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ABSTRACT 

 

Culture of the Bacterial Gill Disease Organism, Flavobacterium branchiophilum and 

strain differences relevant to epizoology. 

 

Iwona Skulska                       Advisor: Dr. Roselynn M.W. Stevenson 

University of Guelph, 2014 

 

The isolation, growth, and long-term storage of Flavobacterium branchiophilum is 

difficult. The aims of this work were to define optimal culture and storage media that 

would allow for growth of F. branchiophilum and determine if there were phenotypic and 

genotypic differences amongst isolates. Flavobacterium branchiophilum grew best on 

Anacker and Ordal’s medium that was supplemented with millimolar amounts of KCl, 

CaCl2, and MgCl2; with growth and colony visibility further improved with the addition 

of charcoal; 53 isolates were isolated from Ontario on this improved medium. Cultures of 

F. branchiophilum were viable over a period of 2 years when suspended in 5% (w/v) 

skim milk powder in Cytophaga Salts Broth or 10% DMSO in Cytophaga Salts Broth and 

stored at -75°C.  

By transmission electron microscopy, all isolates examined possessed surface 

structures resembling pili, and had evidence of membrane vesicles (MV) and tubules. The 

gyrB gene had a 7% difference in the 820 nucleotides sequenced, which was observed in 

10 isolates from a particular case of BGD in brook trout and 4 other isolates. Differences 

between sequences of atpA and tuf from ONT case 6199 and 4 other isolates were also 

detected. Eventually, qPCR may be used to identify potential reservoirs of F. 

branchiophilum from the hatchery environment. 
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1. Introduction 

 In Ontario, bacterial gill disease (BGD) is a significant disease for salmonid fish 

that is characterized by the presence of large numbers of filamentous bacteria which 

impair oxygen uptake by the fish. The causative agent, Flavobacterium branchiophilum, 

was first isolated in Japan from diseased Yamame fish (Oncorhynchus masou) and 

described as a slow-growing Gram-negative, filamentous rod (Wakabayashi et al., 1989). 

Studies of F. branchiophilum have been limited by difficulties in culture and long-term 

storage of this species. While F. branchiophilum can be isolated from diseased gills, 

primary isolation is difficult as the recommended growth medium, Anacker and Ordal’s 

medium, also called Cytophaga Agar (Anacker and Ordal, 1959), rarely support the 

growth of colonies with the distinctive filamentous rod morphology. The first objective 

of this work was to develop optimal culture and storage media for F. branchiophilum. 

Previous work in the University of Guelph Fish Health Laboratory (FHL) showed some 

success in the primary isolation of F. branchiophilum from Ontario BGD cases using 

Cytophaga Agar modified to include millimolar amounts of KCl, CaCl2, MgCl2, activated 

charcoal and gelatin (Melinda Raymond, personal communication). This thesis reports 

the comparison of growth on this modified medium with the original recipe of Cytophaga 

Agar, as well as to other media reported to support the primary isolation and growth of F. 

branchiophilum. This work also reports on the comparison of 5 different long-term 

storage media formulations and the viability of 4 isolates of F. branchiophilum after 

storage at -75°C for 3 years. 

 The second objective of this work was to identify differences among isolates of F. 

branchiophilum. Phenotypic comparisons are described, as are differences of gyrase B 
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(gyrB), ATP synthase subunit alpha (atpA), and elongation factor Tu (tuf) sequences. 

These gene sequence differences, identified during the process of developing a qPCR 

procedure, could be of value in future studies to identify reservoirs of F. branchiophilum 

in the aquatic environment.  
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2. Literature Review 

2.1 Bacterial Gill Disease 

Bacterial gill disease (BGD) was first described by Davis (1926) as colonization 

of the gill by thread-like filamentous bacteria, which causes a rapid increase in the 

epithelium leading to lamellar fusion. The lamellae of the gills are the sites of gas and ion 

exchange and colonization of the lamellae results in a decreased rate of gas exchange. As 

a result the disease is a bacterial infection of the gills that impairs the oxygen uptake of 

the fish. BGD is considered to be a disease predominately of hatchery-bred juvenile 

salmonids and is not a significant problem in wild fish populations (Starliper and Schill, 

2011). While BGD predominately affects salmonids, fish of all ages and species have 

been diagnosed with this disease, including sheatfish (Silurus glanis), walleye (Sander 

vitreus), rohu (Labeo rohita), catla (Catla catla), and silver carp (Hypophthalmichthys 

molitrix).  

Signs associated with BGD in fish include increased brachial movements, fatigue 

leading to fish floating near the water surface, decreased interest in feeding, and lethargy 

(Byrne et al., 1991). In studies by Ferguson et al. (1991) signs appeared within 24 h of 

infection when 4 g rainbow trout (Oncorhynchus mykiss) fingerlings were cohabitated 

with adult brook trout (Salvelinus fontinalis) suffering from BGD, and mortalities began 

in 3 days. Although the conditions for the onset of BGD are unknown, it is widely 

believed that BGD outbreaks are associated with stress factors, such as overcrowding, 

poor water quality, low oxygen availability and increased turbidity in the water supply 

(reviewed by Starliper and Schill, 2011). 
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2.2 Flavobacterium branchiophilum 

Flavobacterium branchiophilum is the causative agent of bacterial gill disease 

(Wakabayashi et al., 1989). Initially, BGD was thought to be caused by various forms of 

gliding bacteria, referred to as “myxobacteria” (Bullock, 1972). Later, the agents of 

BGD, including Cytophaga and Flavobacterium, were grouped into a general category, 

yellow-pigmented bacteria, which had been isolated on Anacker and Ordal’s medium, 

also referred to as Cytophaga Agar, a low nutrient and agar medium (Anacker and Ordal, 

1959). Flavobacterium branchiophilum was first isolated as a filamentous bacterium 

from gill lesions of rainbow trout (Oncorhynchus mykiss) and Yamame (Oncorhynchus 

masou) suffering from BGD in hatcheries in Gunma, Japan in 1975 and 1977 respectively 

(Kimura et al. 1978). Flavobacterium branchiophilum is described as small, non-gliding 

bacterium forming yellow colonies when grown on Cytophaga Agar. As will be 

discussed later, early isolations of F. branchiophilum were made on Cytophaga Agar, but 

later reports by Ostland et al. (1994) and Ko and Heo (1997) suggested this medium was 

not optimal. 

Initial characterization studies by Wakabayashi et al. (1980) were conducted on 

the 5 isolates of filamentous bacteria isolated by Kimura et al. (1978) and an additional 

10 isolates from Chinook salmon (Oncorhynchus tshawytscha), sockeye salmon 

(Oncorhynchus nerka), and steelhead trout (Oncorhynchus mykiss irideus) obtained from 

Oregon, USA. Isolates from both sources had the same morphological appearance: non-

motile, slow growing, rod-shaped bacteria forming small, yellow, circular colonies 

appearing after 5 days post inoculation at 18°C on Cytophaga Agar (Wakabayashi et al., 

1980). While isolates had the same morphological and physiological characteristics, they 
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were found to be serologically different by immunoprecipitation, as antisera produced 

against Oregon isolate BV-5 did not react with Japanese isolates and antisera produced 

against the Japanese isolate BGD-7736 did not react with Oregon isolates (Wakabayashi 

et al., 1980). A review of literature reports of isolations of F. branchiophilum from 

various fish sources and geographical locations indicates few cultures are available for 

further study (Table 1). 

 Farkas (1985) obtained a total of 16 isolates from the Netherlands and Hungary 

by plating gill tissue directly onto Cytophaga Agar (Table 2). The 8 isolates obtained 

from rainbow trout fry were not characterized, but 3 isolates obtained from rainbow trout 

(2-5 cm length) from the Netherlands, 4 from sheatfish fingerlings, and one isolate from 1 

year old silver carp from Hungary were characterized as belonging to the genus 

Flavobacterium, matching the characteristics of isolates described by Wakabayashi et al. 

(1980); however, the isolation of filamentous bacteria from infected gill tissue was 

reported as being frequently unsuccessful and attributed to overgrowth by faster growing 

species (Farkas, 1985). One of the sheatfish isolates, FL-15, was used recently for 

complete genome sequencing (Touchon et al., 2011). 

Wakabayashi et al. (1989) characterized and named the isolates “Flavobacterium 

branchiophila”, a name that was later corrected to Flavobacterium branchiophilum, in 

order to comply with proper nomenclature, in which the gender of the adjective must 

match that of the genus name (Wakabayashi et al., 1989, von Graevenitz, 1990). 

Flavobacterium branchiophilum was named for its affinity for gills, and the epithet 

translates into “gill-loving”. The designated type strain, BGD-7721
T
, had been isolated in
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Table 1. F. branchiophilum strains isolated from BGD infected fish gills reported in the literature 

 

Isolate Culture Status Year of Isolation Location Host Species Reference 

BGD-7501 Unknown 1975 Gunma, Japan Rainbow Trout
 b

 Kimura et al., 1978 

BGD-7721
T
 Available 1977 Gunma, Japan Yamame

 c
 Wakabayashi et al., 1989 

BGD-7736 Unknown 1977 Gunma, Japan Yamame
 c
 Wakabayashi et al., 1989 

BGD-7737 Unknown 1977 Gunma, Japan Yamame
 c
 Wakabayashi et al., 1989 

BGD-7738 Unknown 1977 Gunma, Japan Yamame
 c
 Wakabayashi et al., 1989 

FDL-1 Unknown 1978 Oregon, USA Steelhead Trout
 d

 Wakabayashi et al., 1989 

BV-1 Unavailable 1978 Oregon, USA Chinook Salmon
 e
 Wakabayashi et al., 1989 

BV-4 Unknown 1978 Oregon, USA Chinook Salmon
 e
 Wakabayashi et al., 1989 

BV-5 Unknown 1978 Oregon, USA Chinook Salmon
 e
 Wakabayashi et al., 1989 

BV-6 Unknown 1978 Oregon, USA Chinook Salmon
 e
 Wakabayashi et al., 1989 

BV-8 Unknown 1978 Oregon, USA Chinook Salmon
 e
 Wakabayashi et al., 1989 

FDL-2 Unknown 1978 Oregon, USA Chinook Salmon
 e
 Wakabayashi et al., 1989 

FDL-3 Unknown 1978 Oregon, USA Sockeye Salmon
 f
 Wakabayashi et al., 1989 

OS-1 Unknown 1978 Oregon, USA Steelhead Trout
 d

 Wakabayashi et al., 1989 

OS-2 Unknown 1978 Oregon, USA Steelhead Trout
 d

 Wakabayashi et al., 1989 

NCIMB Unknown
 a

 Oregon, USA 
a
 Bernardet et al. 1996 

THD-1 Unknown
 a

 Tokushima, Japan 
a
 Bernardet et al. 1996 

V81/202-1 Unavailable 1981 The Netherlands Rainbow Trout Farkas, 1985 

V81/202-2 Unavailable 1981 The Netherlands Rainbow Trout
 b

 Farkas, 1985 

V81/202-3 Unavailable 1981 The Netherlands Rainbow Trout
 b

 Farkas, 1985 

 
a
 – Isolation information not provided 

e
 - Oncorhynchus tshawytscha

  i
 - Salvelinus fontinalis 

b 
- Oncorhynchus mykiss   

f
 - Oncorhynchus nerka            

j
 - Salmo salar  

c
 - Oncorhynchus masou   

g
 - Silurus glanis   

T
 – F. branchiophilum type-strain (ATCC 35035

T
) 

d
 - Oncorhynchus mykiss irideus  

h
 – Plecoghssus altivelis 
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Table 1 F. branchiophilum strains isolated from BGD infected fish gills reported in the literature continued. 

 

Isolate Culture Status Year of Isolation Location Host Species Reference 

FL-6 Unknown 1982 Hungary Sheatfish
 g
 Farkas, 1985 

FL-8 Unknown 1982 Hungary Sheatfish
 g
 Farkas, 1985 

FL-9 Unknown 1982 Hungary Sheatfish
 g
 Farkas, 1985 

FL-15 Available 1983 Hungary Sheatfish
 g
 Farkas, 1985 

FL-20  1983 Hungary Sheatfish
 g
 Farkas, 1985 

OD - 1 Unknown 1986 Tokyo, Japan Yamame
 c
 Huh and Wakabayashi, 1989 

TW1 Unknown 1981 Tokushima, Japan Ayu
h 

Huh and Wakabayashi, 1989 

LAB4a Unavailable 1990 Ontario, Canada Brook Trout
i 

Ferguson et al., 1991 

LAB4b Unknown 1990 Ontario, Canada Brook Trout
i
 Ferguson et al., 1991 

LAB4c Unknown 1990 Ontario, Canada Brook Trout
i
 Ferguson et al., 1991 

B581 Unknown 1986 Ontario, Canada Brook Trout
i
 Ostland et al., 1994 

LAB3 Unknown 1988 Ontario, Canada Brook Trout
i
 Ostland et al., 1994 

LAB7a Unknown 1990 Ontario, Canada Rainbow Trout
 b

 Ostland et al., 1994 

AQF Unknown 1991 Ontario, Canada Rainbow Trout
 b

 Ostland et al., 1994 

ARS Unknown 1991 Ontario, Canada Atlantic Salmon
j 

Ostland et al., 1994 

CB1 Unknown 1996 Chungbuk, Korea Rainbow Trout
 b

 Ko and Heo, 1997 

CB2 Unknown 1996 Chungbuk, Korea  Rainbow Trout
 b

 Ko and Heo, 1997 

CB3 Unknown 1996 Chungbuk, Korea Rainbow Trout
 b

 Ko and Heo, 1997 
 

a
 – Isolation information not provided 

f
 - Oncorhynchus nerka            

T
 – F. branchiophilum type-strain (ATCC 35035

T
) 

b 
- Oncorhynchus mykiss   

g
 - Silurus glanis  

c
 - Oncorhynchus masou   

h
 – Plecoghssus altivelis

  

d
 - Oncorhynchus mykiss irideus  

i
 - Salvelinus fontinalis 

e
 - Oncorhynchus tshawytscha  

j
 - Salmo salar



 8 

Table 2. Formulations reported to support growth of Flavobacterium branchiophilum. 

 

Medium Formulation (per liter) Reference 

Cytophaga (Anacker and 

Ordal’s) Agar  

 

Yeast extract              0.5 g 

Tryptone                    0.5 g 

Beef extract               0.2 g 

Sodium acetate          0.2 g 

Agar                           10 g 

 

Anacker and Ordal, 1959 

 

Casitone Yeast Extract 

Agar  

 

Casitone                       5 g 

Yeast extract                1 g 

Agar                           15 g 

 

Bernardet and Bowman, 

2006 

 

Modified Shieh’s Medium  

 

Yeast Extract            0.5 g 

Peptone                        5 g 

Sodium acetate          10 mg 

BaCl2 · H2O               10 mg 

K2HPO4                     0.1 g 

KH2PO4                     50 mg 

MgSO4· 7H2O          0.3 g 

CaCl2· 2H2O             6.7 mg 

FeSO4· 7H2O            1.0 mg 

NaHCO3                     50 mg 

Agar                           15 g 

 

Song et al., 1988 

 

Tryptone-yeast extract-salt 

Broth 

Tryptone                      4 g 

Yeast Extract            0.4 g 

CaCl2•2H2O              0.5 g 

MgSO4•7H2O            0.5 g 

 

Holt, 1988.  
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Japan from a diseased Yamame and was deposited in the American Type Culture 

Collection (ATCC) as ATCC 35035
T
 (Wakabayashi et al., 1989). The BV-1 strain, 

isolated from Chinook salmon in Oregon, was submitted to the ATCC and given the 

designation ATCC 35036, but it is no longer available from that source. 

