






the highest host ranges as well as the largest fractions of lytic
infections of the selected F. psychrophilum strains and, there-
fore, the strongest lytic potential of the isolated phages.

Plate lysates produced from narrow-host-range phages
(FpV-7 and FpV-14) were generally found to contain 103- to
107-fold fewer infective units than those from broad-host-
range phages (FpV-4, FpV-9, and FpV-10) when tested against
selected host strains (Table 3). Moreover, the efficiency of
plating (i.e., the number of PFU in a given plate lysate on the
lawn of a given host strain) also differed several orders of
magnitude between phage-host pairs (Table 3). For example, a
given plate lysate of FpV-4 yielded 7.8 � 108 � 1.2 � 108 PFU
on a lawn of F. psychrophilum type strain 950106-1/1 and only
3.5 � 102 � 1.2 � 102 PFU on strain 900406-1/3.

Restriction digest patterns. In order to examine whether
phage isolates with similar genome sizes were genetically dif-
ferent, restriction analyses were performed for phages with
genome sizes of 48 kb (Fig. 3). Of the analyzed group 2 phages
(48 kb), FpV-5 and FpV-9 had identical host ranges, while
FpV-10 showed 97.2% similarity to FpV-5 and FpV-9 (Fig. 2).
In contrast, FpV-7 had a narrower host range. Both ClaI and
EcoRI digests produced similar DNA fragment patterns for of
FpV-5, FpV-9, and FpV-10, while phage FpV-7 differed from
the other phages (Fig. 3).

Phage morphology. Phage morphology was examined by
TEM for seven different phages, representing the different

genome size classes (Fig. 4 and Table 4). The separation of
phages according to genome size also reflected systematic dif-
ferences in morphology. The analyzed large-genome phages
(90 kb, group 1) were characterized by having no or only short
tails and were classified as Podoviridae according to the Inter-
national Committee on Taxonomy of Viruses (1), whereas
group 2 phages with smaller genomes (48 kb) had very distinct
morphologies, with long flexible tails (172 to 240 nm), and
belonged to Siphoviridae. Of the three analyzed group 2
phages, FpV-9 and FpV-10 were not statistically different, ac-
cording to head and tail sizes (Table 3), although there seemed
to be small morphological differences between them (Fig. 4),
while FpV-7 showed significantly longer tails than the other
two groups (Table 4). The last group, containing phages with
small genomes (8 to 12 kb), were more variable but generally
had larger heads (�80 nm) and tail diameters (�20 nm) than
the other two groups and probably belonged to Myoviridae.

Susceptibility of F. psychrophilum to phage infection. Of the
28 F. psychrophilum strains tested, only 4 were not infected by
any of the isolated phages. These four strains included the type
strain originally isolated from coho salmon, two strains isolated
from feral rainbow trout without disease signs, and one strain
that was isolated from a diseased rainbow trout. The remaining
24 bacterial strains showed large variations in phage suscepti-
bility, ranging from susceptibility to all 22 isolates, found in 3
strains (950106-1/1, 010418-2/1, and 010418-2/3), to infection

FIG. 1. Host ranges of the isolated bacteriophages against selected F. psychrophilum strains.
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by only 6 phages and development of turbid plaques upon
exposure to the phages, found in 3 strains (020612-2/2, 020529-
2/1, and 020529-2/2).

Infection experiments with FpV-9 and FpV-10 and F. psy-
chrophilum strain 950106-1/1 performed in batch cultures at
different MOI showed rapid propagation during the first 20 h
of incubation for both phages, resulting in phage titers of 1.6 �
1010 to 2.8 � 1010 PFU ml�1, irrespective of the initial bacte-
rial density (Fig. 5). However, reducing the initial OD525 from
0.216 to 0.013 delayed the maximum OD in the culture by
approximately 24 h. In all the experiments, the ODs reached
similar levels, corresponding to 64 to 77% reductions in OD
relative to levels for control cultures without phages, suggesting
that phage infection had a significant impact on host cell density.

