5 <0.06 | <0.008 >1 4 0.25/4.75
F1518

F. psychrophilum 0.06 4 >0.25 2 0.5 0.12 <0.008 > 1 1 1/19
F1562

F. psychrophilum 0.06 1 >0.25 1 0.5 <0.06 | =0.008 >1 8 >1/19
F1519*

F. psychrophilum 0.12 >4 >0.25 2 0.5 <0.06 | <0.008 > 1 4 0.5/9.5
F1595

F. psychrophilum 0.03 1 0.008 1 0.5 <0.06 | <0.008 0.06 | 0.5 0.015/0.3
F1719*

F. psychrophilum 0.12 >4 0.015 2 0.5 <0.06 | <0.008 0.12 | 4 >1/19
F1723

F. psychrophilum 0.06 1 >0.25 2 0.5 0.12 <0.008 > 1 8 >1/19
F1828

F. psychrophilum 0.06 2 >0.25 2 0.25 <0.06 | <0.008 > 1 1 >1/19
F1819

F. psychrophilum 0.06 2 >0.25 1 0.5 <0.06 | <0.008 > 1 8 1/19
F1824

F. psychrophilum 0.06 2 >0.25 2 0.5 0.12 <0.008 >1 0.06 | >1/19
F1823

F. psychrophilum 0.06 2 0.12 2 0.25 0.12 <0.008 > 1 1 >1/19
F551

F. psychrophilum <0.015 1 0.015 1 0.25 <0.06 | <0.008 0.5 0.25 | 0.06/1.19
F621*

F. psychrophilum 0.12 4 >0.25 2 0.5 <0.06 | <0.008 > 1 0.06 | >1/19
F896

F. psychrophilum 0.06 2 >0.25 2 0.5 0.12 <0.008 >1 0.03 | >1/19
F2125

F. psychrophilum 0.06 4 >0.25 1 0.5 0.25 <0.008 > 1 0.03 | >1/19
F2130

F. psychrophilum 0.06 2 >0.25 1 0.5 0.12 <0.008 > 1 0.03 | >1/19
F2123

F. branchiarum F324 > 16 >4 >0.25 16 16 8 0.06 >1 2 >1/19
F. branchiarum F963 > 16 >4 >0.25 16 > 16 0.06 1 4 >1/19
F. collinsii F1673 > 16 >4 0.25 > 32 8 4 >0.5 0.5 4 >1/19
F. collinsii F1548 > 16 >4 >0.25 > 32 > 16 >8 >0.5 1 >8 >1/19
F. erciyesense F562 0.25 >4 0.06 1 1 2 <0.008 0.25 | 0.06 | 0.5/9.5
F. hercynium F2050 16 >4 >0.25 > 32 4 4 0.25 > 1 2 >1/19
F. oncorhynchi F1942 16 >4 0.25 > 32 8 8 0.5 0.5 2 >1/19
F. piscis F1228 16 >4 0.25 > 32 8 4 0.5 1 4 >1/19
F. tructae F1900 > 16 >4 0.12 32 > 16 4 0.5 025 | 8 > 1/19
FX9 F1616 0.12 >4 0.06 0.5 0.5 1 <0.008 0.5 0.03 | 1/19
FX9 F945 0.25 >4 0.12 0.5 1 0.5 <0.008 0.5 0.03 | >1/19
FX10 F944 0.25 >4 0.06 1 1 0.5 <0.008 0.12 | 0.06 | 1/19
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FX10 F1511 0.25 >4 0.06 1 1 0.5 <0.008 012 | 8 119
FX15 F2167 1 >4 0.12 4 1 1 0.015 0.5 0.12 | 0.25/4.75
FX15 F2043 1 >4 0.25 8 2 1 0.015 0.5 0.12 | >1/19
FX15 F1859 1 >4 0.12 8 1 1 0.015 0.25 | 0.12 | 0.5/9.5
FX15 F1692 0.5 >4 0.12 8 1 0.5 0.015 0.25 | 0.12 | 0.25/4.75
FX15 F106 1 >4 0.12 8 2 2 0.03 025 | 0.12 | 1/19
FX15 F1677 0.12 >4 0.06 8 1 0.5 0.015 0.12 | 0.12 | 0.5/9.5
FX23 F1259 8 >4 0.25 > 32 4 8 0.25 1 4 >1/19
FX23 F1213 16 >4 0.25 > 32 16 8 0.5 1 4 >1/19
FX27 F1593 1 >4 0.03 0.5 1 0.5 0.06 0.12 | 0.06 | >1/19
FX27 F1527 2 >4 0.03 4 1 1 0.12 0.12 | 0.06 | >1/19
FX32 F1715 0.25 >4 0.03 0.25 0.5 0.5 <0.008 0.12 | 0.03 | 0.25/4.75
FX32 F2020 0.25 >4 0.06 0.5 0.5 0.5 <0.008 0.12 | 0.03 | 0.5/9.5
FX36 F1996 4 >4 0.12 32 2 4 0.12 > 1 0.5 > 1/19
FX36 F2035 4 >4 0.12 16 2 2 0.12 1 1 > 1/19