Additional isolates were obtained by Ferguson et al. (1991) and Ostland et al. 

(1994) from BGD cases from Ontario, Canada (Table 1). Ferguson et al. (1991) obtained 

3 isolates from a BGD outbreak in 2-year-old brook trout (Salvelinus fontinalis) by 

plating samples onto Cytophaga Agar, in which the agar concentration was increased 

from 0.9% to 1.5% as F. branchiophilum is a non-gliding organism (Ostland et al., 1990). 

Ostland et al. (1994) used two isolation methods from infected fish gills - gill tissue 

samples were swabbed and directly plated onto Cytophaga Agar or ten fold serial 

dilutions from the gill tissue washes were prepared and plated on the same medium. A 

total of 6 isolates were recovered from 6 cases of BGD in brook trout, rainbow trout, and 

Atlantic salmon. However, while filamentous yellow-pigmented bacteria were isolated 

from some of the dilution plate experiments, they were not the dominant colonies present 

on the plates (<5 colonies per plate), and the recovery of F. branchiophilum from the 

BGD cases tested was reported to be 30% (Ostland et al. 1994). These authors suggested 

either Cytophaga Agar does not provide some of the necessary growth requirements for 

F. branchiophilum, and/or plates were overgrown by other, rapidly growing organisms 

during the 6-12 day incubation period. 

The most recent literature on primary isolation of F. branchiophilum was from Ko 

and Heo (1997), who obtained 3 isolates from rainbow trout from Chungbuk, Korea, by 

swabbing several gill tissues and streaking the sample onto 1.5% agar Cytophaga Agar. 
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The authors noted that recovery of F. branchiophilum was poor, and suggested that F. 

branchiophilum has growth requirements that are not met by Cytophaga Agar (Ko and 

Heo, 1997). 

2.3 The Genus Flavobacterium 

Bernardet et al. (1996) amended the description of the genus Flavobacterium to 

include Gram-negative, chemoorganotrophic and aerobic yellow-pigmented rod capable 

of gliding motility and degradation of many polysaccharides excluding cellulose. Many 

improperly named species of Flavobacterium were reclassified on the basis of DNA-

DNA hybridization, DNA-rRNA hybridization, whole-cell protein and fatty acid profiles 

results. These species are widely found in freshwater and soil environments; the genus 

Flavobacterium has two distinct lineages, based on aquatic or terrestrial habitats 

(Bernardet and Bowman, 2006).  

Some of the best studied members of the genus Flavobacterium are the three fish 

pathogens: Flavobacterium columnare, Flavobacterium psychrophilum, and 

Flavobacterium branchiophilum. Flavobacterium columnare, previously Cytophaga 

columnaris, was placed in the genus Flavobacterium based on DNA-rRNA hybridization 

(Bernardet et al., 1996). It is the causative agent of columnaris disease which usually 

occurs in water temperatures of 20°C and affects many species of fish in both wild and 

cultured species (Starliper and Schill, 2011). Flavobacterium psychrophilum, previously 

Cytophaga psychrophila, is a thin rod-shaped bacterium, that grows in colder 

temperatures, between 10-16°C (Starliper and Schill, 2011). It is the causative agent of 

many diseases of fish, including tail rot, rainbow trout fry syndrome, and bacterial cold-
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water disease, the latter being prevalent in both wild and cultured trout and salmon 

species (Starliper and Schill, 2011).  

Flavobacterium columnare and F. psychrophilum have also been shown to cause 

co-infections and can occur in both wild and hatchery-raised fish (Starliper and Schill, 

2011). Unlike F. branchiophilum, which is considered an external infection, F. 

psychrophilum and F. columnare can cause systemic infections (Starliper and Schill, 

2011) 

The 16S rRNA sequences of Flavobacterium species have been used to place 

newly described species within the genus and were used to construct a phylogenetic tree 

(Bernardet and Bowman, 2006). Flavobacterium psychrophilum, F. branchiophilum, and 

F. succinicans form a discrete group, and are more closely related to each other, with F. 

columnare more distantly related. Flavobacterium branchiophilum is most closely related 

to F. succinicans, a species thought to be common in freshwater. A recent study by Good 

et al. (2014) indicated that the abundance of the F. succinicans 16S rRNA gene increased 

during infections by F. branchiophilum when samples from infected gills were sequenced 

by pyrosequencing, suggesting that it may also act as an opportunistic pathogen under 

some conditions. 

2.4 Culture of F. branchiophilum 

Cytophaga Agar (Anacker and Ordal, 1959) has been the recommended growth 

medium for F. branchiophilum, and all of the primary isolations of strains listed in Table 

1 were carried out on this medium. Identification of F. branchiophilum colonies on 

culture plates is carried out by light microscopy and comparison to the phenotypic 

characteristics described by Wakabayashi et al. (1989). Although isolation of F. 
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branchiophilum has been successful due to the difficulty in culture of F. branchiophilum 

examination of gill clippings under light microscopy revealing the presence of long 

filamentous bacteria on the gill surface is used as a presumptive diagnosis. Heo et al. 

(1990a) used indirect fluorescent antibody technique (IFAT) as an alternative method to 

diagnose BGD from fish, as the culture method was considered unreliable.  

Culture of Flavobacterium species is generally carried out on low nutrient media, 

and various formulations (Table 2) have been developed in efforts to improve the growth 

of the fish pathogens, F. columnare and F. psychrophilum (Bernardet and Bowman, 

2006). Bernardet and Bowman (2006) provide a comprehensive review on the growth of 

the genus Flavobacterium. For F. psychrophilum, a close relative of F. branchiophilum, 

extensive work has been done on novel media formulations and improvements to 

Cytophaga Agar that enhance growth (reviewed by Bernardet and Bowman, 2006). 

Tryptone-yeast extract-salt broth, developed for F. psychrophilum, supported growth of 

F. branchiophilum (Toyama et al., 1996, Table 2). The addition of 10% fetal bovine 

serum (Obach and Baudin-Laurencin, 1991, Michel et al., 1999) and activated charcoal 

(Alvarez and Guijarro, 2007) to Cytophaga Agar have been reported to greatly enhance 

growth of F. psychrophilum. However, these modifications have not been tested for 

growth of F. branchiophilum, perhaps due to the lack of reference cultures.  

Various media have been used for the growth of F. branchiophilum (Table 2). 

Modified Sheih’s medium (Bernardet et al. 1996) and casitone-yeast agar (Bernardet and 

Bowman, 2006) have both been used to culture F. branchiophilum, with the best growth 

observed on casitone-yeast agar. Little work has been performed on media improvements 

to enhance growth of F. branchiophilum, and despite some success in isolation, culture of 
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this species has been difficult, and has been described as “extremely challenging, if not 

impossible” (Starliper and Schill, 2011). 

In order to compare media for their ability in isolating F. branchiophilum from 

BGD gills, the Fish Health Laboratory, University of Guelph, examined 10 cases of BGD 

from Ontario hatcheries (Harper and Stevenson, 2008). Gill samples from diseased fish 

were plated on skim milk acetate agar (Christensen and Cook, 1972), modified Shieh’s 

medium (Song et al. 1988), and Cytophaga Agar (Anacker and Ordal, 1959) and 

incubated at 18°C. Genomic DNA was extracted directly from BGD infected gill tissue 

samples and, later, from colonies washed from the matched plates. A GM5 olignucleotide 

primer set that amplified a partial region of the 16S rRNA gene (Muyzer et al. 1993) was 

used in a PCR analysis and the amplicons were examined by denaturing gradient gel 

electrophoresis (DGGE), which separates the PCR products according to their melting 

temperature. An example case is shown in Figure 1 (used with permission, Harper and 

Stevenson). Cells washed directly from infected gills gave a DGGE band characteristic of 

authentic F. branchiophilum (Figure 1a), while cells washed from plates did not yield a 

strong F. branchiophilum band, and, had several other bands (Figure 1b, c, d). None of 

the colonies from the three different kinds of media showed the long rod morphology that 

is characteristic of F. branchiophilum, suggesting while organisms on the gills were F. 

branchiophilum, they were not recovered when cultured on any of these media tested. 
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Figure 1. DGGE analysis of 5493, Lake Trout (Salvelinus namaycush) from Chatsworth 

FCS, Ontario, Canada with GM5 primers targeting a partial region of the 16S rRNA 

gene. The unnumbered lanes contain amplicons from individual fish samples. The 

majority of direct gill samples possess the F. branchiophilum band (black arrow), seen in 

a). In contrast, gills plated onto b) modified Sheih’s medium c) Cytophaga Agar d) Skim 

milk agar rarely produce the F. branchiophilum signature band.  

Used with permission (Harper and Stevenson). 
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2.5 Disease Features 

To gain a better understanding of BGD, Good et al. (2008, 2009) conducted a 

retrospective epidemiological study on BGD cases in OMNR hatcheries in which they 

investigated risk factors associated with disease outbreak. Records dating from 1991 to 

2001 were examined for fish that were younger than 9 months. Good et al. (2008) found 

that BGD outbreaks were dependent on the hatchery, season and species, with brook trout 

being the most susceptible species. The majority of BGD outbreaks occurred during the 

spring, with peak BGD cases occurring in May; however, this was also the time when the 

hatcheries had their largest stocks of fingerlings (fish less than 9 months in age), and as 

early-rearing and juvenile fish are considered to be more susceptible to disease, the effect 

of age, size, and season could not be separated (Good et al., 2008). Bacterial gill disease 

outbreaks were also found to recur in hatcheries that have had previous outbreaks. This 

may be due to improper treatment of fish, predisposing conditions that had not changed, 

or that fish with diagnosed BGD were more susceptible to subsequent disease (Good et 

al., 2008). These recurrences were also consistent with F. branchiophilum persisting in 

the environment, in reservoirs not yet identified.  

Good et al. (2009) found that when hatcheries had low water exchange, the 

number of times a lot was treated for BGD also increased, suggesting that water quality is 

a risk factor associated with BGD. Bullock et al. (1997) reduced the mortality caused by 

BGD in two groups of 2250 newly stocked rainbow trout fry (mean length of 100 mm) by 

adding ozone to the water supply to improve water quality. With ozone treatment 

mortality was reduced from 30% to 1.7 - 4.1% of stocked fish from before the treatment 

was applied. However, Ferguson et al. (1991) were able to horizontally transfer BGD by 
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co-habitation of sick brook trout with healthy rainbow trout kept in good water quality, 

suggesting that water quality may not be associated with disease outbreak. 

BGD was found to be associated with an increased amount of feed provided at 

one of the hatcheries examined by Good et al. (2009). When rainbow trout fingerlings 

(weight of 3 to 4 g) were exposed to F. branchiophilum by bath immersion and fed 

continuously, they developed severe BGD within 48 h after infection (MacPhee et al. 

1995). In contrast, fish that were not fed after infection exhibited only moderate levels of 

disease, and appeared normal 72 h after infection. A common explanation for this pattern 

is that feed reduces the water quality, increasing the ammonia concentration and 

suspended solids in the water. Increased ammonia and decreased dissolved oxygen in the 

water are thought to be involved with BGD outbreaks (Starliper and Schill, 2011).  

On the other hand, MacPhee et al. (1995) observed that the effect of fish feeding 

was more important than the food itself, as fish unable to consume feed required feeding 

through stomach tubes for BGD to manifest, suggesting that a physiological change 

triggers the disease, rather than the presence of feed particles in the water. Good et al. 

(2009) concluded that the presence of feed in the water might not be responsible for BGD 

outbreaks, but worked to amplify the effects of the disease.  

Recently, Good et al. (2014) induced BGD outbreaks in tanks of rainbow trout 

(mean weight of 105 g) by environmental manipulation involving the reduction in 

dissolved oxygen, decreased filtration, and the doubling of feed rates. Fish in three of six 

tanks developed a minor BGD infection within a one-month period, supporting the idea 

that water quality and feed are important risk factors associated with BGD, and that F. 

branchiophilum is present in the system. 
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2.6 Strain Variance and Virulence 

Differences in salt tolerance, carbohydrate utilization, and growth temperatures 

have been reported between strains of F. branchiophilum (Wakabayashi et al., 1980, 

Ostland et al., 1994). Huh and Wakabayashi (1989) identified one antigen that was 

specific to Japanese isolates of F. branchiophilum and two that were specific to American 

and Hungarian isolates by immunodiffusion with rabbit antisera. Sera of isolates from 

different geographical sources and used in absorption studies suggested F. 

branchiophilum recognized two distinct antigens. Ostland et al. (1994) reported antigenic 

diversity between six Ontario isolates (Table 1) by immunodiffusion with antisera 

generated against each isolate as well as antisera generated against ATCC 35035
T
 and 

ATCC 35036, but could not identify geographically distinct antigens as described for 

Japanese, American and Hungarian isolates by Huh and Wakabayashi (1989).  

Different degrees of mortality have been observed in fish infected with different 

strains of F. branchiophilum. Ostland et al. (1995) conducted bath challenge with 6 

Ontario isolates (Table 1) and 2 reference strains (ATCC 35035
T
 and BV-1) on groups of 

75 juvenile rainbow trout (average weight of 6 g). The type strain, ATCC 35035
T
 caused 

9% mortality rates in rainbow trout when compared to other F. branchiophilum strains 

(AQF) which produced 75% mortality. Additionally, two Ontario isolates, B581, ARS, 

and ATCC 35036 (BV-1) were avirulent, and caused no mortalities in a bath challenge of 

juvenile rainbow trout (Ostland et al., 1995).  

2.7 Genetics and Virulence Properties 

Wakabayashi et al. (1989) examined the DNA relatedness of three isolates, BGD-

7721
T
, BV-1, and FL-15, by DNA-DNA hybridization. These authors found that two of 
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the isolates, BGD-7721
T
 and FL-15, were closely related with a 96% homology. The 

isolate BV-1, from Chinook salmon showed a 67-68% similarity to the other two strains, 

which was considered to be acceptable for strains of the same species. 

In 2011, Touchon et al. determined the complete genome sequence of F. 

branchiophilum strain FL-15, isolated in Hungary from diseased sheatfish (Silurus 

glanis). The 3,559,884 bp circular chromosome of F. branchiophilum has an average 

G+C content of 33%. A small plasmid is also present in F. branchiophilum FL-15, which 

has the same G+C content as the chromosome (Touchon et al., 2011). 