Bacterial growth and phage-host interactions. F. psy-
chrophilum growth was relatively slow in the enriched liquid
cultures, with maximum growth rates at 15°C, ranging from

0.062 � 0.013 h�1 (020612-2/1) to 0.098 � 0.025 h�1

(951004-1/1A). The one-step growth experiments showed no
systematic changes in latency period and burst size with
phage genome size (Fig. 6 and Table 5). In fact, FpV-2,
FpV-9, and FpV-19, representing the different genome size
groups, had very similar latency periods (4.0 to 4.5 h) and
burst sizes (37 to 51 viruses infection�1). FpV-7, however,
were less efficient than the other investigated phages and
produced only 7 � 1 phages after a latency period of 6 h.
Interestingly, the lytic properties of individual phages were
dependent on the host strain, as the burst sizes of phage
FpV-9 were four times higher with strain 010418-2/3 than
with strain 950106-1/1 used as a host strain (Table 5). The
rate of adsorption of FpV-9 to F. psychrophilum strain
950106-1/1 was estimated at 0.016 � 0.002 h�1, correspond-
ing to the exponential decline of free phages during the
incubation (Table 5).

FIG. 2. Tree based on the unweighted-pair group method using average linkages for the F. psychrophilum phage isolates (“#” is followed by
FpV number) based on their host ranges of infectivity against the 28 bacterial isolates. The data in Fig. 1 were scored and converted to pairwise
distances by using the Dice similarity coefficient. Groupings of phages according to genome size and morphology are inserted to facilitate
comparison.

TABLE 3. Efficiencies of phage infection

Phage
Result for indicated straina

950106-1/1 010418-2/3 900406-1/3 960625-3/1 951004-1/11a 95100-1/14c

FpV-4 7.8 � 108 � 1.2 � 108 2.7 � 109 � 4.2 � 108 3.5 � 102 � 1.2 � 102 1.5 � 109 � 3.3 � 108 1.5 � 108 � 5.3 � 107 ND
FpV-7 3.2 � 104 � 7.8 � 103 4.1 � 104 � 0.5 � 103 ND ND ND ND
FpV-9 �1012 6.9 � 109 � 3.5 � 108 1.5 � 105 � 3.3 � 104 ND 2.8 � 1010 � 4.3 � 109 2.8 � 1010 � 2.3 � 109

FpV-10 3.7 � 109 � 2.5 � 108 5.4 � 109 � 5.6 � 108 ND ND ND ND
FpV-14 6.4 � 103 � 1.5 � 103 6.4 � 103 � 0.4 � 103 ND 6.5 � 103 � 0.7 � 103 5.7 � 103 � 2.9 � 103 ND

a Number of infecting units in phage plate lysates produced after infection of strain 950106-1/1 and subsequently exposed to selected host strains (i.e., the different
strains were exposed to the same titer of the given phage). ND, not done.
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DISCUSSION

Diversity of F. psychrophilum phages. This study presents the
first characterization of bacteriophages infecting the fish
pathogen Flavobacterium psychrophilum. The high occurrence
of F. psychrophilum phages in the investigated samples (48% of
all samples) and fish farms (53% of all farms) suggested that F.
psychrophilum phages are widespread in Danish rainbow trout
aquaculture, even in periods without RTFS outbreaks. Eigh-
teen of the 22 isolated phages showed unique host ranges of
infectivity against 24 strains of F. psychrophilum, which all had
unique phage susceptibility patterns. This high phage and host
diversity within the Flavobacterium psychrophilum group sup-
ports recent studies of Cellulophaga baltica (13), Vibrio para-
haemolyticus (6, 7), and E. coli (e.g., references 10 and 24) and
indicates that interactions between F. psychrophilum and their
phages are characterized by a high degree of complexity at the
strain level. The facts that phages were found in more than
50% of the analyzed samples and that 18 of 22 F. psychrophi-
lum phage isolates were unique with respect to host range
suggested that the obtained phage isolates most likely repre-
sent only a small fraction of the actual F. psychrophilum phage
diversity in aquaculture. However, the phages FpV-5, FpV-6,
FpV-8, FpV-9, FpV-10, and FpV-11 all had similar genome
sizes, very similar host ranges, and (for the analyzed FpV-5,
FpV-9, and FpV-10 phages) similar restriction patterns but
were isolated from three different fish farms (Table 2 and Fig.
1 and 3), indicating a higher occurrence of this phage or group
of phages with relatively broad host ranges. None of the iso-
lated phages were infective toward the type strain NCIMB
1947T. This strain was isolated in Washington State from Coho
salmon, whereas all other strains originated from Danish fish
farms, suggesting that the host ranges of F. psychrophilum

