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ABSTRACT: Isolates of Flavobacterium psychrophiluln (formerly Cytophaga psychrophila and Flexl- 
bacter psychrophilus) mainly originating from clinical outbreaks of either coldwater disease (CWD) or 
rainbow trout fry syndrome (RTFS) were studied for selected biochemical, physiological, rnorphologi- 
cal and genomic characteristics, and compared with previously characterized French and American 
strains. DNA hybridization studies showed that the Danish isolates were highly related to the type 
strain, F. psychrophilum NCIMB 1 9 4 7 ~  Plasmid profiling of Danish isolates and those from other Euro- 
pean countries revealed differences, which might be related to differences in pathogenicity. European 
~solates originating from clinical outbreaks of either RTFS or CWD usually harboured one plasmid of 
3.2 kb, whereas isolates originating from fish with different or no disease slgns had other profiles. 
Phenotypically, the Danish isolates appeared very homogeneous and shared most characteristics with 
the type strain, and with French and American strains studied by other authors. Further studies on the 
importance of the plasmids and the proteolytic activities of the bacterium might help in elucidating 
possible virulence factors. 
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INTRODUCTION 

Since about 1980 a disease known as rainbow trout 
fry syndrome (RTFS) has resulted in serious losses of 
rainbow trout fry in hatcheries throughout Europe 
(Weis 1987, Bernardet et al. 1988, Lehmann et al. 1988, 
Baudin-Laurencin et al. 1989, Lorenzen et al. 1991, 
Bruno 1992, Santos et al. 1992, Sarti et al. 1992, Toranzo 
& Barja 1993). Since the 1940s, a disease named 
peduncle disease (Davis 1946, cited by Bullock et al. 
1971), low temperature disease (Borg 1960), or (bac- 
terial) coldwater disease (B)(CWD) (Wood & Yasutake 
1956, Borg 1960, Holt 1987, Holt et al. 1989) has been 

known in the USA, where hatchery reared sac fry and 
fingerlings of coho salmon Oncorhynchus kisutch ap- 
peared to be most susceptible. Several other salmonids 
can also be affected (Bullock et al. 1971, Schachte 1983, 
Anlos 1985, Holt 1987), and in Japan CWD has been 
reported to affect yamame trout 0. masou (H. Waka- 
bayashi pers, comm.) and ayu Plecoglossus altivelis 
(Wakabayashi et al. 1994). Apparently the same bac- 
terium, recently renamed Flavobacterium psychroph- 
ilum (Bernardet et al. 1996) [previously Flexibacterpsy- 
chrophilus (Bernardet & Grimont 1989) and Cytophaga 
psychrophila (Reichenbach 1989)], is responsible for 
both CWD and RTFS (Baudin-Laurencin et al. 1989, 
Lorenzen et al. 1991). 

Apart from a dark coloration of the skin and bilateral 
exophthalmia, the pathological changes of RTFS are 
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primarily observed in the viscera of the fish, i.e. there is 
usually a distinct anaemia resulting in extremely pale 
gills, liver and kidney, an enlarged spleen, a white, 
fragile Intestine, and a haemorrhagic, protrud~ng anus 
(Baudin-Laurencin et al. 1989, Lorenzen et al. 1991, 
Bruno 1992, Santos et  al. 1992). Fry recovering from 
the infection may have severe skin lesions around the 
dorsal fin (Baudin-Laurencin et al. 1989, Lorenzen et 
al. 1991) and suffer from blindness (authors' obs.). By 
contrast, the signs of CWD described are typically 
external ones, such as skin and muscle lesions on the 
flank, anterior to the dorsal fin or around the peduncle 
of fry and fingerlings [Davis 1946 (cited by Bullock et 
al. 1971), Wood & Yasutake 1956, Borg 1960, Wood 
19741, or erosion of the yolk skin in sac fry (Wood 
1974). In chronic forms of CWD the fish may exhibit 
spiral swimming behaviour (Kent et al. 1989, Meyers 
a fin luogj, iordosis, d11d scuiiosis (Conrad & DeCew i967). 

Recently it was demonstrated that the host range of 
the bacterium was not only confined to salmonids. In 
1989-90 Flavobacterium psychrophilum was isolated 
from a free-living diseased eel and from extensively 
cultured cyprinids exhibiting various pathological 
signs (Lehmann et al. 1991). 

Concurrent with the occurence of RTFS in Europe, 
yearling (i.e. table size) rainbow trout with signs simi- 
lar to those of CWD have been observed in European 
trout farms (Weis 1987, Lehmann et al. 1988, Dalsgaard 
& Hnrlyck 1990, Bruno 1992, Santos et al. 1992, Wik- 
lund et al. 1994). In addition to the signs described for 
CWD from the USA, blindness, anaemia and spleno- 
megaly may be observed. As in fry, these fish are usu- 
ally systemically infected by Flavobacterium psy- 
chrophilum. Somewhat similar signs have also been 
found among reared brown trout Salmo trutta, Atlantic 
salmon Salmo salar, and whitefish Coregonus muksun 
and attributed to the bacterium (0. Thoresen, Norway, 
V. Hirvela-Koski and T. Pohjanvirta, Finland, pers. 
comms.). 

Apparently there is a gradual transformation as 
regards disease signs from RTFS to the European form 
of CWD depending on the size of the fish. Accordingly, 
fingerlings, i.e. fish between fry and table size fish, 
exhibit neither the typical signs of RTFS, nor those of 
CWD, but only show slight splenomegaly, anaemia, 
occasional blindness, or perhaps petechiae and haem- 
orrhages in the viscera and the mouth region. The 
latter signs are indistinguishable from signs of enteric 
redmouth disease or viral haemorrhagic septicemia 
(Wood & Yasutake 1956, authors' obs.). Furthermore, 
systemically infected breeding fish do not show the 
signs of CWD or RTFS at all, but only seem to suffer 
from blindness (authors' obs.). In agreement with this, 
Holt (1987) demonstrated Flavobacterium psychroph- 
ilum in the kidney, spleen, milt, and ovarian fluid of 

sexually mature adult chinook and coho salmon with- 
out clinical signs of disease. 