The genome sequence revealed that all of the genes needed for gliding motility 

are present in the genome (Touchon et al., 2011), which is interesting as Wakabayashi et 

al. (1989) describe F. branchiophilum as non-motile. Subsequent characterization of 

Ontario and Korean isolates by Ostland et al. (1994) and Ko and Heo, (1997) also found 

that F. branchiophilum is non-motile.  

In many other bacterial pathogens, adhesins, including pili and fimbriae, play a 

role in attachment and host colonization. While most species of Flavobacterium lack pili 

(McBride, 2001), F. branchiophilum was reported to posses pili-like structures on the 

outer surface of the cell (Heo et al., 1990b). These structures were also found in 6 Ontario 

isolates including both avirulent strains of F. branchiophilum examined by Ostland et al. 

(1995). However, no known genes encoding pili are present in the genome sequence of F. 

branchiophilum. Touchon et al. (2011) suggested pili or pili genes may be a strain-

dependent feature, absent from strain FL-15.  

Studies on molecular typing and genotypic variation between isolates of F. 

branchiophilum have not been conducted. Much more work has been done on molecular 
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typing of the related species, F. psychrophilum, and pulse field gel electrophoresis and 

multi-locus sequence typing suggest that certain types are strongly associated with the 

fish species from which they were isolated (Arai et al, 2007 and Nicolas et al, 2008).  

Epidemiological studies of F. psychrophilum have been aided by the availability of 

isolates from a variety of fish species and locations, while difficulties in the culture and 

maintanace of cultures of F. branchiophilum has hindered similar studies of this 

pathogen. 

2.8 Environmental Reservoirs 

While Starliper and Schill (2011) indicated that reservoirs of the fish pathogenic 

flavobacteria are thought to be in water, sediment, and asymptomatic fish, there is little 

direct evidence of reservoirs of F. branchiophilum in the environment. Good et al. (2014) 

were able to produce BGD in juvenile rainbow trout by manipulating environmental 

conditions, including reducing waste removal, doubling feed rates, and decreasing the 

amount of dissolved oxygen, suggesting F. branchiophilum is in the water source or in 

healthy fish. 

Several studies using quantitative PCR (qPCR) found that low levels of F. 

psychrophilum are present in apparently healthy fish, tank water, and inlet water. Using 

qPCR targeting the 16S rRNA gene of F. psychrophilum Orieux et al. (2011) found that 

most skin and muscle tissues of apparently healthy fish have low levels of F. 

psychrophilum. Similarly, in a qPCR assay targeting the hypothetical protein gene 

(YP_001296729.1), Maranick and Wiens (2013) found that 18 of 137 asymptomatic 

rainbow trout were carriers of F. psychrophilum in spleen and renal tissues. Strepparava 



 20 

et al. (2014) also detected F. psychrophilum in 7% of inlet and 53% tank water samples 

from Swiss fish farms.  

2.9 Prospectus 

While primary isolation of F. branchiophilum from gills is possible on Cytophaga 

Agar, the recovery of colonies is poor. Thus, presumptive diagnosis is largely based on 

morphology of bacteria on the fish gills rather than culture of the organism. In addition, 

long-term storage of BGD isolates is difficult. As a result, little is known about 

phenotypic and genotypic diversity of this species, or its environmental reservoirs. 

Thus, the first objective of this study was to develop an optimal culture medium 

and long-term storage conditions for F. branchiophilum. The second objective of this 

study was to examine phenotypic and genotypic differences amongst isolates of F. 

branchiophilum and identify markers that are useful for epidemiological studies. 

Phenotypic characteristics - cell morphology and growth - were examined. Three single 

copy genes, gyrB, gyrA, and sdhA are potentially useful as targets for qPCR in future 

studies of reservoirs of F. branchiophilum in the hatchery environment. Sequences of 

gyrase B (gyrB), ATP synthase subunit alpha (atpA), and elongation factor Tu (tuf) were 

examined and compared for genotypic variation.  
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3. Materials and Methods 
 

3.1 Media 

 Table 3 shows the composition of media reported in the literature to support 

growth of Flavobacterium species, including Cytophaga Agar (Anacker and Ordal, 

1959), modified Sheih’s medium (Song et al. 1988), and casitone-yeast agar (Bernardet 

and Bowman, 2006). Modifications of the Anacker and Ordal Cytophaga Agar included 

addition of 0.67 mM KCl, 0.45 mM CaCl2, 0.53 mM MgCl2 (Cytophaga Salts Agar, 

CSA), or the addition of 10% (v/v) fetal bovine serum to CSA, or the addition of 0.1% 

(w/v) activated charcoal powder and 0.2% (w/v) gelatin to CSA (Charcoal-Salts-

Cytophaga Agar, CSCA), with ingredients listed in Table 3. In this study, the 

concentration of agar in Cytophaga Agar, Cytophaga Salts Agar and the Charcoal-Salts-

Cytophaga Agar was increased to 15 g L
-1

 to make streaking the inoculum easier, as 

suggested by Bernardet and Bowman (2006). Tryptic soy agar (TSA), at 40 g L
-1

, was 

used for growth of other bacterial generae listed outside of the genus Flavobacterium 

listed in Table 4.  

3.2 Bacterial Cultures and Growth 

 Species outside of the genus Flavobacterium were obtained from the FHL culture 

collection and are listed in Table 4. All Flavobacterium species were incubated at 15°C 

for 5 days on CSCA. Species of Yersinia, Edwardsiella, Serratia, Carnobacterium, 

Aeromonas, and Hafnia isolates were grown on TSA, and incubated at 18°C for 3 days. 

To compare growth of BGD isolates on different media, cultures were grown for 

3 days in cytophaga broth with 0.67 mM KCl, 0.45 mM CaCl2, 0.53 mM MgCl2  
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Table 3. Formulations of media used for the culture of Flavobacterium species 

 

Medium Abbreviation Formulation 

Cytophaga Agar 

(Anacker and Ordal, 1959) 

CA Yeast extract
a
                 0.5 g 

Tryptone
a
                       0.5 g 

Beef extract
a
                   0.2 g 

Sodium acetate
c
             0.2 g 

Agar
 b

                              15 g 

 

Cytophaga Salts Agar CSA CA 

100mg/mL KCl             0.5 mL 

100mg/mL MgCl2              0.5 mL 

100mg/mL CaCl2          0.5 mL 

 

Cytophaga Agar with Serum CSAS CSA 

10% (v/v) fetal bovine serum 

 

Charcoal-Salts-Cytophaga 

Agar 

CSCA CSA 

Gelatin
 c
                         2 g 

Charcoal
 d

                      1 g
 

100mg/mL KCl             0.5 mL 

100mg/mL MgCl2              0.5 mL 

100mg/mL CaCl 2          0.5 mL 

 

Modified Sheih’s Medium 

(Song et al. 1988) 

MSM Yeast Extract
a
              0.5 g 

Peptone
a
                          5 g 

Sodium acetate
 c
            10 mg 

BaCl2 · H2O                  10 mg 

K2HPO4                         0.1 g 

KH2PO4                         50 mg 

MgSO4· 7H2O              0.3 g 

CaCl2· 2H2O                 6.7 mg 

FeSO4· 7H2O                1.0 mg 

NaHCO3                        50 mg 

Agar
 b

                            15 g 

 

Casitone Yeast Extract Agar  

(Bernardet and Bowman, 

2006) 

CYES Casitone
a
                        5 g 

Yeast Extract 
a
               1 g 

Agar
 b

                           15 g 

 

Source of Reagents 

a
  Bacto

TM 

b
 Difco 

c
 Fisher Scientific 

d
 Sigma Chemical Co. 
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Table 4. Isolates from the FHL culture collection used in this study. 

 

Species Strain Code Growth 

Temperature 

Culture 

Media 

Flavobacterium branchiophilum ATCC 35035
T 

15°C CSCA 

Flavobacterium branchiophilum ONT 5954 FL5 15°C CSCA 

Flavobacterium branchiophilum ONT 5954 FL6 15°C CSCA 

Flavobacterium branchiophilum ONT 5954 FL7 15°C CSCA 

Flavobacterium psychrophilum ONT 6038 FL33 15°C CSCA 

Flavobacterium sp. B225* 15°C CSCA 

Flavobacterium johnsoniae RS 1522 15°C CSCA 

Yersinia intermedia RS 1207 18°C TSA 

Yersinia ruckeri RS 11 18°C TSA 

Edwardsiella tarda RS 2004 18°C TSA 

Edwardsiella aerogenes RS 500 18°C TSA 

Aeromonas hydrophila RS 101, 102, 248 18°C TSA 

Aeromonas salmonicida RS 531 18°C TSA 

Hafnia alvei RS 515, 516 18°C TSA 

Serratia marcescens RS 501 18°C TSA 

Carnobacterium maltaromaticum RS 2002 18°C TSA 

 

* - Obtained from M. Jarau, Fish Pathology Laboratory, Department of Pathology, 

Ontario Veterinary College, University of Guelph, as F. columnare 
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(Cytophaga Salts Broth, CSB), then centrifuged at 15, 339 x g using an eppendorf 

centrifuge 5415C and the cell pellet suspended in 400 µL of physiological saline. The 

OD600 measurement was read using a BioRad SmartSpec
TM

Plus spectrophotometer and 

adjusted to 1.0 and then 10-fold dilution series (up to 10
-5

) was made of each culture. An 

aliquot of 5 µL of each dilution of each strain was spotted onto test plates in columns on 

duplicate plates of CA, CSA, CSA with 10% (v/v) fetal bovine serum, casitone yeast 

extract agar, modified Sheih’s Medium, and CSCA, with ingredients listed in Table 3. 

Plates were incubated at 15°C for 5 days before scoring. 

3.3 Bacterial Culture Storage 

Cytophaga Salts Broth (50 mL) was inoculated with a bacterial culture and 

incubated at 15°C for 72 h. Cultures were centrifuged at 1610 x g in a Sorval RT 6000D 

centrifuge for 20 min. Pellets were suspended in 1 mL of 5% (w/v) skim milk powder 

(Bacto
TM

) in Cytophaga Salt Broth and transferred to cryogenic vials and stored at -80°C. 

Gills from BGD diagnosed fish were clipped and stored at -75°C in 5% (w/v) skim milk 

powder in cytophaga salts broth. 

Colonies of Flavobacterium species grown at 15 °C for 5 days on CSCA were 

suspended in 1 mL of glycerol-citrate freezing media, 10% (v/v) DMSO in fetal bovine 

serum, 5% (w/v) skim milk powder in cytophaga salts broth, 15% (v/v) glycerol in 

cytophaga salts broth, and 7% (v/v) DMSO in cytophaga salts broth. A total of 6 sets of 

each strain was made and 5 sets were frozen at -75°C. Serial dilutions (10-fold) were 

carried out on one set of stocks and 100 µL of each dilution was plated out on CSCA in 

triplicate before freezing to establish CFU/mL in each media. The CFU/mL was 

calculated based on plates that had between 30-300 CFU. Recovery from vials was 
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checked after 3 days and 2 years. The CFU/mL was determined at both time points as 

described for the initial concentration.  

3.4 Isolation of F. branchiophilum from Fish 

3.4.1 Diagnosis 

 Clippings of the gill lamellae from fish with suspected BGD were examined by 

phase microscopy at 400X magnification. The presence of long filamentous rods on the 

gills was considered presumptive for BGD.  

3.4.2 Flavobacterium branchiophilum Isolation 

Clippings of the gill lamellae from fish considered positive for BGD were placed 

directly onto plates of Charcoal-Salts-Cytophaga Agar and streaked for single colony 

isolation. Plates were incubated at 15°C for 5 days. Colonies were selected based on 

colony morphology (i.e. pin-point, round colonies having pale yellow pigment). For pure 

culture preparation, a single well isolated colony was streaked on Charcoal-Salts-

Cytophaga Agar and the cells examined by microscopy at 400X magnification. Based on 

previous studies conducted in the FHL by Melinda Raymond, Charcoal-Salts-Cytophaga 

Agar, which showed successful isolation of F. branchiophilum, was used for primary 

isolation.  

3.4.3 Microscopy and Cell Measurements 

 Light microscopy and cell measurements were carried out on a Leica DM750 

phase microscope and processed using Leica Application Suite Version 2.0.0 software. 

Isolates of Flavobacterium branchiophilum were grown in cytophaga broth and 

plated onto charcoal Cytophaga Agar for 3 and 5 days respectively. The cell suspensions 

were negatively stained with 3% (w/v) uranyl acetate in miliQ water for electron 
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microscopy and imaged on FEI Tecnai G2 F20 electron microscope at the Microscopy 

Imaging Facility, Advanced Analysis Center, University of Guelph with assistance from 

Diane Moyle, Advanced Analysis Center, University of Guelph. 

3.5 16S rRNA PCR and Sequencing 

3.5.1 DNA Isolation and 16S rRNA PCR 

DNA isolation of bacterial DNA was carried out using the Invitrogen
TM

 

Dynabeads DNA DIRECT DNA isolation kit, following the manufacturer’s protocol for 

Gram-negative bacteria. For PCR detection 2.5 µL of 50 pmol oligonucleotide primer set 

1500R and BRA1 and 2 µL of template DNA were added into a PCR master mix to a 

final volume of 25 µL. The PCR was run for an initial denaturation at 95°C for 4 min 

followed by 30 cycles of 95°C for 30 s, 45°C for 30 s, and 72°C for 1 min, with a final 

elongation at 72°C for 5 min carried out using the T1 Plus Thermocycler (Biometra). The 

1,100 bp product of the 16S rRNA gene was visualized following gel electrophoresis on a 

1% agarose gel at 70 V for 1 h and staining with 1X RedSafe. Sequences for the primers 

1500R and BRA1 are listed in Table 5. 

3.5.2 16S rRNA Sequencing 

For each PCR, 2.5 µL of 50 pmol of oligonucleotide primer pairs fd1 and rp2 or 

1500R and 20F and 2 µL of template DNA were added into a PCR master mix to a final 

volume of 25 µL. The PCR was run for an initial denaturation at 95°C for 4 min followed 

by 30 cycles of 95°C for 30 s, 56°C for 1 min, and 72°C for 1.5 min, with a final 

elongation at 72°C for 5 min. A total of 6 µL of reaction product was loaded onto a 1% 

agarose gel and run at 80 V for 45 min, then stained in 1X RedSafe to visualized the 

expected 1500 bp 16S rRNA amplicons. 



 27 

Table 5. Primers used in this study for PCR and DNA sequencing. 

Primer Gene Sequence (5′ to 3′) Amplicon 

(bp) 

Position 

Primers used for Identification of F. branchiophilum by 16S rRNA 

1500R
a 

BRA1
b 

16S 

rRNA 

GGTTACCTTGTTACGACTT 

ACTTCTICGAGTAGAAG 

1100 1510 - 1492 

454 - 470 

Primers used for Sequencing of F. branchiophilum 16S rRNA gene 

fd1
c 

rp2
c 

16S 

rRNA 

AGAGTTTGATCCTGGCTCAG 

ACGGCTACCTTGTTACGACTT 

1500 1 – 20 

1475 - 1455 

1500R
a 

20F
a 

16S 

rRNA 

AGAGTTTGATCATGGCTCAG 

GGTTACCTTGTTACGACTT 

 

1500 1510 - 1492 

8 - 20 

 
a
 Wiklund et al., 2000. 

b 
Toyama et al., 1996. 

c
 Weisburg et al., 1991. 