Seven Flavobacterium psychrophilum isolates that were further characterised using whole-genome
sequencing are marked with an asterisk (*). Five of the seven F. psychrophilum isolates had MICs
for OXO above the epidemiological cut-off value (ECV) and also had a corresponding T83A or
T83V substitution in GyrA; these MICs are highlighted in bold and underlined. The remaining two
isolates had no such substitution and had MICs for OXO below the ECV. For antimicrobials for
which the ECV for F. psychrophilum is defined in the CLSI guideline VET04 (CLSI 2020) or for
which a provisional epidemiological cut-off value for wild type (COwrt) could be calculated, the MICs
above the ECV or COwr are marked in red, and the MICs below are marked in green. Lighter
colours are used for other Flavobacterium species. Flavobacterium isolates that grew in the upper
end of the tested concentration range for antimicrobials without ECV or COwr for F. psychrophilum

are marked grey.
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Appendix 6: Raw data on phenotypic antimicrobial susceptibility testing (minimum inhibitory
concentrations in pg/ml) for the eight Slovene Flavobacterium branchiophilum isolates and other
Flavobacterium spp., determined using the adjusted method recommended for F. psychrophilum
(CLSI, 2020a) for AMP, ampicillin; CTZ, ceftazidime; ENR, enrofloxacin; ERY, erythromycin; FLO,
florfenicol; GEN, gentamicin; MER, meropenem; OXO, oxolinic acid; OXY, oxytetracycline; TRS,

trimethoprim/sulfamethoxazole

AMP CTZ | ENR ERY | FLO | GEN MER OXO | OXY | TRS
Isolate/growth medium M M M M M M M M M M