phages are restricted to potentially cooccurring, and thus likely
genetically related, host strains.

According to genome sizes, F. psychrophilum phages fell into
at least three distinct groups of phages, which also showed
some characteristic differences with respect to morphology,
host range, and lytic potential. The intermediate-genome-size
group (group II) had the largest host range among the three
groups and together infected all susceptible hosts in the
present study, with the exception of F. psychrophilum strain
040615-1/3A, which was susceptible only to group 1 and group
3 phages. Also, the large-genome phages in group 1 (90 kb)
had relatively broad host ranges, whereas the small-genome
phages in group 3 were much more restricted in host range
among the tested hosts. In contrast to the generally positive
correlation between phage head size and phage genome size
(9), we found the smallest phage genomes in the relatively
large phages belonging to Myoviridae.

The Dice correlation analysis of phage host ranges showed
clustering of group 2 phages, suggesting that the phages in this
group, with the exception of FpV-7, were indeed closely ge-
netically related. Host range data were supported by the re-

FIG. 3. Restriction digest analysis of selected bacteriophages with
48-kb genomes after treatment with enzymes ClaI and EcoRI. Lanes to
the right are uncut phage DNA. The top band in the FpV-7 digest
probably represents a fraction of undigested phage DNA.

FIG. 4. TEM pictures of selected bacteriophages. (A) FpV-2;
(B) FpV-4; (C) FpV-7; (D) FpV-9; (E) FpV-10; (F) FpV-14; (G) FpV-
19. Scale bar, 50 nm.
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striction analysis, as the restriction digest banding patterns of
FpV-5, FpV-9, and FpV-10 were very similar but different
from that of FpV-7. Despite a similar restriction pattern,
FpV-10 showed a different pattern of infectivity against strain
951004-1/11A (Fig. 1), which indicates that FpV-10 is not iden-
tical to FpV-5 and FpV-9. The observation perhaps also indi-
cates that determining the host ranges of closely related phages
may be a more sensitive way of distinguishing between these
phages than performing a restriction analysis. Generally, how-
ever, we cannot exclude on the basis of the used methods that
FpV-5, FpV-6, FpV-8, FpV-9, and FpV-10 are not identical
phages.

Small-genome phages did not show any systematic similari-
ties in host range, and generally, the study demonstrated that
similarity in genome size does not imply similarity in other
phenotypic or genotypic characteristics of the phages, although
this sometimes is the case. Likewise, similar host range does
not imply that phages are genetically related, although that

also tended to be the case for certain groups of phages. One
consequence of these results is that analyses of natural viral
communities based on genome size using PFGE fingerprinting
severely underestimate actual viral diversity and should there-
fore be used only for comparative studies.

TEM analysis of selected phages from groups 1 and 2 to
some extent supported their separation according to genome
size in that these phages belonged to the families Podoviridae
and Siphoviridae, respectively. Within the groups, however,
different phages had distinct sizes and characteristics. Podoviri-
dae and Siphoviridae phages are generally considered to have
restricted host ranges compared with phages belonging to Myo-
viridae (33, 37). Thus, in contrast to results from these previ-
ous, mainly marine studies, these morphotypes are apparently
characterized by infecting a wide range of F. psychrophilum
hosts in trout aquaculture.