 

 

 

 

 

 

 

 

 

 

 

 



 28 

Following product confirmation, a volume of 57 µL of 6 M guanidine thiocyanate 

(GuTC) was added to the remaining 19 µL of the PCR reaction. Silica fines (5 µL) were 

added into the tube and mixed for 5 min. The tubes were centrifuged at 15 339 x g in an  

eppendorf centrifuge 5415C for 30 s and the supernatant was discarded. The pellet was 

washed once with 1 mL of 4 M GuTC and twice with 1 mL of silica wash. The pellet was 

dried for 20 min and suspended in 12 µL of sterile water. The concentration of the 

purified DNA was measured using a NanoDrop NO-100 and 40 ng of DNA was sent to 

the Advanced Analysis Centre Genomics Facility, College of Biological Science, 

University of Guelph, for sequencing. BLASTn available at NCBI was used to compare 

the sequences to the database for identification. 

3.6 Quantitative PCR 

3.6.1 Primer Design 

The gyrB gene was selected as a target due to the copy number of 1 and species 

specificity (Dauga, 2002). Primers were designed for the gyrB gene (GenBank Accession 

# FQ859183.1) sequence of F. branchiophilum using GenScript Real Time PCR Primer 

design tool. A sequence alignment was performed with the gyrB genes of F. 

branchiophilum, F. psychrophilum, and F. columnare using ClustalW2 to ensure primer 

specificity for F. branchiophilum. The specific primer set consisted of FbQgyrB-1 and 

FbQgyrB-2 (Table 6). Additional primers targeting gyrA (GenBank Accession # 

FQ859183.1), sdhA (GenBank Accession # FQ859183.1), hypothetical protein gene 

(YP_004842415.1), and hypothetical protein gene (YP_004843271.1) of F. 

branchiophilum were designed using the PrimerBLAST primer design tool. A complete 

list of qPCR primer pairs can be found in Table 6. 
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Table 6. Primers used in Quantitative PCR analysis of F. branchiophilum. 

Primer  Gene Sequence (5′ to 3′) 
FbQgyrB-1 

FbQgyrB-2 

gyrB AACAAATTGGTACCACCGAAA 

AAACGAAAGTTCCCTCATCC 

Fbgyr – F 

Fbgyr - R 

gyrB ACGATACCTTATCGGCAAGGA 

TGTAAATGGCTATTTGCTTAACAAC 

 

GyRBFb - F 

GyrBFb - R 

gyrB TGCCCGTATTATCATT 

AATCCGCCTCCTCCAAACGGACCAT 

 

FbrgyrB - 1 

FbrgyrB - 2 

gyrB 

 

 

CCACCATGGATCCTAATTTCCG 

GCTCCGGCTAGTTCATAAAAGCTA 

 

FgyrF 

FgyrR 

gyrB TTAGTGTAGCAATCAACGAGG 

TGACCACTTCCAAGGCAGAAACCC 

FgyrBF 

FgyrBR 

gyrB ACGATACCTTATCGGCAAGGATGA 

AACTTCCGATTGAAAATGTCCC 

gyrBF1_Fb 

FgyrR 

gyrB 

 

ATTCTATAGATGAAGCCATGG 

TCGTTTCGGGAATTAAATCTTT 

FbrgyrB - 1 

FbgyrB – 2m 

gyrB CCACCATGGATCCTAATTTCCG 

GCTCCGGCTAGTTCATAAAAGCTA 

FbGyrB-F 

FgyrR 

gyrB AGCCATGGGAGGCCATTGCGAC 

TGACCACTTCCAAGGCAGAAACCC 

FbraQ1 

FbraQ2 

gyrB 

 

CGATAAACGAATTGTTGATAAAGA 

TCGATATCACATGAGCAATTATTG 

Fbr_ukn_fw 

Fbr_ukn_rev 

YP_004843271.1 GGAAATGGCACAGGAATTGGC 

GCGTTTTCTGTTTCCTAAAGAATAGCC 

 

GyrB_Fb_1 

GyrB_Fb_2 

gyrB CGTATGGGAGGCAATGCTGGT 

TTGATCGGCCTCGGCCAAACTTTG 

gyrB_FB_fwd 

gyrB_FB_rev 

gyrB GCCGGTCATGCGGCAAAAAAGG 

CGACCAAATAAACTTCACATCGAGC 
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Table 6. Primers used in Quantitative PCR analysis of F. branchiophilum continued 

 

Primer Gene Sequence (5′ to 3′) 
Fbr_gyraseB-1 

Fbr_gyraseB-2 

gyrB GGCGGAACAGCCAAGCAAGG 

AGGGCTTTGCTGTCTTCGGCA 

Gyr_Fbr_f 

Gyr_Fbr_r 

gyrB ACGTATGGGAGGCAATGCTG 

AGGATCCATGGTGGTTTCCCA 

Fbra_qgyrB_fwd 

Fbra_qgyrB_rev 

gyrB AACCGTTTTAGGCGGAGGAG 

CACATCGAGCAGGGTCTTGT 

Fbra_gyrB_QF 

Fbra_gyrB_QR 

gyrB CGGCAAGGATGAGGGAACTT 

GGCTCTCTGTTGCCATCCAA 

Fbr_0934_fwd 

Fbr_0934_rev 

YP_004843271.1 AAGGCAAATCCAGTGGCAGT 

ACCCGTTCCTTGTCCTGAAC 

Fbr_0934_F 

Fbr_0934_R 

YP_004843271.1 TCCAATTTTGGCCACCCTCA 

TTAGGGGCTTTTTGGGCACT 

Fbr_hypoQ_fwd 

Fbr_hypoQ_rev 

YP_004842415.1 GTTCGACAAATTGGCTCGGG 

CGTTGGTTTTGCCAAGTCCT 

hypo_Fbra-1 

hypo_Fbra-2 

YP_004842415.1 GCCGATGGCACACCTGAAATAA 

TTTGCTGCGGCAGTTACACTA 

Fbr_gyrA_F 

Fbr_gyrA_R 

gyrA TTGCGTTAGTTGGTGGTCGT 

AATGTGGGCTCTTTCCTGG 

 

Fbr_gyrA_fwd 

Fbr_gyrA_rev 

gyrA CCCGACCAAGGGTAAATGGT 

TGCAGTTCTACCCATCGGAC 

Fbr_FW_gyrA 

Fbr_RV_gyrA 

gyrA GCTACGGGAATAGCTGTGGG 

TGCTCGCAAAACTATGCGTC 

Fb_sdhA_fwd 

Fb_sdhA_rev 

sdhA GAATTTGGGTGCCTGCCAAG 

GGCAGCGGCAAAATCCAAAT 

Fb_16S_fwd 

Fp_16Sint1_rev 

16S rRNA GGTACTTTAATGTGAAAACCATGCGA 

TCCGTGTCTCAGTACCAG 
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3.6.2 Panel of Isolates for qPCR 

 Isolates of F. branchiophilum were obtained from several fish species from 

different Ontario hatcheries and were selected by location and fish host for use in qPCR 

studies. A panel of strains was selected to include a representative isolate of F. 

branchiophilum from each hatchery that submitted a case of BGD to the FHL. Four 

disease isolates, F. branchiophilum FL1 from rainbow trout at Harwood FCS; FL12 from 

Atlantic salmon at Normandale FCS, FL106 from brook trout at Dorion FCS, and FL115 

from Aurora trout at Hills Lake FCS, as well as the type strain ATCC 35035
T
 were 

selected as the test panel. 

DNA extraction for qPCR was carried out on a Promega Maxwell® system in the 

laboratory of Dr. Emma Allen-Vercoe with assistance from Michelle Daigneault, 

Department of Molecular and Cellular Biology, University of Guelph. This system was 

used to obtain high quality DNA with a high concentration. 

3.6.3 Primer Specificity Testing 

Primers developed for use in qPCR were assessed using conventional PCR to 

check for primer specificity to F. branchiophilum by running the assay on the test panel, 

as well as all non-Flavobacterium species listed in Table 4, which are representative of 

bacteria encountered in fish health work. A volume of 2.5 µL of 50 pmol forward and 

reverse primers and 2 µL of template DNA were added into a PCR master mix whith taq 

polymerase to a final volume of 25 µL. The PCR was run for an initial denaturation at 

95°C for 5 min followed by 30 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 1 

min, with a final elongation at 72°C for 5 min. The PCR assays were carried out using the 
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T1 Plus Thermocycler (Biometra). The 124 bp product was visualized by gel 

electrophoresis on a 1% agarose gel at 70 V for 1 hour and staining in 1X RedSafe stain. 

3.6.4 Quantitative PCR Cycling Parameters 

The qPCR assay was carried out using 0.3 µL of 20 pmol FbQgyrB-1 and 

FbQgyrB-2 primers and 5 µL of template DNA added into a PCR master mix to a final 

volume of 25 µL. The PCR was run for an initial denaturation at 95°C for 2 min followed 

by 40 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 20 s, with a final elongation at 

72°C for 5 min.  The qPCR assays were carried out on a StepOnePlus Real Time PCR 

system thermocycler (Applied Biosystems) in a 96-well plate. The standard curve was 

generated using 10-fold serial dilutions of 50 ng/µL F. branchiophilum DNA in DNA-

free water. 

3.7. Primer Design and Sequencing of gyrB, atpA, tuf, and sprB amplicons 

Primers were designed from the gyrB gene (GenBank Accession # FQ859183.1) 

sequence from F. branchiophilum using the PrimerBLAST primer design tool. The 

primers set consised of FgyrUF and FgyrUR. Primers targeting the atpA and tuf genes are 

modifications of the primers designed by Nicolas et al. (2008) for F. psychrophilum, 

intended to amplify the homologous gene sequence in F. branchiophilum. Primers 

targeting the sprB genes of F. psychrophilum and F. johnsoniae were designed using the 

PrimerBLAST primer design tool. Primer sequences are given in Table 7. 

For PCR amplification of gyrB, sprB, atpA, and tuf sequencing, 2.5 µL of the 

appropriate 50 pmol forward and reverse primers and 2 µL of template DNA were added 

into a PCR master mix to a final volume of 25 µL. The PCR for gyrB and sprB was run 

for an initial denaturation at 95°C for 4 min followed by 30 cycles of 95°C for 30 s, 56°C 
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Table 7. Sequences of primers used in sequencing of F. branchiophilum gyrB, sprB, 

atpA, and tuf genes 

 

Primer Target 

Gene 
Sequence (5′ to 3′) Position 

FgyrUF 

FgyrUR 

gyrB ATAGTATTCAGGCATTAGAA 

CCAAGCATATTCTTTTTTATTTCCT 

35 – 54 

1680 - 1656 

Fbr_atpA_fwd 

Fbr_atpA_fwd 

atpA TTAGAAGAAGATAACGTTGG 

AGTACCAGATACTTTTTTCAT 

199 – 218 

1218 – 1198 

Fbr_tuf_fwd 

Fbr_tuf_fwd 

tuf GAAGAAAAAGAAAGAGGTATTAC 

CACCTTCACGGATTGCAAA 

162 – 185 

1144 – 1125 

sprB_f 

sprB_r 

sprB TGCGAAAACTCCATCAGGCT 

GTAGCGGCAGCTGTTAATGC 

1303 – 1322 

2511 – 2491  

psy_sprBF 

psy_sprBr 

sprB CAGCGTACAATGCCAATCCG 

CTATACGGAGGTGTTCCGCC 

7772 – 7791 

8261 – 8242  
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for 1 min, and 72°C for 1.5 min, with a final elongation at 72°C for 5 min. The PCR for 

atpA and tuf was run for an initial denaturation at 94°C for 3 min followed by 35 cycles 

of 94°C for 30 s, 50°C for 30 s, and 72°C for 2 min, with a final elongation at 72°C for 8 

min. Gel electrophoresis and amplicon purification was performed as described as above. 

3.8 Tissue Culture 

The rainbow trout gill cell line, RTgill_W1, was generously provided by Dr. Niels 

C. Bols, Department of Biology, University of Waterloo, and grown at room temperature 

for 3 days in 15mL cultures of Leibovitz 15 media (Bols et al. 1994).  
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4. Results 
 

4.1 Isolation and Culture 

In comparsion to previously described media, Charcoal-Salts-Cytophaga Agar 

(0.1% charcoal, 0.2% gelatin, 0.67 mM KCl, 0.45 mM CaCl2, and 0.52 mM MgCl2) 

resulted in increased success in primary isolation of F. branchiophilum from BGD 

infected gills when whole gill clippings were placed directly onto plates and streaked out 

from the tissue. When isolation from infected gills was attempted on plates of the original 

recipe for Cytophaga Agar (Anaker and Ordal, 1959), F. branchiophilum did not grow 

(Figure 2a), but samples of gills from the same fish plated on Charcoal-Salts-Cytophaga 

Agar produced pin-point yellow colonies after incubation for 5 days at 15°C (Figure 2b). 

These pin-point colonies were transferred from the initial gill isolation plates and re-

streaked for pure cultures. Using this approach, 53 isolates were obtained from fish 

samples submitted to the FHL from Ontario Ministry of Natural Resources Fish Culture 

Stations between 2010 and 2014 (Table 8).  The isolates represented 12 cases from 4 

stations, with 2 or more isolates being collected from each group of fish submitted, in 

order to allow assessment of isolate variations within the same case. Identification of the 

isolates as F. branchiophilum was confirmed by the presence of a 1100 bp product in 

PCR assays using the 16S rRNA gene target specific primers 1500R and BRA1 described 

by Toyama et al. (1996)  (Figure 3). 

4.2 Cell Morphology 

On Charcoal-Salts-Cytophaga Agar, all of the isolates obtained from disease cases 

from OMNR hatcheries had the same morphology, i.e. pin-point, pale yellow, circular 

colonies. When examined by phase contrast light microscopy, isolates had a distinctive 
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long filamentous rod morphology similar to rods seen on gills of BGD infected fish, with 

lengths of 10-25 µm (Figure 4a-d). The type strain, F. branchiophilum ATCC 35035
T
, 

had the same colony morphology; however, cells had a length of 6-9 µm (Figure 4e). The 

cells of F. branchiophilum ATCC 35035
T
 were longer than cells of F. psychrophilum 

FL33, (6-9 µm vs. 4 µm, Figure 4f). 

4.3 Culture Media Comparisons 

Three disease isolates - F. branchiophilum FL1 from rainbow trout at Harwood 

FCS; FL12 from Atlantic salmon at Normandale FCS, and FL106 from brook trout at 

Dorion FCS - were grown on six different culture media. The type strain, F. 

branchiophilum ATCC 35035
T
, F. psychrophilum FL33, and Flavobacterium sp. B225 

(received as F. columnare) were included as controls. The media used included casitone-

yeast agar (Bernardet and Bowman, 2006), Cytophaga Agar (Anacker and Ordal, 1959), 

modified Shieh’s medium (Song et al. 1988), Cytophaga Salt Agar (CSA, Table 3), 

Cytophaga Salt Agar with 10% fetal bovine serum (Table 3), and Charcoal-Salts-

Cytophaga Agar (CSCA, Table 3). 