There is evidence for the occurrence of RTFS and 
CWD in most European countries, but the number of 
characterized isolates of Flavobactenum psychroph- 
ilum is limited. A possible explanation for this could be 
difficulties in cultivation of the bacterium, which is 
relatively fastidious, thermo-sensitive, and sometimes 
very slow growing (Bernardet & Kerouault 1989, 
Lorenzen & Karas 1992, Lorenzen 1993). A detailed 
characterization of isolates originating from different 
countries is evidently necessary in order to clarify 
whether we are dealing with the same pathogen in 
Europe, USA, and Japan. 

The present study on Flavobacterium psychrophilum 
comprised 32 Danish isolates and 20 isolates from 
other European countries, and the objective was to 
compare tile isolates with regard to biochemistry, 
physiology, morphology, chromosomal DNA, and plas- 
mids. The type strains F. psychrophilum NCIMB 1947T 
and Flavobacterium columnare NCIMB 2248' were 
included as references, the latter, however, only for the 
genomic studies. An additional aim was to compare 
Danish isolates from clinical outbreaks of RTFS with 
those originating from table size fish suffering from 
CWD to establish whether isolates within Denmark 
constituted a homogeneous group, independent of fish 
size, pathological signs, and fish species. 

MATERIALS AND METHODS 

Bacterial isolates. The bacterial isolates included in 
the study are listed in Table 1. Not all isolates tvere 
examined for all of the characteristics described below, 
but at least the following characters have been studied 
for all strains: colony morphology, cell morphology, 
motility, ability to grow continuously on blood agar, 
reactivity with the API ZYM gallery, presence of cata- 
lase, production of cytochrome oxidase and flexirubin, 
and ability to absorb Congo red and to hydrolyze 
starch and tyrosine. According to Bernardet et al. 
(1990), examination of these characters is considered 
sufficient for differentiation of Flavobacterium psy- 
chrophilum from other valid Flavobacterium, Flexi- 
bacter and Cytophaga species. 

Cultivation. The bacteria tvere grown on a medium 
which was enriched with respect to protein concentra- 
tion compared to the original Cytophaga-medium 
described by Anacker & Ordal (1955). The modified 
medium, henceforth referred to as Anacker & Ordal's 
agar/broth enriched (AOAE/AOBE), consisted of 0.7 % 
(Oxoid) or 1.0% (Gibco) agar if any, 5% newborn calf 
serum, 0.5 '.% tryptone (Difco), 0.05 "/u yeast extract, 
0.02 O/o sodium acetate, and 0.02 % beef extract; the pH 
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Table 1. Isolates of Flavobacterium psychrophilurn included in the study 

Code Isolate Source- species Tissue Clinical signs Geographic orqin Year 
- 

FcT F. columnare NClMB 2248T Chinook sdlmon Kidney - Washington, USA 1955 
FP7 F. psychrophilum NCIMB 1 9 4 7 ~  Coho salmon Kidney CWD Washington. USA Unknown 
1 910611-1 Rbt', fry Spleen Costias~s" Denmark 1991 
2 91 1209-2 (NCIIMB 13384) Rbt. fry Spleen RTFS Denmark 1990 
3 910803-1 Rbt, fry Kidney RTFS Denmark 1991 
4 910516-1 Rbt, fry Spleen IPNVh Denmark 1991 
5 91 1209-1 (NCIh4B 13383) Rbt, fry Spleen RTFS Denmark 1990 
6 910619-1 Rbt, fry Spleen RTFS Denmark 1991 
7 910614-2 Rbt, young Skin CWD Denmark 1991 
8 911126-2 Rbt, young Spleen CWD Denmark 1991 
9 91 1126-3 Rbt, young S k ~ n  CWD Denmark 1991 
10 91 1009-3 Rbt, young S kin CWD Denmark 1991 
11 910614-3 Rbt, young Kidney CWD Denmark 1991 
12 910614-5 Rbt, young Eye CWD Denmark 1991 
13 900406-1 Rbt, young Kidney CWD Denmark 1990 
14 900530-4/2 Rbt, fry Intestine RTFS Denmark 1990 
15 930210-1 Rbt, breeding fish Eye (CWD)' Denmark 1993 
16 930223-2 Rbt, young Kldney CWD/RTFS Denmark 1993 
17 930305-1 Rbt, breeding fish Kidney (CWD)' Denmark 1993 
18 930310-1 Rbt fry Spleen RTFS Denmark 1993 
19 930324-1 Rbt, young Kidney CWD Denmark 1993 
20 930407-1 Rbt, young Spleen CWD/RTFS Denmark 1993 
21 930413-1 Rbt, young Skin CWD Denmark 1993 
22 930427-2 Rbt, fry Spleen RTFS Denmark 1993 
23 930610-1 Rbt, fry Spleen RTFS Denmark 1993 
24 93061 1-2 Rbt, fry Spleen RTFS Denmark 1993 
25 930616-1 Rbt, fry Spleen RTFS Denmark 1993 
26 930909-2 Rbt, fry Spleen RTFS Denmark 1993 
27 930929-2 Rbt, young Spleen CWD/RTFS Denmark 1993 
28 931008-1 Rbt, young Spleen CWD/RTFS Denmark 1993 
29 931116-2 Rbt, young Spleen CWD/RTFS Denmark 1993 
3 0 931130-6 Rbt, young Spleen CWD/RTFS Denmark 1993 
31 931216-2 Rbt, young Spleen CWD/RTFS Denmark 1993 
32 940114-p Rbt, young Spleen CMrD Denmark 1994 
a UP1 293 Rbt, fry Spleen RTFS Dorset. UK 1992 
b WIL 293' Rbt, fry Spleen RTFS Devon. UK 1992 
C PT 4.12 Rbt, fingerling Spleen RTFS Spain 1992 
d 16/903 Tench" Spleen Haemorrhage Germany 1990 
e TG 28/864 Rbt, young Blister CWD Touraine, France 1986 
f Tours 5/14 Carp"' Gllls Gill injury Touraine, France 1992 
9 11 522' Rbt, fry Spleen RTFS France 1993 
h 11 524' Rbt, fry Spleen RTFS France 1993 
I Fi 88/93" Rbt, fry Spleen RTFS Switzerland 1993 
j Fi 147/93" Rbt, young Spleen RTFS/CWD S\vitzerland 1993 
k Fi 171/93" Rbt, fingerling Spleen R T F S ~  Switzerland 1993 
1 Fi 196193" Rbt, fingerling Spleen ICHe Switzerland 1993 
m Fi 206/936 Rbt, fingerling Spleen None Switzerland 1993 
n Fi 332/926 Rbt, fingerling Spleen RTFS Switzerland 1992 
o 255/93' Brown trout" " Skin Skin lesion Finland 1993 
P 3441/93' Rbt, young Skin Skin lesion Finland 1993 
q K 129-3/91' Wh~tef~sh""'  S k ~ n  Skin lesion Finland 1991 
I K 129-4/91' Whitef~sh S k ~ n  Skin lesion F~nland 1991 
S S 231" Rbt, fry Spleen Pale gills Northern Ireland 1993 
t 386/941° Brown trout, parr S k ~ n  Skin lesion Norway 1994 