A A A A A A A A A A
F. branchiophilum 0.12 >4 0.06 1 0.5 <0.06 | £0.008 0.25 | 0.25 | 0.03/0.6
F1517 0.12 >4 0.03 2 0.5 0.12 <0.008 0.12 | 0.12 | 0.03/0.6
F. branchiophilum 0.12 >4 0.015 1 0.5 0.12 <0.008 0.12 | 0.25 | 0.03/0.6
F1628* 0.12 >4 0.03 2 0.5 <0.06 | £0.008 0.12 | 0.12 | 0.03/0.6
F. branchiophilum 0.12 >4 0.03 2 0.5 <0.06 | £0.008 0.25 | 0.25 | 0.03/0.6
F1629 0.12 >4 0.03 2 0.5 <0.06 | £0.008 0.12 | 0.12 | 0.03/0.6
F. branchiophilum 0.06 >4 0.03 1 0.5 <0.06 | £0.008 0.25 | 0.25 | 0.03/0.6
F1727* 0.12 >4 0.03 2 0.5 0.12 <0.008 0.12 | 0.12 | 0.03/0.6
F. branchiophilum 0.12 >4 0.03 2 0.5 <0.06 | £0.008 0.25 | 0.25 | 0.03/0.6
F1728 0.12 >4 0.03 1 0.25 | £0.06 | £0.008 0.12 | 0.12 | 0.03/0.6
F. branchiophilum 0.12 >4 0.03 2 1 0.25 <0.008 0.25 | 0.25 | 0.03/0.6
F1862 0.12 >4 0.03 2 0.5 0.12 <0.008 0.12 | 0.12 | 0.03/0.6
F. branchiophilum 0.12 >4 0.03 2 0.5 <0.06 | £0.008 0.12 | 0.25 | 0.015/0.3
F1822 0.12 >4 0.03 2 0.25 | £0.06 | £0.008 0.12 | 0.12 | 0.03/0.6
F. branchiophilum 0.12 >4 0.03 1 0.5 <0.06 | £0.008 0.25 | 0.25 | 0.03/0.6
F1730 0.12 >4 0.03 2 0.5 0.12 < 0.008 0.12 | 0.12 | 0.03/0.6
Isolate/growth medium M M M M M M M M M M
F. bernardetii F1040 0.5 >4 0.015 025 |1 0.12 0.015 0.12 | 0.12 119
F. bernardetii F609 0.25 >4 0.008 025 |1 0.12 <0.008 0.12 | 0.12 | >1/19
F. celericrescens F1856 | 0.25 >4 0.06 4 2 0.12 <0.008 0.5 0.12 | 0.5/9.5
F. celericrescens F1959 | 0.25 >4 0.06 012 | 2 0.12 <0.008 0.5 0.12 | 0.5/9.5
F. difficile F1633 0.12 >4 0.06 0.12 | 0.5 <0.06 | £0.008 0.25 | 0.12 | >1/19
F. tiangeerense F1485 2 4 0.03 0.5 1 2 <0.008 0.25 | 0.12 | >1/19
FX2 F334 1 >4 0.015 0.25 | 0.5 0.25 <0.008 0.12 | 4 0.5/9.5
FX2 F1038 0.5 >4 0.015 0.12 | 0.5 0.25 <0.008 012 | 4 0.5/9.5
FX2 F317 1 >4 0.03 0.5 2 1 0.03 025 | >8 >1/19
FX3 F1048 0.5 >4 0.008 025 |1 <0.06 | 0.015 0.12 | 0.06 | 1/19
FX3 F1821 0.5 >4 0.008 025 |1 0.12 0.015 0.12 | 0.06 | 1/19
FX3 F1782 1 >4 0.015 025 |1 0.12 0.03 0.25 | 0.12 | 0.5/9.5
FX5 F1933 1 >4 0.03 1 1 0.25 0.015 0.25 | 0.25 | >1/19
FX5 F1140 0.25 >4 0.015 025 | 1 0.12 0.015 0.25 | 0.12 | >1/19
FX5 F1142 0.12 >4 0.03 0.5 2 0.25 <0.008 0.25 | 0.12 | >1/19
FX18 F1773 0.5 >4 0.004 025 |1 0.12 0.015 0.06 | 0.12 | 0.5/9.5
FX18 F626 0.06 >4 0.008 012 | 1 0.25 <0.008 0.12 | 0.12 | 0.5/9.5

Two isolates that were further characterised using whole-genome sequencing are marked with an
asterisk (*). None of the isolates had a T83V or T83A substitution in GyrA. The growth media used
for each antimicrobial are specified in the second row with the abbreviations A for Anacker and
Ordal (AQO) broth and M for diluted cation-adjusted Mueller-Hinton broth supplemented with
additional cations (DCAMHB+C). For antimicrobials for which the ECV for F. psychrophilum is
defined in the CLSI guideline VET04 (CLSI 2020) or for which a provisional epidemiological cut-off
value for wild type (COwrt) could be calculated, the MICs above the ECV or COwr are marked in
light red, and the MICs below are marked in light green. Flavobacterium isolates that grew in the
upper end of the tested concentration range for antimicrobials without ECV or COwr for

F. psychrophilum are marked grey.
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