Casitone-yeast agar failed to support growth of the 3 Ontario BGD isolates, F. 

branchiophilum ATCC 35035
T
, or F. psychrophilum FL33, and allowed the growth of 

Flavobacterium sp. B225 (Figure 5, Plate C). Flavobacterium sp. B225 had been 

received as F. columnare, but the closest 16S rRNA match was with Flavobacterium 

frigidimaris strain CH1-2 (99% sequence identity). In this thesis, the isolate was 

designated as Flavobacterium sp. B225), and grew well on all the media tested. 

Cytophaga Agar supported the growth of F. branchiophilum ATCC 35035
T
 and at a high 

cell density. Ontario BGD isolates of F. branchiophilum and F. psychrophilum FL33 did 
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not grow on Cytophaga Agar (Figure 5, Plate D). Modified Sheih’s medium did not 

support the growth of the Ontario BGD isolates; however, the type-strain (ATCC 35035
T
) 

did grow on MSM, as did F. psychrophilum FL33 (Figure 4, Plate E). 

When 10% fetal bovine serum was added to CSA, Ontario BGD isolates, the type-

strain ATCC 35035
T
, F. psychrophilum FL33, all grew (Figure 5, Plate F). However, no 

visible growth of the Ontario BGD isolates was seen using more dilute inocula. 

Cytophaga Salt Agar alone allowed growth of Ontario BGD isolates, the F. 

branchiophilum type-strain ATCC 35035
T
, and F. psychrophilum FL33 (Figure 5, Plate 

A). For Ontario BGD isolates FL1 and FL12, visible growth was not observed with lower 

concentrations of inocula when cultured on CSA.  

Adding 0.1% (w/v) activated charcoal to CSA also allowed growth of the three 

Ontario BGD isolates, the F. branchiophilum type-strain ATCC 35035
T
, and F. 

psychrophilum FL33, with visible growth appearing at all dilutions to the 10
-4 

dilution of 

each isolate (Figure 5, Plate B). Visibility of colonies of F. branchiophilum was enhanced 

on CSCA, due to the contrast of the yellow pigment to the charcoal. 

4.4 Long-term Culture Storage 

For storage, cultures of F. branchiophilum and F. psychrophilum FL33 were 

suspended in Cytophaga Salt Broth (CSB) and either 7% (v/v) DMSO or 5% (w/v) skim 

milk powder. After freezing for 2 years at -70 to 75°C, they could be recovered as viable 

cells; however, the CFU/mL dropped by 3 log for F. branchiophilum FL12, 5 log for both 

F. branchiophilum FL106 and ATCC 35035
T
 when stored in 7% (v/v) DMSO in CSB 

and the CFU/mL dropped by 5 log for F. branchiophilum FL1, 4 log for F. 

branchiophilum FL12, 3 log for both F. branchiophilum FL106, and 1 log for ATCC 
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35035
T
 when stored in 5% (w/v) skim milk powder respectively (Table 9).  None of the 

isolates of F. branchiophilum and F. psychrophilum FL33 could be recovered when 

suspended in a glycerol-citrate even prior to any freezing. Isolates F. branchiophilum 

FL1, FL12, and FL106 could not be recovered 3 days after being frozen in 15% (v/v) 

glycerol in CSB (Table 9). In addition, isolates F. branchiophilum FL1 and F. 

branchiophilum FL106 were not recovered in 10% (v/v) DMSO with fetal bovine serum 

after being stored for 2 years at -70 to -75°C. F. branchiophilum FL12 was recovered 

after 2 years in this medium but showed reduced viability from 2 x10
5
 CFU/mL to 2 x10

4
 

CFU/mL. The type strain, ATCC 35035
T
 was recovered after storage at -70 to -75°C 

from both 15% (v/v) glycerol in CBS and 10% (v/v) DMSO in serum with relatively 

stable viability counts (Table 9). 

4.5 Genetic Diversity of Isolates 

Four disease isolates of F. branchiophilum, FL1 from Harwood FCS rainbow 

trout; FL12 from Normandale FCS Atlantic salmon; FL106 from Dorion FCS brook 

trout; and FL115 isolated from Aurora trout at Hills Lake FCS and the type-strain ATCC 

35035
T
 were selected as the test panel for further analysis. The 16S rRNA sequence from 

these isolates were amplified and the amplicons sequenced using universal bacterial 16S 

rRNA primers (fd1 and rp2), targeting a 1500 bp region of the 16S rRNA gene. When 

sequenced using the same primer pair, and analyzed in BLASTn, the amplified sequences 

had 99% sequence identity with F. branchiophilum FL-15 (Touchon et al., 2011) and F. 

branchiophilum BGD-7721
T
 (Unpublished, GenBank Accession # NR_104713.1, made 

available in November 2011) rRNA genes. When F. psychrophilum FL33 16S rRNA 

products was sequenced with the same primer set and analyzed in BLASTn, F. 
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psychrophilum FL33 had a sequence identity of 99% with the F. psychrophilum JIP02/86 

(Duchaud et al., 2007). Subsequent sequencing of the test panel with universal bacterial 

16S rRNA primers (1500R and 20F), amplifying a 1500 bp region of the 16S rRNA gene 

gave the same results. Alignment of the 5 sequences of the 16S rRNA gene obtained with 

the 1500R primer, revealed minor differences between the 5 isolates of F. 

branchiophilum examined (Appendix A2).  Between F. branchiophilum FL106 and the 

sequences of the other four isolates of F. branchiophilum, there were a total of 11 

nucleotide differences within 620 nucleotides, 8 of which appeared in a cluster together. 

The gyrB sequences of the test set isolates were examined by PCR and 

sequencing. As a single copy gene, the gyrB gene was considered a potential target for 

further qPCR work and the primers developed for amplification of this gene were 

designed to produce short but specific amplicons. The gyrB FbQgyrB primer set was used 

with the test set isolates as well as with Flavobacterium sp. B225, F. psychrophilum 

FL33. The FbQgyrB primer pair was specific for F. branchiophilum by conventional 

PCR (Figure 6). When this primer set was used with Y. intermedia, Y. ruckeri, E. tarda, 

E. aerogenes, A. hydrophila, A. salmonicida, H. alvei, S. marcescens, and C. 

maltaronmanticum (Table 5), no product was observed, indicating specificity of this 

primer set (data not shown).  

When a qPCR assay with these primers was performed to generate a standard 

curve, the primers had a low efficiency of 66%, while the accepted efficiency needed for 

qPCR is 90 to 110%. The primers were redesigned in an effort to improve on the poor 

efficiency and 20 primer sets targeting the gyrB gene were developed. The complete list 

of primers and the test outcomes are given in Table 10. Some of these primer sets showed 
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PCR products of the correct size in non-target species or did not amplify products from 

all strains of F. branchiophilum. Of 15 primer sets targeting gyrB that were developed, 2 

showed no amplification, while 7 primer sets displayed non-specific binding, and 6 sets 

did not amplify F. branchiophilum FL106 from brook trout from Dorion FCS (Figure 7).  

Of the 6 primer sets that did not amplify F. branchiophilum FL106, the FbraQ 

primer pair did not generate a product from F. branchiophilum FL12, and the gyrB_Fb 

primer pair did not generate a product from F. branchiophilum FL 106. However, PCR 

products were generated for other species of Flavobacterium indicating the primer 

sequences were either not F. branchiophilum gene specific or gave a broad range of 

cross-reactions to strains outside the genus Flavobacterium. 

To design primers that would amplify target sequences from F. branchiophilum 

FL106, a set of primers targeting a 1600 bp sequence of gyrB, FgyrUF and FgyrUR, were 

developed and applied to the strains in the test panel. The resulting PCR products were 

purified, sequenced and aligned in clustalW2 (Figure 8). There were 60 bp differences 

over 820 nucleotides between the 5 F. branchiophilum isolates, with nucleotide 

differences appearing throughout the gene. A total of 53 of these nucleotide differences 

were between F. branchiophilum FL106 and the other 4 isolates. In case 6199 from 

Dorion FCS, 9 other isolates had been obtained from individual brook trout and all had a 

sequence identical to FL106 (Appendix B, Figure B1). When the sequence for F. 

branchiophilum FL106 was excluded, the other 4 strains, F. branchiophilum FL1, FL12, 

FL115 and ATCC 35035
T
 had only minor differences (Appendix B, Figure B2).  

 As a result of the gyrB results, other genes were selected arbitrarily for qPCR 

testing. Primers targeting succinate dehydrogenase (sdhA) and gyrase A (gyrA) did not 
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amplify F. branchiophilum FL106, but amplified F. branchiophilum FL1, FL12, FL115, 

and ATCC 35035
T
 (Appendix D). One of the three primer sets targeting gyrA, 

Fbr_FW_gyrA, did not amplify from DNA templates of F. branchiophilum FL106, but 

did amplify F. psychrophilum FL33, C. maltaromanticum RS2002, and S. marcescens 

RS501, as well as the other 4 isolates of F. branchiophilum in the test set (Appendix D).  

PCR primers targeting a hypothetical gene (YP_004843271.1) were tested in a 

qPCR assay developed for F. psychrophilum (Maranick and Wiens, 2013). These primers 

did not amplify F. branchiophilum FL106 DNA, but did amplify this gene from the other 

4 isolates of F. branchiophilum in the test set (Appendix D). The primer pair, Fbr_0934, 

did not amplify from F. branchiophilum FL106 nor ATCC 35035
T
 DNA templates. 

Primers targeting a hypothetical gene (YP_004842415.1) amplified only the type strain 

ATCC 35035
T
 with the two primer sets designed to amplify this gene (Appendix D). 

Sequences were examined for the conserved atpA (Naser et al., 2005) and tuf 

genes (Lathe and Bork, 2001) of the test set, on the basis of a multi-locus sequence typing 

scheme designed for F. psychrophilum by Nicolas et al. (2008). A total of 80 nucleotide 

differences of 831 nucleotides were found in the atpA gene sequences (Appendix C, 

Figure C1). Of the 80 variations, 72 differences were observed between F. 

branchiophilum FL106 and the other 4 isolates. Flavobacterium branchiophilum FL106 

and ATCC 35035
T 

shared 2 nucleotides that were different from those positions in the 

other 3 Ontario isolates, and 1 that was shared with F. branchiophilum FL115 that was 

different from those positions in the other 3 isolates in the test panel.  

The sequences of the tuf gene in 5 isolates in the test panel had 30 nucleotide 

differences over 785 bases (Appendix C, Figure C2). Of these, 23 were differences 
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between F. branchiophilum FL106 and the other 4 isolates in the test set. Flavobacterium 

branchiophilum FL106 and ATCC 35035
T
 had 4 differences that were the same for both 

isolates, but different than the other 3 Ontario isolates.  

4.6 qPCR detection of F. branchiophilum  

The original primer pair targeting the gyrB gene, FbQgyrB-1 and FbQgyrB-2, 

were applied to develop a qPCR to specifically detect F. branchiophilum. Changing the 

annealing temperature from 60°C to 57°C increased the primer efficiency to 96% (Figure 

9); however, the R
2 

value, which represents the reproducibility of the assay, had a value 

of 0.95. The accepted and desired value for qPCR for R
2
 is 0.99. 

4.7 Cell Surface Structure and Attachment Assays 

Flavobacterium branchiophilum FL1, FL12, FL106, FL115 and Flavobacterium 

branchiophilum ATCC 35035
T
, grown on charcoal Cytophaga Agar or in cytophaga salts 

broth, were examined by transmission electron microscopy. All isolates possessed pili-

like structures on the cell surface (Figure 10a, b, c). In addition, all strains also showed 

membrane vesicle (MV) formation and tubules extruding out of the cell surface (Figure 

10d, e, f). The pili-like structures, MVs, and tubules were observed on all cultures, 

whether grown on Charcoal-Salts-Cytophaga Agar or grown in Cytophaga Salts Broth. 

As the pili-like structures resembled those of the SprB adhesin, a 669 kDa cell 

surface protein associated in gliding, of F. johnsoniae (Nakane et al., 2013), primers were 

designed to determine if this gene was present in F. branchiophilum. The primer set sprB 

(Table 7) that targeted the sprB gene in F. johnsoniae produced the expected 1200 bp 

amplicon only from F. johnsoniae RS 1522 (Figure 11a). The isolates in the F. 

branchiophilum test panel and F. psychrophilum FL33 did not amplify. Similarly, the 
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primer set psy_sprB (Table 7) targeting the sprB gene in F. psychrophilum produced the 

expected 490 bp amplicon in F. psychrophilum FL33 but did not amplify F. johnsoniae 

RS 1522 nor any of the F. branchiophilum strains in the test set (Figure 11b).  

The 1200 bp sprB amplicon from F. johnsoniae RS 1522 and the 490 bp amplicon 

from F. psychrophilum FL33 were purified, sequenced, and analyzed in BLASTn. The 

PCR amplified sequence of F. johnsoniae had a 99% sequence identity with the 

Flavobacterium johnsoniae UW101 hypothetical protein gene, partial cds; and 

hypothetical protein, SprC (sprC), SprD (sprD), SprB (sprB), and hypothetical proteins 

genes (Nelson et al., 2008) and F. psychrophilum FL 33 had a 99% sequence identity 

with F. psychrophilum JIP02/86 (Duchaud et al., 2007). The sequences were aligned with 

the published sequences of the F. johnsoniae and F. psychrophilum sprB genes in 

clustalW2. There were no differences in sequence between the partial 911 nucleotides 

sequenced from F. johnsoniae RS 1522 by the sprBf primer and the published sequence 

of the sprB gene of F. johnsoniae (Figure 12). There was 2 nucleotide differences 

between the 433 nucleotides sequenced from F. psychrophilum FL 33 by the partial 

sequence obtained by the psy_sprBF primer and the published sequence of the sprB gene 

of F. psychrophillum (Figure 13).  

Surface structures of F. branchiophilum reported previously were considered to 

be pili and possibly involved in attachment. The gill cell line RTgill_W1 was used as an 

attachment assay for F. branchiophilum FL1 and the type strain ATCC 35035
T
. However, 

the Leibovitz-15 medium used for growth of tissue culture inhibited growth of F. 

branchiophilum. When the Leibovitz -15 medium was diluted in Cytophaga Salts Broth 

to allow survival of F. branchiophilum, the RTgill_W1 cells detached from the flask 
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bottom. Flavobacterium branchiophilum FL1 inoculated in Leibovitz -15 medium for 24 

h did not grow back when plated onto Charcoal-Salts-Cytophaga Agar. 
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Figure 2. Primary isolation of F. branchiophilum from brook trout gills infected with 

BGD from case 6455 (Hills Lake) grown at 15°C for 5 days on a) Cytophaga Agar, b) 

Charcoal-Salts-Cytophaga Agar. F. branchiophilum appear as the tiny pinhead yellow 

colonies on charcoal Cytophaga Agar, enlarged in c), and are not present when gill 

clippings from BGD infected fish were streaked out on Cytophaga Agar.  
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Table 8. Isolates of F. branchiophilum obtained from fish with bacterial gill disease 

submitted by OMNR fish culture stations. 