Isolates were kindly provided by the following scientists: 
'Dr Rachel Rangdale. Fish Disease Laboratory. Weymouth, UK; 2Drs A. E Toranzo & J .  L. Barja. University of Santiago de  Com- 
postela. Spain; 3Dr Dieter Mock, Landesanstalt fiir Fischerei, Nordrhein-Westfalen, Germany; 4Dr Jean-Francois Bernardet, 
INRA. Jouy-en-Josas. France; 'Dr Martine Vigneulle, CNEVA, Plouzane, Brest, France; 91 Thomas Wahli, Universitat Bern, 
Switzerland; 'Dr Varpu Hirvela-Koski, National Veterinary Institute, Oulu. Finland; 'Dr Tarja Pohjanvirta. National Veterinary 
and Food Research Institute, Kuopio, Finland; 'Dr Joyce McCormick, Fish Disease Laboratory, Belfast, Northern Ireland; 
"Dr Ove Thoresen, Central Veterinary Laboratory, Oslo, Norway 

'Rbt: rainbow trout, "tench. Tinca tinca, '"carp: Cyprinus carpio, '"'brown trout: Salmo trutta lacustris, ""'whitefish: Core- 
gonus rnuksun 

aThe fry suffered from an  infection with Ichthyobodo necator dThe fingerlings showed clinical slgns of RTFS, and were also 
(syn. Costia necatrix), with no signs of rainbow trout fry infected with Ichthyobodo necator and with Renibactenum 
syndrome (RTFS) salrnoninarum, the causative agent of bacterial kidney 

bThe fry were infected with the virus causing infectious disease 
pancreatic necrosis (IPNV), and showed clinical signs of IPN @The fingerlings showed very few signs of RTFS, and were 

'No signs of coldwater disease (CWD) other than blindness recovering from an infection by Ichthyophthirius multifiliis 
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was adjusted to between 7.2 and 7.4 (Lorenzen 1993). 
For the biochemical and physiological studies de- 
scribed below, AOAE/AOBE was used as the basal 
medium and all incubations were performed at 15 to 
17°C unless otherwise stated. 

Morphological studies. The bacteria were grown on 
AOAE for 48 to 72 h whereupon colony morphology 
was observed visually and with a stereo microscope 
(X 100). Gliding movement and cell morphology was 
studied by phase contrast microscopy (x400) of wet 
mounts and hanging drop preparations of cells grown 
in AOBE on an orbital shaker for 48 to 72 h.  Gram 
staining was performed on cells grown on AOAE for 
48 h. Electron microscopy (EM) was performed on a 
pool of serum from 10 naturally infected fry and on a 
bacterial isolate originating from one of these fry 
(91 1209-1). Bacteriaherum was fixed in 1.5 % glutar- 
aldehyde iil 0.1 M cacod-yiaie buiier (pIi 7.2j. Foiiow- 
ing fixation bacteria or serum was centrifuged and the 
cell pellet resuspended in 1.5% Noble agar (Difco). 
Small blocks of the solidified agar were postfixed in 
1 %  OsO,, impregnated in 2% uranylacetate, and 
dehydrated in alcohol and propylene oxide before 
embedding in Vestopal-W. Ultrathin sections were cut 
and stained with magnesium uranylacetate (Frasca & 
Parks 1965) and lead citrate (Reynolds 1963). EM was 
carried out at primary magnifications of x7000 and 
x20 000. 

Physiological studies. The ability of isolates to grow 
at different temperatures was studied by incubation of 
inoculated AOBE tubes in a water bath at 5, 20 and 
25"C, respectively. The broth cultures were inspected 
daily for changes in turbidity. Growth was finally 
recorded after 10 d. Checks for contamination were 
made by subcultivating each tube on AOAE and blood 
agar. The ability of isolates to grow at different NaCl 
concentrations was studied by inoculation of AOBE 
tubes supplemented with 0, 0.5 and 1.0"/0 NaC1, 
respectively, and incubating these for 10 d at 15 to 
17°C. Growth of Flavobacterium psychrophilurn and 
contamination was tested for as described above. 

Biochemical studies. Flexirubin-type pigments: The 
presence of flexirubin-type pigments was demon- 
strated by flooding colonies (48 to 72 h) with alkali, i.e. 
10% KOH (Reichenbach & Dworkin 1981), and watch- 
ing for a colour change from yellow to orange. 

Galactosarnine glycan: Isolates were examined for 
an extracellular gaiactosamine glycan as demonstrated 
for Flavobacterium columnare (Johnson & Chilton 
1966) by recording the colour of colonies grown for 
8 d on AOAE supplemented with 0.003% Congo red 
(Ishiguro et al. 1985). 

Respiratory metabolism: Presence of catalase was 
tested for by adding a few microliters of 30% H,O, 
(Merck) to colonies 24 to 72 h old. Cytochrome oxidase 

was demonstrated in similar colonies by use of im- 
pregnated filter paper strips (Hoffmann-La Roche) 
according to the manufacturer's instructions. Ability to 
reduce nitrate was tested for in AOBE containing 0.1 % 
potassium nitrate (Bullock 1972). Production of hydro- 
gen sulphide was tested for in inoculated AOBE by 
suspending filter paper strips impregnated with 10% 
lead acetate [Pacha & Porter 1968, Public Health Labo- 
ratory Service 1976 (modified after Cowan 1974)l or 
commercially available lead acetate filter paper 
(Merck) above the broth. Filter papers were daily 
observed for dark coloration during a 10 d incubation 
period. 