Phage-host interactions. In addition to differences in host
range, as discussed above, the individual F. psychrophilum
phages also showed large differences in their lytic potentials
against susceptible hosts. This was illustrated by the variability
in efficiencies of infection against different F. psychrophilum
strains, which covered 7 orders of magnitude. The generally
low efficiencies of infection of FpV-4 and FpV-9 on strain
900406-1/3 were probably due to a lysogenic relationship be-
tween the phages and the host, as indicated by the turbid
plaques produced after spotting (Fig. 1). Interestingly, the
phages which produced the lowest plate lysate titers with F.
psychrophilum strains 950106-1/1, FpV-7, and FpV-14 both had
narrow host ranges, and FpV-7 also had the lowest burst size
and the longest latency period of the examined phages. Gen-
erally, results from one-step growth experiments emphasized

FIG. 5. Development in F. psychrophilum densities measured as
changes in OD in the cultures (OD525) (A to C) and abundances of
phages FpV-9 and FpV-10 measured as numbers of PFU (D to F) in
enrichment cultures with various initial bacterial densities.

FIG. 6. Temporal development in PFU during one-step growth
experiments with F. psychrophilum phages as exemplified by FpV-2 and
FpV-19.

TABLE 4. Morphological characteristics of selected phages

Bacteriophage Head diam (nm) Head length (nm) Tail diam (nm) Tail length (nm) Family

FpV-2 50.1 � 2.2 57.5 � 3.3 None None Podoviridae
FpV-4 76.0 � 4.0 75.0 � 6.2 14.6 � 3.6 26.1 � 3.8 Podoviridae
FpV-7 67.2 � 9.0 68.0 � 5.7 13.1 � 1.4 239.6 � 11.0 Siphoviridae
FpV-9 60.1 � 2.6 63.1 � 3.1 10.8 � 1.4 172.6 � 10.7 Siphoviridae
FpV-10 67.7 � 4.8 65.8 � 5.3 11.3 � 0.8 181.8 � 5.6 Siphoviridae
FpV-14 86.0 � 8.3 94.9 � 11.5 24.3 � 7.6 147.8 � 18.3 Myoviridae
FpV-19 127.2 � 4.6 128.7 � 7.1 28.7 � 4.4 102.9 � 2.5 Myoviridae
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that burst size and latency period are important and variable
parameters that show both phage specificity and host strain
specificity. The mechanisms underlying these differences in
lytic properties are not revealed in the present study. There is
no indication of a relation between lytic potential and either
the genome sizes or the morphological characteristics of the
investigated phages, and the observed differences are probably
to a large extent determined by the differences in phage re-
ceptor properties between host strains.

Each bacterial isolate had a distinct pattern of susceptibility
to the 22 isolated phages and therefore probably represented
unique F. psychrophilum strains, and phage susceptibilities are
probably a highly variable and dynamic parameter among F.
psychrophilum strains. Combined with the large host range
heterogeneity in F. psychrophilum phages, this suggests that the
clonal composition and dynamics of F. psychrophilum and their
phages in Danish fish farms are influenced by a complex net-
work of phage-host interactions, as was also found for another
bacterial host, Cellulophaga baltica, also belonging to the Fla-
vobacteriaceae group (13). Our results thus confirm the emerg-
ing view of highly variable strength in phage-host interactions
and extremely diverse patterns of infectivity and susceptibility
even within relatively narrow phylogenetic groups of bacteria
(13).

The results suggest that a given bacterial species at all times
may be represented by multiple strains, each with a unique
pattern of susceptibility to a diverse community of cooccurring
phages, which also have highly variable potentials for control-
ling the available host.