 

Fish 

Culture 

Station 

Case Number Fish Species Date Isolated Number of 

Isolates 

Harwood 5985 Rainbow Trout
 a
 July 22, 2010 3 

Normandale 5954 Atlantic Salmon
 b
 May 30, 2010 3 

5957 Atlantic Salmon
 b
 Apr 20, 2010 N/A 

5990 Atlantic Salmon
 b
 Aug 10, 2010 6 

6029 Atlantic Salmon
 b
 Nov 2, 2010 2 

6107 Atlantic Salmon
 b
 July 11, 2011 3 

6179 Rainbow Trout
 a
 Feb 22, 2012 5 

6254 Atlantic Salmon
 b
 Oct 12, 2012 6 

6301 Rainbow Trout
 a
 Mar 5, 2013 3 

6391 Atlantic Salmon
 b
 Nov 19, 2013 2 

Dorion 6199 Brook Trout
 c
 Apr 25, 2012 10 

Hills Lake 6205 Aurora Trout
 d
 May 9, 2012 4 

 6455 Brook Trout
 c
 May 28, 2014 8 

 

a
 Oncorhynchus mykiss 

b
 Salmo salar 

c
 Salvelinus fontinalis 

d
 Salvelinus fontinalis timagamiensis 

N/A – not applicable, cultures were lost in incubator malfunction 

 

 

 



 47 

 
 

Figure 3. The 16S rRNA gene PCR results of Flavobacterium branchiophilum obtained 

from Ontario BGD cases using primers 1500R and BRA1. All lanes of F. branchiophilum 

show the expected 1100 bp amplicon. The negative control species, F. psychrophilum, 

did not amplify (Lane 6). Lane 1. F. branchiophilum FL1. Lane 2. F. branchiophilum 

FL12 Lane 3. F. branchiophilum FL106. Lane 4. F. branchiophilum FL 115. Lane 5. F. 

branchiophilum ATCC 35035. Lane 6. F. psychrophilum FL 33. Lane 7. 1 kb Ladder. 
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Figure 4. Phase contrast microscopy of F. branchiophilum isolates cultured on Charcoal-

Salts-Cytophaga Agar under 400X magnification. a) F. branchiophilum FL1, b) F. 

branchiophilum FL12, c) F. branchiophilum FL106, d) F. branchiophilum FL115, e) F. 

branchiophilum ATCC 35035
T
, and f) F. psychrophilum FL33. The lengths of disease 

isolates measure 10-25 µm (panels a-d), and are longer than those of the type strain which 

measures 6-9 µm (panel e).  
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Table 9. Colony forming units of four strains of F. branchiophilum and F. psychrophilum 

obtained on charcoal cytophaga media from 4
 
different freezing media formulations 

obtained after 3 days and after 2 years. 

 

 

Species 

 

Time 

 

10% DMSO 

in serum 

(CFU/mL) 

 

5% Skim 

milk 

powder in 

Cytophaga 

Salts Broth 

(CFU/mL) 

 

15% 

Glycerol in 

Cytophaga 

Salts Broth 

(CFU/mL) 

 

 

7% DMSO 

in 

Cytophaga 

Salts Broth 

(CFU/mL) 

 

F. branchiophilum 

ATCC 35035 

 

0 

 

8 x10
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Figure 5. Comparison of the growth of F. branchiophilum isolates on 6 media 

formulations. Cultures were adjusted to an OD600 of 1.0 and 10-fold dilutions of culture 

were spotted onto the plates in columns repeated in each plate, starting at OD600 of 1.0 

(top) to 10
-5

 (bottom). Recent disease isolates of F. branchiophilum grow best on 

Charcoal-Salts-Cytophaga Agar. Media are Cytophaga Salts Agar (CSA), Charcoal-Salts-

Cytophaga Agar (CSCA), Casitone Yeast Agar (CYEA), Cytophaga Agar (CA), modified  

Sheih’s medium (MSM), and Cytophaga Salts Agar with fetal bovine serum (CSAS). 
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Table 10. Outcomes of PCR amplification of gyrB, gyrA, sdhA, and two hypothetical protein genes in F. branchiophilum isolates FL1, 

FL12, FL106, FL115 and ATCC 35035
T
  

 

Primer Gene Sequence (5′ to 3′) Outcome 

FbQgyrB-1 

FbQgyrB-2 

gyrB AACAAATTGGTACCACCGAAA 

AAACGAAAGTTCCCTCATCC 

Specific amplification of F. branchiophilum 

gyrB, 128bp amplicon 

 

FbrgyrB - 1 

FbgyrB – 2m 

 

gyrB CCACCATGGATCCTAATTTCCG 

GCTCCGGCTAGTTCATAAAAGCTA 

No amplification 

Fbgyr – F 

Fbgyr - R 

gyrB ACGATACCTTATCGGCAAGGA 

TGTAAATGGCTATTTGCTTAACAAC 

No amplification 

GyRBFb - F 

GyRBFb - R 

gyrB TGCCCGTATTATCATT 

AATCCGCCTCCTCCAAACGGACCAT 

Expected product amplified in non-target 

species 

FbrgyrB - 1 

FbrgyrB - 2 

gyrB CCACCATGGATCCTAATTTCCG 

GCTCCGGCTAGTTCATA 

Expected product amplified in non-target 

species 

gyrBF1_Fb 

FgyrR 

 

gyrB ATTCTATAGATGAAGCCATGG 

TCGTTTCGGGAATTAAATCTTT 

Expected product amplified in non-target 

species 

FbGyrB-F 

FgyrR 

 

gyrB AGCCATGGGAGGCCATTGCGAC 

TGACCACTTCCAAGGCAGAAACCC 

Expected product amplified in non-target 

species 

GyrB_Fb_1 

GyrB_Fb_2 

 

gyrB CGTATGGGAGGCAATGCTGGT 

TTGATCGGCCTCGGCCAAACTTTG 

Expected product amplified in non-target 

species 
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Table 10. Outcomes of PCR amplification of gyrB, gyrA, sdhA, and two hypothetical protein genes in F. branchiophilum isolates FL1, 

FL12, FL106, FL115 and ATCC 35035
T
 continued 

 

Primer Gene Sequence (5′ to 3′) Outcome 

Fbr_gyraseB-1 

Fbr_gyraseB-2 

gyrB GGCGGAACAGCCAAGCAAGG 

AGGGCTTTGCTGTCTTCGGCA 

Expected product amplified in  

non-target species 

 

gyB-fwd_Fbr 

gyrB-rev_Fbr 

 

gyrB ACTAGCTGCCCAAGCCCGTC 

ACCAGGCAAACCTCCTCCGC 

Expected product amplified in  

non-target species 

FbraQ1 

FbraQ2 

 

gyrB CGATAAACGAATTGTTGATAAAGA 

TCGATATCACATGAGCAATTATTG 

F. branchiophilum FL12 and FL106 

gyrB sequence not amplified 

Fbr_0934_fwd 

Fbr_0934_rev 

 

YP_004843271.1 AAGGCAAATCCAGTGGCAGT 

ACCCGTTCCTTGTCCTGAAC 

F. branchiophilum FL106 and  

ATCC 35035
T
 hypothetical  protein 

gene sequence not amplified  

 

Fbra_gyrB_QF 

Fbra_gyrB_QR 

gyrB CGGCAAGGATGAGGGAACTT 

GGCTCTCTGTTGCCATCCAA 

 

F. branchiophilum FL115 gyrB 

sequence not amplified 

FgyrF 

FgyrR 

 

gyrB TTAGTGTAGCAATCAACGAGG 

TGACCACTTCCAAGGCAGAAACCC 

F. branchiophilum FL106 gyrB 

sequence not amplified 

FgyrBF 

FgyrBR 

 

gyrB ACGATACCTTATCGGCAAGGATGA 

AACTTCCGATTGAAAATGTCCC 

F. branchiophilum FL106 gyrB 

sequence not amplified 
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Table 10. Outcomes of PCR amplification of gyrB, gyrA, sdhA, and two hypothetical protein genes in F. branchiophilum isolates FL1, 

FL12, FL106, FL115 and ATCC 35035
T
 continued 

 

Primer Gene Sequence (5′ to 3′) Outcome 

Fbra_qgyrB_fd 

Fbra_qgyrB_rev 

 

gyrB AACCGTTTTAGGCGGAGGAG 

CACATCGAGCAGGGTCTTGT 

F. branchiophilum FL106 gyrB sequence not 

amplified 

 

Fbr_ukn_fw 

Fbr_ukn_rev 

YP_004843271.1 GGAAATGGCACAGGAATTGGC 

GCGTTTTCTGTTTCCTAAAGAATAGCC 

F. branchiophilum FL106 hypothetical protein 

gene sequence not amplified 

 

Fbr_0934_F 

Fbr_0934_R 

 

YP_004843271.1 TCCAATTTTGGCCACCCTCA 

TTAGGGGCTTTTTGGGCACT 

F. branchiophilum FL106 hypothetical protein 

gene sequence not amplified  

 

Fbr_gyrA_F 

Fbr_gyrA_R 

 

gyrA TTGCGTTAGTTGGTGGTCGT 

AATGTGGGCTCTTTCCTGG 

F. branchiophilum FL106 gyrA sequence not 

amplified  

Fbr_gyrA_fwd 

Fbr_gyrA_rev 

 

gyrA CCCGACCAAGGGTAAATGGT 

TGCAGTTCTACCCATCGGAC 

F. branchiophilum FL106 gyrA sequencenot 

amplified  

gyrB_Fb_fwd 

gyrB_Fb_rev 

 

gyrB GCCGGTCATGCGGCAAAAAAGG 

CGACCAAATAAACTTCACATCGAGC 

 

F. branchiophilum FL106 gyrB sequencenot 

amplified and E. tarda,  

Flavobacterium sp. B225, F. psychrophilum and 

A. salmonicida amplified 

 

gyr_Fbr_f 

gyr_Fbr_r 

gyrB ACGTATGGGAGGCAATGCTG 

AGGATCCATGGTGGTTTCCCA 

F. branchiophilum FL106 gyrB sequence not 

amplified 
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Table 10. Outcomes of PCR amplification of gyrB, gyrA, sdhA, and two hypothetical protein genes in F. branchiophilum isolates FL1, 

FL12, FL106, FL115 and ATCC 35035
T
 continued 

 
Primer Gene Sequence (5′ to 3′) Outcome 

Fb_sdhA_fwd 

Fb_sdhA_rev 

sdhA GAATTTGGGTGCCTGCCAAG 

GGCAGCGGCAAAATCCAAAT 

 

F. branchiophilum FL106  

sdhA sequence not amplified  

Fp_16Sint1_rv 

Fb_16S_fw 

 

16S rRNA TCCGTGTCTCAGTACCAG 

GGTACTTTAATGTGAAAACCATGCGA 

Amplification of  

F. psychrophilum and  

Flavobacterium sp. B225  

 

Fbr_FW_gyrA 

Fbr_RV_gyrA 

gyrA GCTACGGGAATAGCTGTGGG 

TGCTCGCAAAACTATGCGTC 

F. branchiophilum FL106 gyrA  

sequence not amplified and  

S. marcescens, F. psychrophilum,   

C. maltaromanticum amplified 

 

hypo_Fbra-1 

hypo_Fbra-2 

YP_0048424

15.1 

GCCGATGGCACACCTGAAATAA 

TTTGCTGCGGCAGTTACACTA 

Only amplified F. branchiophilum 

 ATCC 35035
T 

 

Fbr_hypoQ_fd 

Fbr_hypoQ_rv 

YP_0048424

15.1 

GTTCGACAAATTGGCTCGGG 

CGTTGGTTTTGCCAAGTCCT 

Only amplified F. branchiophilum  

ATCC 35035
T
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Figure 6. gyrB PCR amplicons generated using primers FbQgyrB-1 and FbQgyrB-2. The 

124 bp fragment is only present in lanes that contain genomic DNA from F. 

branchiophilum. Lane 1. 100 bp Ladder. Lane 2. F. branchiophilum FL1. Lane 3. F. 

branchiophilum FL12. Lane 4. F. branchiophilum FL106. Lane 5. F. branchiophilum 

FL115. Lane 6. F. branchiophilum ATCC 35035. Lane 7. F. psychrophilum FL33 8. 

Flavobacterium sp. B225 
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Figure 7. gyrB PCR amplicons generated using the GyrB_Fb_1 and GyrB_Fb_2 primers. 

The PCR product was resolved on a 2% agarose gel. The primer set is designed to target 

the gyrase B gene. The primer set is specific to F. branchiophilum; however, the 141bp 

band is not present for isolate F. branchiophilum FL106. Lane 1. 100 bp ladder. Lane 2. 

Negative control (water). Lane 3. F. branchiophilum FL1. Lane 4. F. branchiophilum 

FL12. Lane 5. F. branchiophilum FL106. Lane 6. F. branchiophilum FL115. Lane 7. F. 

branchiophilum ATCC 35035. Lane 8. F. psychrophilum FL33. Lane 9. Yersinia ruckeri 

RS11 
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Figure 8. Sequence alignments of a partial sequence of gyrB genes for Ontario F. 

branchiophilum isolates. The FgyrUR primer was used to obtain this sequence. An 

asterisk (*) indicates that base is present at the same location across all 5 sequences 

obtained from the test set. 
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Figure 8. Sequence alignments of a partial sequence of gyrB genes for Ontario F. 

branchiophilum isolates. The FgyrUR primer was used to obtain this sequence. An 

asterisk (*) indicates that base is present at the same location across all 5 sequences 

obtained from the test set. 
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Figure 9. Quantitative PCR results for FbQgyrB-1 and FbQgyrB-2 run on 10-fold 

dilutions of F. branchiophilum FL1 at a primer annealing temperature of 57°C. a) 

Amplification curve of F. branchiophilum. The Ct is 0.01 and is indicated by the blue 

line. b) The standard curve generated for the dilution series. The primer efficiency is at 

96% and the R
2
 value is at 0.95.  
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Figure 10. Electron microscopy of F. branchiophilum from Ontario hatcheries and F. 

branchiophilum ATCC 35035
T
. Pili-like structures can be seen on the cell surface (a, b, 

c). F. branchiophilum also produces membrane vesicles and tubles, clearly visible in d, e, 

and f. a) ATCC 35035 b) F. branchiophilum FL1 c) F. branchiophilum FL106 d) F. 

branchiophilum FL12 e) F. branchiophilum FL115 f) F. branchiophilum FL1. Cells were 

cultured on charcoal cytophaga with added salts (a, b, c) or in cytophaga broth with added 

salts (d, e, f). 
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Figure 11. PCR results for primers targeting the sprB gene of a) F. johnsoniae, b) F. 

psychrophilum. No PCR product was obtained from DNA templates of the F. 

branchiophilum isolates tested (FL1, FL12, FL106, FL115, and ATCC 35035). Primers 

targeting the F. johnsoniae sprB gene did not amplify F. psychrophilum gene and primers 

designed for F. psychrophilum sprB gene did not amplify the F. johnsoniae gene. 