Carbohydrate/alcohol metabolism: The ability to 
degrade simple and more complex carbohydrates or 
alcohols (glucose, glycerol, glycogen, inulin, saccha- 
rose) was tested by incubation for 8 to 10 d on AOAE 
siants suppiemented with 0.2 % bromothymol blue as 
described by Bernardet (1989). The ability to degrade 
starch was determined during a 6 d incubation period 
as described by Bullock (1972). 

Protein metabolism: Gelatin hydrolysis was tested 
for by inoculating isolates onto AOAE supplemented 
with 1 % gelatin (w/v); casein hydrolysis was tested for 
on AOAE containing 10 % (v/v) skimmed milk; hydrol- 
ysis of tyrosine and pigment production on tyrosine 
agar was studied on AOAE supplemented with 0.5% 
L-tyrosine (w/v) and 0.2 % additional agar, the latter in 
order to compensate for the softening effect of tyrosine. 
After an 8 to 10 d incubation the p1.a.tes were inspected 
for clearing and/or pigmentation around colonies. The 
tests described above were modified after Pacha & 
Porter (1968). 

Lipid metabolism: Production of lipase was tested 
for by inoculation on AOAE supplemented with 1 % 
tributyrin (glycerol tributyrate) (w/v) emulsified in 
0.1 % polyvinyl alcohol (Mourey & Kilbertus 1976) 
followed by inspection for clearing around colonies 
after 8 to 10 d of incubation; lecithinase activity was 
studied on AOAE with 0.5% (w/v) neutralized egg 
lecithin added (Willis 1960); esterase production was 
determined on AOAE supplemented with 1 % Tween 
80 (w/v) (modified from Sierra 1957). The presence of 
lecithinase and esterase was demonstrated by forma- 
tion of an opaque halo around colonies following an 
8 to 10 d incubation. 

Lysis of bacterial cells: Washed and autoclaved cells 
of a Danish strain of Aeromonas hydrophila (910926- 
3/12), Aeromonas salmonicida (911029-1/1), Pseudo- 
monas sp. (9201 14-2/2), Yersinia rucken (910926-3/1), 
and Escherichia coli (39R861) were added to AOAE. 
Clearing around, colonies of Flavobactenum psy- 
chrophilum on such plates following 8 to 10 d of in- 
cubation indicated lysis according to Pacha & Porter 
(1968). 
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Lysis of DNA: The presence of DNase was studied 
by inoculating bacteria onto AOAE supplemented with 
0.03 % DNA (Difco Bacto-DNA) and 0.0075 % toluidine 
blue (modified after Lior & Pate1 1987). The presence of 
DNase was revealed by a change in colour from blue to 
bright red around and beneath colonies after 8 to 10 d 
of incubation. 

Lysis o f  blood cells: Presence of haemolysin was 
tested for on AOAE plates supplemented with 5 % cit- 
rated calf blood and 5 %  heparin-stabilized rainbow 
trout blood cells, respectively. To inhibit haemolysis of 
the blood cells due to the lower osmolarity of AOAE 
(compared to blood), 0.5 % NaCl was also added. The 
presence of haemolysin was demonstrated by clearing 
around and/or beneath colonies after 8 to 10 d incuba- 
tion. 

Growth on blood agar: The ability to grow on blood 
agar (Gibco blood agar base supplemented with 5% 
citrated calf blood) was investigated by inoculation fol- 
lowed by inspection for growth during an 8 to 10 d 
incubation period. 

Haemagglutinin test: The presence of haemagglu- 
tinin or haemolysin was studied using a microdilution 
method modified after Titball 81 Munn (1981): mem- 
brane-filtered (0.22 pm) supernatant from centrifuged 
(60 min, 4000 X g) 48 h old broth cultures, the broth cul- 
ture itself and AOBE were diluted with saline (0.9% 
NaC1) in four 2-fold steps in a microtiter plate. Washed 
rainbow trout blood cells diluted 1:100 in 0.9% NaCl 
were added in an equal volume (50 1-11) and the 
microtiter plate was incubated at 25°C on an orbital 
shaker for 2 h. The interaction between blood cells 
and the supernatant (containing possible extracellular 
products, ECPs), the bacterial cells or AOBE, was 
recorded using an inverted microscope ( ~ 3 7 . 5 ) .  To test 
if the observed effect was heat stable, autoclaved 
(12loC, 60 min) ECPs were examined in parallel. The 
effect on calf blood cells was tested in a similar way, 
using citrated calf blood. Also, as AOBE contains 5% 
newborn calf serum (NBS), the effect of diluted NBS on 
trout blood cells was also studied. 

Enzyme production: The semiquantitative rnicro- 
method, API ZYM (bioMerieux SA, Marcy-llEtoile, 
France) was used to test 19 enzymatic activities in 
addition to the ones already described. The strips were 
incubated for 16 to 18 h at 15 to 17°C. 

Antibiotic sensitivity: Minimal inhibitory concentra- 
tions (MIC) of the drugs most commonly used in Danish 
fish farms, i.e. sulphadiazin/trimethoprim [in the labo- 
ratory was used CO-trimoxazole ( N S  Rosco Diagnostica, 
Denmark), sulphamethoxazole:trimethoprim 20: l ] ,  ox- 
olinic acid (Sigma 0-08?7), and oxytetracycline (Rosco), 
were determined by the agar dilution method (modified 
after Sahm & Washington 11, 1991) using 2-fold serial 
dilutions of the drugs in AOAE (50 to 0.05 pg ml-l), an  

inoculum of approximately 2 X 104 CFU in 20 p1 and 2 to 
3 d incubation at 15 to 17°C. The MIC tests were per- 
formed in 24-well trays. Minimal bactericidal concen- 
trations (MBC) of oxolinic acid and oxytetracycline 
were determined by a broth dilution method (modified 
after NCCLS Document M 26-T, Vo1.12 no.19 1992), 
using serial 2-fold dilutions of the drugs in AOBE 
(500 to 0.3 pg ml-l) in a microtiter tray. The final inocu- 
lum density in the wells was approximately 108 CFU 
ml-'. Growth of Flavobacterium psychrophilum was 
tested by inoculation from each well onto AOAE and 
blood agar following 3 d incubation at 15 to 17°C. 