In culture systems, bacteria rapidly acquire resistance to
cooccurring phages (e.g., references 4, 17, and 22), and model
simulations have proposed that under well-defined growth con-
ditions, populations of sensitive and resistant strains of a given
bacterial phylotype may coexist but fluctuate as a function of
phage abundance and differences in competitiveness for sub-
strate (23). However, the accumulation of data that document
an immense diversity in phage efficiency and host susceptibil-
ity, even within a narrow phylogenetic group of bacteria, sug-
gests that phage-host interactions are even more complex than
previously proposed from model studies and that any given
phage-and-host community is characterized by a diversity of
different properties. As phage infections represent a strong
selection pressure on bacterial communities, we suggest that
phage activity constitutes an important driving force for the
large clonal diversity of F. psychrophilum strains found in Dan-
ish fish farms.

Potential for phage therapy treatment of RTFS. Successful
application of bacteriophages in the treatment of bacterial
diseases requires a group of broad-host-range phages in order
to cover a possible broad spectrum of potential pathogenic
host strains associated with a disease outbreak. A combination
of phages with different properties may thus provide the best
starting point for further exploration of the potential of phage
therapy for controlling pathogenic bacteria. In the present
study, we have isolated a suite of lytic F. psychrophilum phages
that were able to infect and lyse a wide range of F. psychrophi-
lum strains. The most potent phages belonged to genome size
group 1 and group 2, which together infected 24 of the 28 F.
psychrophilum strains examined, including strain 950106-1/1,
which is highly pathogenic to rainbow trout. This range of host
strains was mainly covered by phages FpV-5, FpV-6, FpV-8,
FpV-9, and FpV-11, which all had the same (very broad) host
range. Moreover, FpV-9 also had the highest infection effi-
ciency of the analyzed phages, and apparently, a combination
of FpV-4, FpV-9, and FpV-21 would seem to constitute the
most potent cocktail of the isolated phages, together infecting
24 of the 27 Danish F. psychrophilum strains, with 20 of the 24
phage-host interactions being lytic.

Infection experiments with FpV-9 and FpV-10 demon-
strated that addition of phages to cultures of the pathogenic
strain 950106-1/1 over a range of bacterial densities in all cases
caused the population to crash and kept it at reduced densities
for 6 days, while phages maintained high (�1010 PFU ml�1)
titers throughout the incubations. Consequently, phage infec-
tion indeed has the lytic capacity to build up large titers and
control an exponentially growing F. psychrophilum population
at 15°C, thus emphasizing the potential of using phages to
reduce the impact of pathogenic bacteria. Obviously, as these
experiments are carried out under optimal conditions for
phage infection and propagation, it is not evident from these
results to what extent significant phage control of F. psy-
chrophilum can be obtained by addition of phages to infected
fish in their natural environment.

All the isolated phages were infective to the pathogenic
strain 950106-1/1, probably reflecting that the strain was used
in all enrichment cultures for phage isolation. This observation
suggested that it is probably possible to isolate phages for most
bacterial strains that are or have been present in a Danish trout
farm just by introducing them in enrichment cultures. In a
phage therapy context, this is interesting, as it suggests that it
is possible to assemble a phage library representing phages for
the majority of F. psychrophilum strains present.

Detailed characterization of phage properties and phage-
host interactions is a prerequisite for evaluating the potential
of phages as controllers of a pathogenic host. In conclusion,
the current characterization of F. psychrophilum phages dem-
onstrated that phage isolates with strong lytic potential against
pathogenic F. psychrophilum could be obtained from fish
farms, thus providing a foundation for future exploration of
their potential in the treatment of RTFS in rainbow trout
aquaculture.
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TABLE 5. Estimated latency times, burst sizes, and adsorption
rates of selected F. psychrophilum phages

Phage F. psychrophilum
strain

Genome
size (kb)

Latency
time
(h)

Burst size Adsorption
ratea (h)

FpV-2 950106-1/1 90 4.5 38 � 6 ND
FpV-7 950106-1/1 48 6.0 7 � 1 ND
FpV-9 950106-1/1 48 4.0 37 � 12 0.016 � 0.002
FpV-9 010418-2/3 48 4.0 162 � 12 ND
FpV-19 950106-1/1 8 4.0 51 � 7 ND

a ND, not done.
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