 

Lane arrangement for a: 

Lane 1 – 1 kb Ladder. Lane 2. F. johnsoniae RS1522. Lane 3. F. branchiophilum FL1. 

Lane 4. F. branchiophilum FL12. Lane 5. F. branchiophilum FL106. Lane 6. F. 

branchiophilum FL115. Lane 7. F. branchiophilum ATCC 35035. Lane 8. F. 

psychrophilum FL33. 

 

Lane arrangement for b: 

Lane 1 – 100 bp Ladder. Lane 2. F. psychrophilum FL33. Lane 3. F. johnsoniae RS1522. 

Lane 4 F. branchiophilum FL1. Lane 5. F. branchiophilum FL12. Lane 6. F. 

branchiophilum FL106. Lane 7. F. branchiophilum FL115. Lane 8. F. branchiophilum 

ATCC 35035. 
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Figure 12. Sequence alignments of a partial sequence of the sprB gene of F. johnsoniae. 

The published sequence (top sequence, Nelson et al., 2008) and the purified product 

amplified by the sprBf primer set (bottom sequence) have no differences between the 943 

partial sequence obtained by the sprBf primer. An asterisk (*) indicates that base is 

present at the same location across both sequences. 
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Figure 12 continued. Sequence alignments of a partial sequence of the sprB gene of F. 

johnsoniae. The published sequence (top sequence, Nelson et al., 2008) and the purified 

product amplified by the sprBf primer set (bottom sequence) have no differences between 

the 911 partial sequence obtained by the sprBf primer. An asterisk (*) indicates that base 

is present at the same location across both sequences. 
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Figure 13. Sequence alignments of a partial sequence of the sprB genes for published 

gene sequence of F. psychrophilum. The published sequence (top sequence, Duchaud et 

al., 2007) and the purified product amplified by the psy_sprBF primer (bottom sequence) 

have a total of 2 differences between the 433 nucleotides partially sequenced by the 

psy_sprBF primer. An asterisk (*) indicates that base is present at the same location 

across both sequences.  
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5. Discussion  

In this work, I found that the primary isolation of F. branchiophilum from the 

gills of infected fish could be significantly enhanced when a modified Cytophaga Agar 

formulation containing charcoal and additional potassium, magnesium, and calcium salts 

was used as the isolation medium. Between 2010 and 2014, 53 isolates were collected 

from Ontario BGD cases and confirmed as F. branchiophilum by 16S rRNA sequencing. 

As shown in Table 8, the isolates in this study were obtained from four Ontario fish 

culture stations: Harwood FCS, located in Southern Ontario, Normandale FCS, located 

Southern Ontario, Dorion FCS, located in the Dorion Township east of Thunder Bay, 

Ontario, and Hills Lake FCS, in Northeastern Ontario. Normandale FCS, Harwood FCS 

and Hills Lake FCS, are closer to each other than to the Dorion FCS hatchery, which is 

located approximetaly 843 km west of the Hills Lake FCS. The fish species that were 

sent to the FHL with BGD included rainbow trout, brook trout, Aurora trout, and Atlantic 

salmon.    

Starliper and Schill (2011) have described the primary isolation of F. 

branchiophilum “extremely challenging, if not impossible”. Anacker and Ordal’s medium 

(Cytophaga Agar) is the recommended medium for isolation from BDG cases; however, 

it provides poor recovery results for F. branchiophilum even when a heavy bacterial load 

is evident microscopically on gills (Ostland et al., 1994). When gill tissue from a BGD-

infected fish was streaked on both Cytophaga Agar and Charcoal-Salts-Cytophaga Agar, 

the pin-point colonies characteristic of F. branchiophilum appeared only on the Charcoal-

Salts-Cytophaga Agar (Figure 2). This is consistent with a very low rate of recovery of a 

DGGE signal for F. branchiophilum when infected gills were cultured on Cytophaga 
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Agar and other suggested media (Harper and Stevenson, 2008). While a few isolates have 

been obtained and are still available (Table 1), there has been no report in the literature of 

new primary isolations since 1997, when three strains were obtained from rainbow trout 

in Korea (Ko and Heo, 1997). However, with BGD readily recognized by microscopy of 

infected gills, culture in a diagnostic setting is usually not attempted (Starliper and Schill, 

2011). Ostland et al. (1994) and Ko and Heo (1997) suggested that F. branchiophilum 

has specific growth requirements that are not provided in Cytophaga Agar. In this work, 

growth of isolates of F. branchiophilum from Ontario was improved by supplementing 

the cytophaga medium of Anacker and Ordal (1959) with millimolar amounts of 

potassium, magnesium, and calcium salts and 1 gram of activated charcoal (Sigma No. C-

5260) per liter.  

Flavobacterium branchiophilum may require inorganic ions that are not present in 

high grade or deionized water, and may contribute to the poor recovery and growth of F. 

branchiophilum. Historically, many species of marine bacteria required the addition of 

seawater into the medium for successful primary isolation (MacLeod and Onofrey, 1955). 

MacLeod and Onofrey (1957b) demonstrated that Flavobacterium B-9, along with other 

marine bacteria, could not grow in media made with demineralized water unless the 

medium was supplemented with potassium (MacLeod and Onofrey, 1957a), magnesium, 

and calcium. Alternatively, growth of B-9 was also possible when the growth medium 

was supplemented with 1 mM chloride ions.  

 Addition of serum to culture media is a common approach in efforts to enhance 

growth of fastidious pathogens but the effect may not be strictly nutritional.  For some 

bacteria, activated charcoal can effectively replace serum as a medium component by 
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acting as a detoxifying agent, as in the case of Renibacterium salmoninarum (Daly and 

Stevenson, 1985). A charcoal-based isolation medium was suggested for improved 

isolation of the bacterium causing cold-water disease in fish, F. psychrophilum  (Alvaraez 

and Guijarro, 2007). Those authors concluded that the growth enhancing effect was by 

absorption by charcoal of unidentified inhibitors. In my work, Charcoal-Salts-Cytophaga 

Agar supported good growth of isolates of F. branchiophilum that was equal or better to 

their growth on Cytophaga Salts Agar (Figure 5, plates A and B) and significantly better 

than on the original Cytophaga Agar (Figure 5 D).  The dark background of the charcoal 

medium gives an additional advantage in that the small colonies of F. branchiophilum are 

much easier to see in primary isolation.  

 The addition of both salts and charcoal into Cytophaga Agar provide an optimal 

medium for culture of F. branchiophilum. The amounts of beef extract and tryptone in 

Cytophaga medium can be further reduced with no negative effect on the growth of F. 

branchiophilum as long as charcoal, potassium, calcium, and magnesium are added to the 

medium (unpublished data, this laboratory, undergraduate project report, Haley 

Sanderson, 2013). Charcoal-Salts-Cytophaga Agar is not a selective isolation medium, 

but it can be reliably used to obtain primary isolates of F. branchiophilum.  

While improved primary isolation and growth of F. branchiophilum are essential 

for characterizing and comparing isolates, it is equally important to be able to store stock 

cultures and recover viable cells. While the ATCC 35035
T
 type strain can be stored in 4 

of the 5 media and maintain viability over long periods, current Ontario isolates of F. 

branchiophilum were viable after storage only in Cytophaga Salts Broth with either 5% 

(w/v) skim milk powder or 7% (v/v) DMSO (Table 9). A select number of the F. 
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branchiophilum isolates presented in Table 1 and stored in 10% or 15% (v/v) glycerol in 

Cytophaga Broth (Wakabayashi et al. 1989, Ostland et al. 1994), are no longer available. 

In this work, F. branchiophilum cells suspended 15% (v/v) glycerol in Cytophaga Salts 

Broth were not viable after 3 days at -70 to -75°C (Table 9) and cells suspended in 

glycerol-citrate medium prior to any freezing were not viable. Glycerol does not appear 

to be an adequate cryoprotectant for the storage of F. branchiophilum, and may be the 

reason for the difficulty in the long-term storage of this species.  

Skim milk powder is widely used as a cryoprotectant and recent studies have 

shown that 10% (w/v) skim milk powder is more reliable than glycerol in maintaining 

viability when cultures stored at -80°C were thawed and held at higher temperatures of 

~30°C for extended periods of time (Cody et al., 2008). This was demonstrated when 

cultures of various human pathogens were kept at ambient temperatures of 30°C due to a 

power loss during hurricanes Katrina and Rita for 31 days, and Cody et al. (2008) 

reported a higher recovery (91.5%) for cultures of P. aeruginosa stored in 10% skim milk 

versus only 60% when P. aeruginosa was stored in 15% Glycerol. In a controlled 

experiment, cultures were stored in either 10% skim milk or 15% Glycerol for 3 days and 

thawed after 9 weeks at 30°C. Pseudomonas aeruginosa and E.coli cultures stored in 

skim milk had a CFU/mL 3 log higher than those stored in glycerol, while cultures of 

Salmonella, Streptococus pyogenes, and Campylobacter jejuni were viable from 10% 

skim milk stock but not viable from 15% glycerol stocks (Cody et al., 2008). Cody et al. 

(2008) suggested that skim milk powder may alter the fatty acid profiles or that the 

calcium present in milk stabilizes proteolytic enzymes. While DMSO and glycerol are 

both penetrating cryoprotectants, DMSO penetrates cells quickly, whereas glycerol 
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penetrates cells slowly (Hubalek, 2003). The rate of freezing is one of the factors that 

affect bacterial cell preservation (Hubalek, 2003), and may contribute to the difficulty in 

storage of F. branchiophilum using glycerol. 

The type-strain ATCC 35035
T
, is anomalous in that it grew on a wide number of 

media, including standard Cytophaga Agar and modified Sheih’s medium compared with 

recent Ontario isolates of F. branchiophilum (Figure 5). When the bacterial cells were 

examined by phase microscopy, the disease isolates were filamentous rods, 10 to 25 µm 

(Figure 4a-d) while the type strain cells had an average length of 6 µm (Figure 4e). This 

is consistent with previous reports as, in the original description of this species, 

Wakabayashi et al. (1989) reported the cell length of strain BGD-7721
T
 to be 5 to 8 µm, 

and characterization of Ontario BGD isolates by Ostland et al. (1994) reported the cell 

length as 10 to 15 µm. The type strain could also be stored and retained viability over 

long periods when using 10% (v/v) DMSO in 10% fetal bovine serum and 15% (v/v) 

glycerol freezing medium; these media failed to support viability of the newly isolated F. 

branchiophilum from disease cases (Table 9). Ostland et al. (1995) reported that the 

ATCC 35035
T
 strain was weakly virulent in rainbow trout challenges, and suggested it 

may have changed through prolonged laboratory subculture since its isolation in 1977.  

The isolates evaluated in this study were from four Ontario hatcheries in different 

geographic locations and from different salmonid species, and they provide a start to 

diversity comparisons of isolates. The repeated isolations occurred at Normandale and 

Hills Lake FCS supports previous reports by Good et al. (2008) that suggested F. 

branchiophilum has persisted in the hatchery environment. All fish that were submitted to 

the FHL with BGD symptoms were salmonid fry, which were consistent with reports by 
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Good et al. (2008) that juvenile fish are more susceptible to infection. All isolates 

obtained from disease cases from OMNR hatcheries had the same colony morphology, 

appearing as pin-point, yellow, circular colonies on Charcoal-Salts-Cytophaga Agar.  

In this work, the Ontario strains compared had been collected over a four year 

period and represent isolates from disease cases in 4 widely separated fish culture 

stations, with Normandale FCS and Harwood FCS with the closest proximity, of 285 km, 

so differences between the isolates could potentially occur. The isolates of F. 

branchiophilum from the test set were identified by PCR amplification and sequencing of 

the 16S rRNA gene. Limited sequence variation was observed with 10 nucleotides out of 

703 being different between the isolates (Appendix B).  

Sequencing of the PCR amplified product gyrB gene revealed F. branchiophilum 

strain FL106 had differences in 53 out of 820 nucleotides, with the other 9 isolates from 

the same case (6199) having identical gyrB sequences as FL106. The atpA and tuf genes, 

selected based on the multi-locus sequence-typing scheme available for F. psychrophilum 

(Nicholas et al., 2008), were also PCR amplified and partially sequenced for the test 

panel. For these genes, F. branchiophilum FL106 showed the greatest sequence variation 

(72 out of 831 nucleotides for atpA, 23 out of 30 for tuf) in comparison to the other 

isolates, however, comparisons of the other 11 isolates from case 6199 were not done.  

The gyrB, atpA, and tuf genes showed the greatest variation between F. 

branchiophilum FL106 and the other 4 isolates in the test panel, and some typing 

schemes, such as multilocus sequence typing, assign a different group to a sequence if 

one single nucleotide polymorphism is present between two sequences of the same gene 

obtained from different isolates (Enright and Spratt, 1999). The significant differences in 
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sequence of gyrB and the other selected genes in isolates from ONT 6199 suggest there is 

a strain difference. 

As isolates from case 6199 from Dorion FCS were different from that of the other 

4 isolates in the test panel, Ontario isolates can be grouped based on geographical 

location as Dorion is in the Dorion Township east of Thunder Bay, Ontario. However, as 

was observed with F. psychrophilum, these variations may be specific to the fish host 

species from which isolates were obtained. The Ontario isolates from case 6199 were 

obtained from brook trout suffering from BGD. New isolates have been obtained from 

brook trout from Hills Lake FCS (Table 8), located 843 km east of Dorion FCS. The 8 

isolates obtained from this case (6455) were confirmed as F. branchiophilum by 16S 

rRNA PCR, but were not amplified with the Fbra_gyrB_Q primer set that targets the 

gyrB gene (Appendix E). A similar problem was encountered when these primers 

(Fbra_gyrB_Q) were used in conventional PCR and applied to F. branchiophilum FL115, 

isolated from Aurora trout from Hills Lake FCS, where no amplification of this isolate 

occurred, while the other 4 isolates of the test panel showed the desired 160 bp band 

(Table 10).  In addition, the 8 isolates also amplified with the primer set GyrB_Fb, which 

failed to amplify isolate F. branchiophilum FL106 (Table 10, Appendix E). This implies 

that isolates of F. branchiophilum may differ on the basis of location, rather than fish host 

species. Additionally, primers that were designed from the published genome sequence 

(Touchon et al., 2011) to amplify a hypothetical gene (YP_004842415.1) only amplified 

the type strain, ATCC 35035
T
. The Ontario isolates from the test panel failed to amplify, 

which imply that sequence variation exists in this gene that may be specific based on 

location.  
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Markers used in epidemiological studies need to remain stable between subculture 

and storage and be testable on every isolate; however, they must be able to discriminate 

between isolates and strains, and must be repeatable and reproducible (van Belkum et al., 

2007). The gyrB gene is a single copy housekeeping gene that is present in all bacterial 

species (Dauga, 2002), and is therefore testable across all isolates, and has been used in 

multilocus sequence typing of F. psychrophilum (Nicolas et al., 2008). Of the 10 isolates 

examined from case 6199, 9 were stored two weeks after their isolation, while F. 

branchiophilum FL106 was sub-cultured through several passages after the initial 

isolation in 2012. No nucleotide differences were observed between it and the other 9 

strains of case 6199 (Appendix B2), showing that the sequence remained stable during 

sub-culture and storage, and may serve as a strain possible marker within F. 

branchiophilum. Although a typing method still needs to be defined for F. 

branchiophilum, the genes examined in this thesis showed some genetic heterogeneity 

between isolates that may allow them to serve as potential strain markers. 