DNA-DNA hybridization. The DNA of selected 
Danish isolates (nos. 2,4,5,7,9 &lO) plus the 2 reference 
strains was extracted, purified and sheared as de- 
scribed by Brenner et al. (1982). The DNA of the type 
strain, Flavobacterium psychrophilum NCIMB 1947T, 
was labelled by nick translation with tritium-labelled 
nucleotides (Amersham International) according to Gri- 
mont et al. (1980) using a commercial nick translation 
kit (Amersham International). The DNA relatedness 
between the labelled DNA of the type strain and the 
unlabelled DNA of the isolates was measured by the 
S1 nuclease-DE81 method (Popoff et al. 1981). 

Plasmid profiling. Plasmids were isolated by use of 
the method described by Kado & Liu (1981). The DNA 
extracts were subjected to submarine electrophoresis 
in a 1.5% agarose gel (seaKemR, GTG-Agarose) and 
l X TAE-buffer (Maniatis et  al. 1989). Plasmids ap- 
peared after 2 to 3 h at 8 to 9 V cm-' using a mini-gel 
electrophoresis unit (gel size of 7 X 8.5 cm2). Visualiza- 
tion was made by staining with ethidium bromide 
(Sigma, 2 pg ml-' distilled water or 3 pg ml-' gel) fol- 
lowed by exposure to UV-light (254 nm) (Olsen et al. 
1990). Approximate molecular size of the plasmids was 
estimated from the migration patterns of supercoiled 
plasmids in 2 reference strains of Escherichia coli, 
V517 (Macrina et  al. 1978) and 39R861 (Threlfall et al. 
1986), using the regression equation recommended by 
Rochelle et  al. (1985). 

RESULTS 

Morphological studies 

Colonies grown for 48 to 72 h on AOAE were opaque, 
yellow, circular, convex, non-adherent, smooth and 
shiny and had a blue-green iridescent pattern when 
studied in a stereo microscope. Generally only colonies 
with regular edges were found, but on freshly (hours) 
prepared medium, colonies might appear more or less 
spreading. The isolates had a characteristic 'cheese- 
like' odour, and the cells exhibited a slow, gliding 
movement in wet mounts as well as in hanging drop 
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preparations. Cells were Gram-negative rods, but 
morphology and size of the bacteria was more easily 
studied in wet mount preparations, where the cells ap- 
peared as long, slender rods (0.2-0.5 pm X 3-10 pm),  
the length depending on the age  of the colonies (cells 
became shorter and thicker with age ) .  Cells grown in 
broth usually were longer than cells grown on agar. 

Electron microscopic studies revealed a typical 
Gram-negative type cell wall. Cells were rod-shaped 
with tapered ends (approximately 0.2-0.4 pm X 

2.0-3.0 pm) and showed some degree of 'flexibility', 
i.e. some of them appeared curved, like an  S or like a 
V. The cells were covered by a mucoid layer without a 
discernible substructure, and occasionally the presum- 
ably d e t ~ c h e d  surface layer formed tubular s t r~c tu res .  
No fimbriae or flagellae were visible. A few meso- 
somes were seen inside the cells. 

Physiological studies 

All of the isolates (1 to 14) included in the physio- 
logical studies and the type strain FpT grew well at  5 
and 20°C, whereas none was able to grow at 25°C. 
Like the type strain, all isolates except one were able to 
grow in AOAE supplemented with 0 .0% and 0.5% 
NaC1, but not in medium contaming 1.0 % NaC1. 

Biochemical studies 

All isolates were examined for the following charac- 
ters and gave the same results as the type strain FpT: 
they produced flexirubin, did not absorb Congo red,  
were faintly positive for catalase and cytochrome oxi- 
dase, did not hydrolyze starch, and hydrolyzed tyro- 
sine without production of pigment. The API ZYM test 
demonstrated the presence of llpolytic and proteolytic 
enzymes, whereas enzymes involved in metabolism of 
the carbohydrates could not be detected. The results of 
the API ZYM test were comparable to those described 
for 2 reference strains and 5 French isolates by 
Bernardet & Kerouault (1989). None of the isolates was 
able to grow continuously on common blood agar. 
Isolates nos. 1 to 14 were studied for some additional 
characters and the results were similar to those of the 
type strain FPT, with one exception: production of H2S 
of the Danish isolates was sparse, whereas it was 
clearly positive for the type strain, and it seemed to 
some degree to depend on the lead acetate filter paper 
used (commercially produced versus laboratory made).  
The isolates did not reduce nitrate, but hydrolyzed 
gelatin, casein and DNA; they also produced lipase, 
lecithinase and esterase. The bacteria were able to lyse 
the 5 bacterial species tested, and showed increased 

growth on AOAE supplemented wtth autoclaved cells 
compared to AOAE alone. They also hemolysed calf 
and rainbow trout blood cells partially, and grew better 
on AOAE supplemented with calf/fish blood cells than 
on AOAE alone. They were not able to produce acid 
from the carbohydrates/alcohols tested. 

The hemagglutinin-test with FPT and isolates 1 to 14 
showed that apparently the bacteria possessed some 
kind of specific haemagglutinin as revealed by a partial 
agglutination of rainbow trout erythrocytes (in dilution 
1:2, only), but not those of cattle. ECPs and complete 
broth culture reacted similarly with the erythrocytes, 
consequently the agglutinin also occurred in the ECPs 
alone. Autoclaved ECPs did not show any reactivity. 
The effect oil troiit blood cells of newborn calf selurn 
(NBS) dlluted 1:128 and 1:256 was not an agglutination 
like the one observed with the ECPs, but rather a kind 
of forced cell sedimentation. A similar sedimentation 
was observed with ECPs of Yersinia ruckeri in all dilu- 
tions tested, and with AOBE diluted 1:4 (partly in dilu- 
tion 1:2), corresponding to a dilution of NBS of 1:80. 
There was no such effect of AOBE on calf blood cells. 
The effect of the ECPs of Aeromonas salmonicida was a 
clear haemolysis. The sedimenting effect of NBS, 
AOBE and ECPs of Y. ruckeri was considered to be the 
result of some kind of non-specific interaction between 
protein and rainbow trout blood cells. 

Studies on the sensitivity to selected antibiotics 
included the Danish isolates nos. 1 to 14 and FpT. For 
the MIC test, isolates 26 to 32 were also included. The 
results of the MIC determinations are presented in 
Table 2. The MBC values (pg ml-') were as follows: (1) 
For oxytetracycline: mode = 3.5, mean = 4.4, MBC50 = 

2.3, MBC9O = 4.7, and range = 1.2 to 18.8; (2) For 
oxollnic acid: mode = 15.6, mean = 133.6, MBC50 = 

31 . l ,  MBC90 = 500, and range = 11.7 to 500. 

DNA-DNA hybridization 

The DNA hybridization studies demonstrated that 
the 6 Danlsh isolates examined (nos. 2 ,4 ,5 ,7 ,9  & 10) 
were more than 70% (73 to 89%) related to the type 
straln NCIMB 1947T and should thus be regarded as 
belonging to the species Flavobacterium psychroph- 
ilum. In contrast, the type strain of F. columnare, 
NCIMB 2248T, which belongs to another bacterial 
species (Bernardet & Grimont 1989), was only 3 %  
related to F. psychrophilum NCIMB 1947~ .  

Plasmid profiling 

The results of plasmid analyses of all the isolates and 
of FpT and FcT are presented in Table 3 and Fig. 1. The 
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Table 2. Minimum inhibitory concentrations (MICI of various Table 3. Plasmid analysis of 25 Danish isolates, 20 isolates 
antibiot~cs. Distribution, mode, mean, MIC50, MIC90, and from other European countries and 2 reference strains, Flavo- 
range of MIC values (pg m]-') for 21 Danlsh isolates of bacterium psychrophilum NCIMB 1 9 4 7 ~  (FpT), and F colum- 

Flavobacterium psychrophil urn nare NCIMB 2248T ( F C ~ )  

MIC-value Oxytetra- Oxolinic Co-tri- 
cycline acid moxazole 

Mode MIC 0.2 0.2 50.0 
Mean MIC <1.9 3.6 38.1 
M1C50 0.4 1.6 50.0 
MlC9O 6.3 12.5 50.0 
Range MIC <0.05-12.5 0.1-12.5 25.0-50.0 

T h e  MIC value of F. psychroph~lum NCIh4B 1 9 4 7 ~  (FpT) 
for oxytetracycline 

Plasmid (kb)" Isolate/strain - - 
Danish ~p~ FcT Isolates from other 

isolatesb European countries 

I aApproximate size in kilobases (kb) 1 
"umbers indicate number of isolates with a plasmid/ 
plasmids of the size indicated to the left in the table 

'Isolate f eIsolates 1 and 4 
d~solates 15 and 17 'Isolates d, I ,  o, q ,  r 

sizes of the plasmids calculated from the present study 
are very approximate, as the method applied (Kado & 
Liu 1981) and the size of the gel allowed only rough 
estimations. Plasmid profiling showed that most of the 
Danish isolates and those from other European coun- 
tries had one small plasmid of approximately 3.2 kb, 

Fig. 1. Types of plasmid profiles found among 25 Danish isolates, 20 isolates from other European countries and 2 reference 
strains, Flavobacterium psychrophilum NCIMB 1 9 4 7 ~ ,  and F. columnare NCIMB 224BT. (a) Lane 1. French isolate f (2.2 + 5.7 kb) .  
Lane 2: Danish isolate 2 (3.2 kb). Lane 3: Danish isolate 17 (2.6 + 3.2 kb) .  Lane 4: Danish isolate 5 (3.2 kb).  Lane 5: Danish isolate 
15 (2.6 + 3.2 kb). Lane 6: Escherich~a coli V517 (2.1, 2.7-3.0, 3.9, 5.1-5.5, 7.2, 54 kb). (b) Lane 1: German isolate d (0 plasmids). 
Lane 2: Danish isolate 2 (3.2 kb). Lane 3: F. psychrophilum NCIMB 1947' (2.4 kb). Lane 4: E. coli V517 (2.1, 2.7-3.0, 3.9, 5.1-5.5, 
7.2, 54 kb). Lane 5: E. col1 39R816 (7.0. 36-63-147 kb). Lane 6: E columnare NCIMB 224aT (0 plasmids). Arrowhead: Chromo- 

somal band of approximately 21 kb 
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whereas the plasmid of the type strain of Flavobac- 
terium psychrophilum, NCIMB 1947T, was smaller 
(approximately 2.4 kb). Two Danish isolates harboured 
a plasmid of 2.6 kb in addition to the 3.2 kb plasmid, 
and one French isolate had also 2 plasmids, but of 5.7 
and 2.2 kb. No plasmids were detected in the type 
strain of F. columnare, NCIMB 2248', or in 2 Danish 
and 5 isolates of E psychrophilum from other Euro- 
pean countries. The 5 different plasmid profiles are 
shown in Fig. 1.  The band at about 21 kb demonstrated 
in all isolates, reference strains and the molecular 
weight markers was considered chromosomal DNA as 
it tended to disappear on prolonged temperature treat- 
ment during purification (Kado & Liu 1981) and came 
out as a smear by restriction endonuclease digestioil 
using Hind111 (results not presented). 

DISCUSSION 

The present studies on DNA relatedness between 6 
of the Danish isolates and the type strain NCIMB 1947T 
confirmed that the isolates belonged to the species 
Flavobacterium psychrophilum. The results on bio- 
chemical, morphological and physiological studies 
indicated that the Danish isolates as well as the isolates 
from other European countries, originating from fish 
with more or less pronounced signs of CWD or RTFS, 
were very homogeneous and that they were similar to 
those from the USA (Pacha & Porter 1968, Holt 1987) 
and France (Bernardet & Kerouault 1989). Plasmid 
analysis, however, revealed some differences. 