One of the long-term goals of this research is to use molecular approaches to 

assess environmental reservoirs of the bacterial gill disease organism.  For techniques 

such as qPCR, the several copies of ribosomal genes present can present difficulties in 

analysis and so primers targeting the single copy gyrB gene were tested. The qPCR had a 

low amplification efficiency of 66% when using the primer set FbQgyrB-1 and FbQgyrB-

2. Poor primer efficiencies can be corrected by primer redesign, changing primer 

concentration, and changing the PCR assay conditions (eg. annealing temperature); 

however, adjusting the latter two parameters can be tedious and time consuming and 

primer redesign is usually the simplest way to correct poor efficiency. So new primers 
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were designed to target the gyrB gene; however, using the redesigned primers in 

conventional PCR revealed that not all strains of F. branchiophilum could be amplified as 

F. branchiophilum FL106, isolated from a disease case in Dorion FSC, did not generate a 

PCR product (Figure 7).  

Designing primers that targeted gyrB and amplified short and specific amplicons 

from all isolates of F. branchiophilum was hindered by the large amount of sequence 

variation in this gene. New target genes were tested as targets for qPCR, including gyrA, 

two hypothetical protein genes, and sdhA. Primers targeting a hypothetical protein gene 

(YP_004843271.1) were selected based on a previous study that developed a qPCR assay 

for F. psychrophilum (Marancik and Wiens, 2013). The primers targeting the 

hypothetical protein gene (YP_004843271.1), succinate dehydrogenase (shdA) and DNA 

gyrase subunit A (gyrA) also did not amplify F. branchiophilum FL106 (Figures 14 and 

15). These results suggest that much like with the gyrB and the other selected genes, 

differences is sequence exist in the gyrA, sdhA, and the hypothetical protein gene 

(YP_004843271.1).  

Designing a qPCR that can amplify a target gene sequence from all F. 

branchiophilum isolates has proven to be a challenge. The large amount of sequence 

variation present in multiple genes in F. branchiophilum FL106 made it difficult to 

design universal primers that amplify short and specific amplicons for use in qPCR. For 

an assay to be used to amplify F. branchiophilum from environmental samples, it must be 

able to amplify the target from all strains of the species. If not all strains are detected then 

extrapolations about the abundance and presence of F. branchiophilum will not be 

accurate.   
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A possible solution to this issue is to use a multiplex TaqMan qPCR, in which 

multiple probes targeting different sequences are used in the same reaction, and has been 

used to detect different strains of Ralstonia solanacearum present in a sample (Weller et 

al., 2000). In addition, TaqMan qPCR increases the specificity of the reaction by use of a 

probe that is specific to a sequence between the forward and reverse primers. The probe 

is equipped with a fluorophore and quencher, and will only emit fluorescence when the 

probe is cleaved off by the 5′ exonuclease activity of the DNA polymerase (Smith and 

Osborn, 2009), thus eliminating the detection of non-specific amplicons. 

While reports by Wakabayashi et al. (1980), Heo et al. (1990b), Ostland et al. 

(1994) and Ko and Heo (1997) indicate pili occur on the F. branchiophilum cell surface, 

no evidence of genes for such structures was found in the genome sequence (Touchon et 

al., 2011). In this work, the test panel of F. branchiophilum was examined by electron 

microscopy and all isolates exhibited pili-like structures on the outer membrane surface 

(Figure 10 a, b, c). These structures are thought to play a role in the adhesion of F. 

branchiophilum to the surface of the gill, and Ostland et al., (1995) observed pili-like 

structures on the surface of 8 isolates of F. branchiophilum, including two avirulent 

strains, and observed that these 8 strains were able to adhere to gills.  

Nakane et al. (2013) recently observed a large adhesin (SprB), used in gliding 

motility in F. johnsoniae, which is secreted through the Por secretion system (PorSS). 

The appearance of this adhesin by electron microscopy resembles that of the pili-like 

structures that appear on F. branchiophilum (Figure 10a, b, c). While F. branchiophilum 

is reported as non-motile and non-gliding, the complete genome sequence for F. 

branchiophilum revealed that it does possess all the necessary genes for components of 
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the gliding motility mechanism; however, it lacks the sprB gene (Touchon et al., 2011). 

While primers that target the sprB gene of F. johnsoniae did not amplify PCR products in 

any of the F. branchiophilum isolates from the test panel (Figure 11a), F. psychrophilum, 

which does possess the sprB gene, was also not amplified (Figure 11a), and the sequence 

for this gene may be variable between species. 

All isolates examined by electron microscopy showed membrane vesicles (MV) 

and tubules when grown in both broth and on solid media (Figure 10d, e, f). There have 

been no previous reports of MVs and tubules for F. branchiophilum and the function of 

these in F. branchiophilum is unknown. Such structures are not uncommon in Gram-

negative bacteria and are considered to play a role in a variety of different functions 

including virulence, quorum sensing, biofilm formation, and gene transfer, depending on 

the species and growth environment (Biller et al. 2014). Similar structures have been 

observed in the related organism, F. psychrophilum, and several functions have been 

proposed (Møller et al., 2005). When F. psychrophilum was grown in iron-limited media, 

an increase in surface blebbing and elongated tubules was observed, and Møller et al. 

(2005) suggested that stress factors play a role in the production of surface blebs and 

tubules. Strains of F. psychrophilum produced MVs that had the same adhesive properties 

as that of the whole cell and the MVs on SDS-PAGE gels showed differences in patterns 

of outer membrane proteins that were different from whole cells of F. psychrophilum 

(Møller et al., 2005). 

However, because all of the strains of F. psychrophilum, including avirulent 

strains, produce MVs, they can be considered a general feature of F. psychrophilum 

unrelated to virulence (Møller et al., 2005). In this study MVs and tubules were observed 
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on the 6 isolates of F. branchiophilum that were examined, including the avirulent type 

strain. As Møller et al. (2005) indicated for F. psychrophilum, they maybe a general 

feature of F. branchiophilum. Further studies are needed to determine functions of the 

MV and conditions of production in F. branchiophilum. 

More reliable isolation, culture and storage, as well as a larger numbers of isolates 

will allow for further work with F. branchiophilum. This allows for more isolates to be 

collected and permits comparisons and identification of differences between isolates from 

various geographical locations. BGD recurs in hatcheries that have had previous 

outbreaks, and can be induced when environmental conditions are altered, suggesting that 

F. branchiophilum persists in the environment. A future question to address is the 

identification of reservoirs of F. branchiophilum from the hatchery environment. 

Flavobacterium branchiophilum infects the gills and is not a systemic infection like F. 

psychrophilum or F. columnare, and further work is needed to determine why F. 

branchiophilum colonizes only gill tissue and how that specific attachment occurs. 
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In summary, I consider the key findings from my study to be: 

1. Isolation and growth of F. branchiophilum is improved when clippings of the gill 

lamellae are streaked out directly onto Cytophaga Agar that has been 

supplemented with KCl, CaCl2, MgCl2, and activated charcoal. 

2. Viability of F. branchiophilum after long-term storage at -70 to -75°C is improved 

when cells are suspended in 5% (w/v) skim milk powder in Cytophaga Salts Broth 

or 7% (v/v) DMSO in Cytophaga Salts Broth. 

3. Some of the genes (gyrB, atpA, and tuf) in Ontario F. branchiophilum differ with 

location and potentially may be used as epidemiological markers. 

4. F. branchiophilum produces membrane vesicles and tubules. Ontario isolates and 

the type strain of F. branchiophilum possess adhesin-like structures on the outer 

membrane surface. 
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Appendix A.  
 

 
 

Figure A1. Partial 16S rRNA Sequence of Flavobacterium sp. B225 obtained using the 

20F primer. 
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Figure A2. Alignment of 16S rRNA sequences from F. branchiophilum FL1, FL12, 

FL106, FL115, and ATCC 35035. An asterisk (*) indicates that base is present at the 

same location across all 5 sequences obtained from the test set. 
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Figure A2 continued. Alignment of 16S rRNA sequences from F. branchiophilum FL1, 

FL12, FL106, FL115, and ATCC 35035. An asterisk (*) indicates that base is present at 

the same location across all 5 sequences obtained from the test set. 
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Appendix B. 

 

 

 

 
 

Figure B1. Alignment of the partial sequence of the gyrB gene of F. branchiophilum 

FL1, FL12, FL115 and F. branchiophilum ATCC 35035. Only minor differences are 

observed between sequences. An asterisk (*) indicates that base is present at the same 

location across all 4 sequences. 
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Figure B1 continued. The alignment of the partial sequence of the gyrB gene of F. 

branchiophilum FL1, FL12, FL115 and F. branchiophilum ATCC 35035. Only minor 

differences are observed between sequences. An asterisk (*) indicates that base is present 

at the same location across all 4 sequences. 
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Figure B2 continued. Alignment of a partial sequence of gyrB of all 10 isolates of F. 

branchiophilum from case 6199. No differences in sequence are observed between the 

isolates. An asterisk (*) indicates that base is present at the same location across all 10 

sequences obtained from case 6199. 
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Figure B2 continued. Alignment of a partial sequence of gyrB of all 10 isolates of F. 

branchiophilum from case 6199. No differences in sequence are observed between the 

isolates. An asterisk (*) indicates that base is present at the same location across all 10 

sequences obtained case 6199. 
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Figure B2 continued. Alignment of a partial sequence of gyrB of all 10 isolates of F. 

branchiophilum from case 6199. No differences in sequence are observed between the 

isolates. An asterisk (*) indicates that base is present at the same location across all 10 

sequences obtained case 6199. 
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Appendix C. 

 

 
 

Figure C1. Partial sequence of the atpA gene from F. branchiophilum FL1, FL12, 

FL106, FL115, and ATCC 35035. Differences can be observed between F. 

branchiophilum FL106 and the other 4 isolates. An asterisk (*) indicates that base is 

present at the same location across all 5 sequences obtained from the test set. 
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Figure C1 continued. Partial sequence of the atpA gene from F. branchiophilum FL1, 

FL12, FL106, FL115, and ATCC 35035. Differences can be observed between F. 

branchiophilum FL106 and the other 4 isolates. An asterisk (*) indicates that base is 

present at the same location across all 5 sequences obtained from the test set. 
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Figure C2. Partial sequence of the tuf gene from F. branchiophilum FL1, FL12, FL106, 

FL115, and ATCC 35035. Differences can be observed between F. branchiophilum 

FL106 and the other 4 isolates. An asterisk (*) indicates that base is present at the same 

location across all 5 sequences obtained from the test set. 
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Figure C2 continued. Partial sequence of the tuf gene from F. branchiophilum FL1, 

FL12, FL106, FL115, and ATCC 35035. Differences can be observed between F. 

branchiophilum FL106 and the other 4 isolates. An asterisk (*) indicates that base is 

present at the same location across all 5 sequences obtained from the test set. 
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Appendix D. 

 

 
Figure D1. Primer sets targeting different genes that failed to amplify F. branchiophilum 

FL106. a) hypothetical protein (YP_004843271.1) b) hypothetical protein 

(YP_004842415.1) c) gyrA d) sdhA . All primers, except for those targeting 

YP_004842415.1, amplified F. branchiophilum FL1, FL12, FL115 and ATCC 35035. 

Primers that targeted the hypothetical protein, YP_004842415.1, only amplified F. 

branchiophilum ATCC 35035. 

 

Lane arrangement for a, b, c: 

Lane 1. 100 bp ladder. Lane 2. Negative control (water). Lane 3. F. branchiophilum FL1. 

Lane 4. F. branchiophilum FL12. Lane 5. F. branchiophilum FL106. Lane 6. F. 

branchiophilum FL115. Lane 7. F. branchiophilum ATCC 35035. Lane 8. F. 

psychrophilum FL33. Lane 9. Yersinia ruckeri RS11 

 

Lane arrangement for d: 

Lane 1. F. branchiophilum FL4. Lane 2. F. branchiophilum FL1. Lane 3. F. 

branchiophilum FL12. Lane 4. F. branchiophilum FL106. Lane 5. F. branchiophilum 

FL115. Lane 6. F. branchiophilum ATCC 35035. Lane 7. 1 kb ladder. Lane 8. Negative 

control (water). Lane 9. F. psychrophilum FL33. Lane 10. Flavobacterium sp. B225 
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Appendix E 

 

 
Figure E1. The PCR results for the primer set Fbra_gyrB_Q targeting the gyrB gene F. 

branchiophilum. a) None of the 8 F. branchiophilum isolates from case ONT 6455 from 

Hills Lake amplified with these primers, while F. branchiophilum FL1 and FL12 

amplified. b) Primers targeting the gyrB gene that did not amplify F. branchiophilum 

FL106 isolated from Brook Trout amplified all 8 isolates obtained from ONT 6455 

isolated from Brook Trout. 

 

Lane arrangement for a: 

Lane 1 – 1 kb Ladder. Lane 2. F. branchiophilum FL1. Lane 3. F. branchiophilum ONT 

6455 FL142. Lane 4. F. branchiophilum ONT 6455 FL 143. Lane 5. F. branchiophilum 

ONT 6455 FL 144. Lane 6. F. branchiophilum ONT 6455 FL 145. Lane 7. F. 

branchiophilum ONT 6455 FL 146. Lane 8. F. branchiophilum ONT 6455 FL 147. Lane 

9. F. branchiophilum ONT 6455 FL 148 Lane 10. F. branchiophilum ONT 6455 FL 149 

Lane 11. F. branchiophilum FL12 

 

Lane arrangement for b: 

Lane 1 – F. branchiophilum FL1. Lane 2. F. branchiophilum FL12. Lane 3. F. 

branchiophilum FL106. Lane 4 F. branchiophilum FL115. Lane 5. F. branchiophilum 

ATCC 35035. Lane 6. Ladder – 100 bp. Lane 7. F. branchiophilum ONT 6455 FL142. 

Lane 8. F. branchiophilum ONT 6455 FL 143. Lane 9. F. branchiophilum ONT 6455 FL 

144. Lane 10. F. branchiophilum ONT 6455 FL 145. Lane 11. F. branchiophilum ONT 

6455 FL 146. Lane 12. F. branchiophilum ONT 6455 FL 147. Lane 13. F. 

branchiophilum ONT 6455 FL 148 Lane 14. F. branchiophilum ONT 6455 FL 149 Lane 

15. F. branchiophilum FL12 

 