By plasmid analysis Holt (1987) demonstrated a plas- 
mid of similar size to the one found in the type strain 
NCIMB 1 9 4 7 ~  (2.4 kb) in 7 out of 15 strains. The 7 
strains were isolated from coho salmon and cutthroat 
or steelhead trout with typical signs of BCWD/ 
peduncle disease. In the present study it was note- 
worthy that isolates from clinical outbreaks of RTFS 
or CWD had one plasmid of approximately 3.2 kb, 
whereas 2 isolates from chronically infected fish had 
an  additional plasrnid of 2.6 kb. The isolates without 
plasmids or with 2 plasmids of different size generally 
originated from fish without classical signs of RTFS/ 
CWD. Challenge experiments including isolates with 
different plasmid profiles are needed to determine 
whether virulence is associated with the 3.2 and 2.4 kb 
plasmids. Such association has been shown or as- 
sumed for plasmids of other fish pathogenic bacteria 
(Crosa et al. 1977, Ssrum et al. 1988). 

The results of the biochemical studies were gener- 
ally in agreement with those of Pacha (1968), Holt 
(1987), Bernardet & Kerouault (1989), and Schmidtke & 
Carson (1995). Most reactions were slow and weak and 
it appeared to be important to use cultures not older 

than 2 to 3 d for most direct tests (e.g. flexirubin, cata- 
lase, oxidase). As for detection of cytochrome oxidase, 
Bernardet & Kerouault (1989) drew attention to the 
need for a very sensitive test. This might explain why 
Holt (1987) and Pacha & Porter (1968) regarded their 
strains as devoid of the enzyme using the method 
described by Gaby & Hadley (1957). That method is 
regarded as less sensitive than the method of Kovacs 
(1956, cited in Cowan 1974), the latter being the one 
used for preparation of the commercial filter papers/ 
discs used in the present study and by Bernardet & 
Kerouault (1989). Discrepancies in detection of cyto- 
chrome oxidase according to the brand of the commer- 
cial product used have already been noted by Koski 
et al. (1993) ior Flavobacterium columnare and F psy- 
chrophilum. 

Similarly, as for the ability to produce hydrogen sul- 
phide, most ot the isolates included in the study were 
positive in contrast to the findings of Pacha (1968), 
Pacha & Porter (1968), Holt (1987) and Bernardet & 
Kerouault (1989). Although almost the same method 
seems to have been applied, Pacha (1968), to whom the 
other authors refer, might have used 1 % lead acetate 
for impregnation of filter papers (as reported by Pyle & 
Shotts 1980), whereas 10% was used in the present 
study as prescribed by the Public Health Laboratory 
Service, National Collection of Type Cultures (1976). 
Consequently, the latter method might have been 
more sensitive than the method described by Pacha 
(1968) and Pacha & Porter (1968). 

With minor deviations, the API ZYM tests on the pre- 
sent isolates gave results comparable to those obtained 
by Bernardet & Kerouault (1989) on French and Amer- 
ican strains. Like the studies of Pacha & Porter (1968), 
Holt (1987), and Bernardet & Grimont (1989), the pre- 
sent study showed that the isolates examined were not 
able to degrade the simple and complex carbohydrates 
tested. The same held for Flavobacterium columnare 
as described by Bernardet (1989), but it should be 
noted that Griffin (1991) partially purified and charac- 
terized a chondroitin AC lyase from American strains 
of F. columnare and that the enzyme was able to 
degrade chondroitin sulphate A, chondroitin sulphate 
C and hyaluronic acid, all complex polysaccharides of 
connective tissue. Also, Holt (1987) cited Otis (1984) as 
having detected enzymes degrading chondroitin sul- 
phate in American strains of E psychrophilum. The 
findings indicate that the 2 pathogenic bacteria may 
possess enzymes able to degrade at least some spe- 
cific, complex carbohydrates. Griffin (1991) suggested 
that such enzymes might be used invasively rather 
than nutritionally. 

The distinct anaemia developed particularly by fry 
infected with Flavobacterium psychrophilum might to 
some degree be explained by the ability of the bac- 
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terium to partially lyse and agglutinate rainbow trout 
erythrocytes. These effects could reflect proteolytic 
activity, which was also demonstrated in some of the 
other biochemical studies presented. Otis (1984, cited 
by Holt 1987) found some strains were able to degrade 
collagen, fibrinogen, and fish muscle extract. Pacha 
(1968) suggested proteolytic enzymes of F. psychroph- 
ilum to be important virulence factors, and in a recent 
study by Bertolini et al. (1994) different protease pro- 
files were associated with differences in virulence. 
These and other possible virulence factors of F. psy- 
chrophilum and other cytophaga-like bactena patho- 
genic for fish have recently been reviewed (Dalsgaard 
1993). 

As with Michel & Bassalert (1982), Michel et al. 
(1984), and Herie (1991), the MIC dilution method was 
chosen for determining antibiotic sensitivity in the 
present study. This was also the method of choice of 
Carson et al. (1993) and of Schrnidtke & Carson (1995) 
studying Flavobacterium johnsoniae and F psychroph- 
ilum, respectively. Instead of Miieller-Hinton agar, 
AOAE was chosen for the test, as the former does not 
sustain growth of F psychrophilum. Cytophaga agar, 
which almost corresponds to AOAE, was claimed to 
contain sulfonamide inhibitors by Hawke & Thune 
(1992). However, preliminary tests using Enterococcus 
faecalis ATCC 29121 showed that the zone diameters 
with this bacterium when tested on AOAE against sul- 
famerazin, trimethoprim, and trimethoprim+sulfa were 
comparable to the results obtained on Mueller-Hinton 
agar and within the control limits outlined by Casals 
& Pringler (1991). In addition, Bernardet (1989) found 
3 sulfonamide sensitive strains of F. columnare out of 
9 strains examined using AOA. 

The MIC values for oxytetracycline fell into 2 groups, 
one with higher sensitivity (<0.05 to 1.6 pg ml-l), which 
was comparable to the results of Schmidtke & Carson 
(1995), and one with lower sensitivity (6.3 to 12.5 pg 
ml-l). Rangdale (1995) generally found higher MIC 
values. The MIC-values for oxolinic acid also fell in 2 
groups, from 0.1 to 0.8 pg ml-' and from 1.6 to 12.5 pg 
ml-l, respectively. Schmidtke & Carson (1995) found 
values lower than ours. The low sensitivity of Flavo- 
bacterium psychrophilum to a potentiated sulfonamide 
was comparable with the findings for sulfonamides 
of Pacha (1968), Bernardet & Kerouault (1989), 
Schmidtke & Carson (1995), and Rangdale (1995). Not 
surprisingly, the MBC values were somewhat hlgher 
than those of MIC for oxytetracycline. However, with 
oxolinic acid, the values of MBC were unexpectedly 
high relative to the MIC values. 

Accorhng to the studies by Bjorklund & Bylund 
(1990) on rainbow trout, maximum concentration of 
oxytetracycline following a single oral dose was 5.3 1-19 
ml-' in serum and 4.0 pg ml-' in muscle. Rogstad et  al. 

(1991) found MIC values of 7.1 pg ml-' in skin and 
19.1 pg ml-l in mucus. For oxolinic acid Rogstad et  
al. (1993) found maximum serum and muscle values 
of 0.99 and 5.5 pg ml-', respectively. Bjerrklund et al. 
(1992) found similar muscle values but serum values of 
2.0 p g  ml-'. Finally, Ishida (1992) demonstrated levels 
of 3.5 and 8.2 pg ml-' in serum and muscle, respec- 
tively, and somewhat higher values for kidney and 
liver. Considering these tissue levels, it seems possible 
to combat at  least those isolates belonging to the group 
with the lower MIC values described above with 
oxytetracycline and oxolinic acid. From the fish farms, 
however, there have been very few reports of succesful 
treatment with oxolinic acid; better results have been 
achieved using oxytetracycline (author's pers. obs.). 
The latter was also considered efficacious by Schachte 
(1983) and Wood (1974), and was found more effective 
than oxolinic acid by Baudin-Laurencin et  al. (1989) in 
aquarium experiments. McCarthy et  al. (1974) mea- 
sured sulfadiazine levels in serum of about 70 p g  ml-' 
following a single oral dose, which should be sufficient 
for treating bacteria with MICs of 25 to 50 pg ml-' such 
as were found in the present study. Shachte (1983) 
reported that sulphonamides should be effective in 
treatment of coldwater disease, but Wood (1974) sug- 
gested that levels beyond 50 to 60 pg were difficult 
to build up  in coho salmon fry because of the lack of 
success experienced with feeding this drug to fry suf- 
fering from RTFS (Rangdale 1995, author's pers. obs.). 
The same may hold for oxolinic acid, i.e. the reported 
tissue levels for older fish are  difficult to achieve in fry, 
particularly in diseased fry. 

None of our isolates was able to grow at 25'C, which 
is in accordance with the findings of Pacha & Porter 
(1968). Further investigations of 6 of the isolates 
showed that incubation at  25°C for 24 h reduced the 
survival of the bacteria by 70 to 80%,  and  none of the 
6 isolates was able to survive at  26'C for more than 1 d 
(data not shown). Bernardet & Kerouault (1989) found 
their strains grew scantily at  25OC, but not above. Holt 
(1987) found 18 out of 25 isolates to grow slightly at  
25°C but none of them grew at 30°C, and Schmidtke & 
Carson (1995) found that 18 out of 20 Australian isolates 
grew at  25"C, but not at  30°C. Thus it seems that the 
upper tolerance limit for the bacterium is close to 25°C. 

Concerning the tolerance to NaC1, the present 
results were largely in accordance with those of 
Bernardet & Kerouault (1989), Soltani & Burke (1994), 
and Schrnidtke & Carson (1995). Pacha (1968) found all 
strains to grow in 0.8% NaCl and that 6 out of 10 also 
grew in 1.0% NaC1. All strains studied by Holt (1987) 
were able to grow in 1.0 % but not in 2.0 % NaC1. Con- 
sidering the above results, the limit of tolerance may 
be in the range of 0.8 to 0.9% NaC1, which is close to 
the total salt concentration of physiological saline and  
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therefore fish tissue. The limit is far from the salinity 
of brackish/sea water (1.5 to 3.5%), where Flavobac- 
terium psychrophilum has never been detected. Ac- 
cordingly, Soltani & Burke (1994) considered that 
salinities above 1 % (NaCl or seawater) could reduce 
mortalities due to E psychrophilum. 

According to the findings of Bullock (1972), the mor- 
phology of colonies of 'Myxobactena' (now Cytopha- 
gales; Reichenbach 1989) depends on the nutrient 
content of the agar, i.e. the lower the nutrient content, 
the more spreading the colonies. In the present study, 
however, generally only round, raised colonies with 
regular edges were found. This was likely due to 
the use of a protein-enriched medium in our study. 
Spreading colonies on very fresh and moist medium 
were also found by Christensen (1973, cited by 
Christensen 1977) and Henrichsen (1972), whereas 
Sernardei & Kerouauii (i989) observed both types 
of colonies on the same agar plates. 

The classification of the bacteria as Gram-negative 
in the present study is based more on EM results than 
on Gram staining, as the bacteria stained faintly. In his- 
tological studies different Gram stains always resulted 
in faint staining, whereas the bacteria were distinctly 
stained using the Warthin-Starry stain (Lorenzen et  al. 
1991) or immunohistochemical staining (Evensen & 

Lorenzen 1996). With regard to shape and size of the 
cells, the present observations based on wet mount 
preparations were in accordance with the findings of 
Pacha (1968), Pacha & Porter (1968), Holt (1987), and 
Bernardet & Kerouault (1989). As expected from the 
slow, gliding movement of the bactena, no fimbriae, 
pili or flagellae were demonstrated by EM. These 
results are in agreement with those of Holt (1987) 
and Holt et  al. (1993). The vesicular tubules observed 
by Follett & Webley (1965), Strohl & Tait (1978), 
Humphrey et al. (1979) (on other gliding bacteria), Holt 
(1987) on Flavobacterium psychrophilum, and by us in 
some of the micrographs obtained in the present study 
probably represent the surface layer of the cells, 
detached during preparation for EM. 

In conclusion, the present study demonstrated that 
Danish isolates and isolates from other European coun- 
tries originating from fish with more or less typical clin- 
ical signs of CWD or RTFS were phenotypically very 
homogeneous and similar to the reference strain and 
to other strains from the USA and France described 
in other studies. Plasmid analysis, however, revealed 
some differences, and ~nvestigations on the plasmids, 
proteolytic activities and the ability to degrade specific 
complex carbohydrates are obviously needed to assess 
their relationship to virulence. Finally, challenge ex- 
periments with isolates from fish with clinical signs of 
CWD and RTFS are needed to determine whether the 
same pathogen causes the different disease signs. 
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