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Flavobacterium psychrophilum is an important fish pathogen in salmonid aquaculture worldwide. Due to increased antibiotic
resistance, pathogen control using bacteriophages has been explored as a possible alternative treatment. However, the effective
use of bacteriophages in pathogen control requires overcoming the selection for phage resistance in the bacterial populations.
Here, we analyzed resistance mechanisms in F. psychrophilum after phage exposure using whole-genome sequencing of the an-
cestral phage-sensitive strain 950106-1/1 and six phage-resistant isolates. The phage-resistant strains had all obtained unique
insertions and/or deletions and point mutations distributed among intergenic and genic regions. Mutations in genes related to
cell surface properties, gliding motility, and biosynthesis of lipopolysaccharides and cell wall were found. The observed links
between phage resistance and the genetic modifications were supported by direct measurements of bacteriophage adsorption
rates, biofilm formation, and secretion of extracellular enzymes, which were all impaired in the resistant strains, probably due to
superficial structural changes. The clustered regularly interspaced short palindromic repeat (CRISPR) region was unaffected in
the resistant isolates and thus did not play a role as a resistance mechanism for F. psychrophilum under the current conditions.
All together, the results suggest that resistance in F. psychrophilum was driven by spontaneous mutations, which were associated
with a number of derived effects on the physiological properties of the pathogen, including reduced virulence under in vitro con-
ditions. Consequently, phage-driven physiological changes associated with resistance may have implications for the impact of
the pathogen in aquaculture, and these effects of phage resistance on host properties are therefore important for the ongoing
exploration of phage-based control of F. psychrophilum.

Flavobacterium psychrophilum is a well-known fish-patho-
genic bacterium which causes the diseases rainbow trout fry

syndrome (RTFS) and cold water disease (CWD). The patho-
gen occurs frequently in salmonid production sites and has
been a problem in aquaculture worldwide since the first isola-
tion in Washington, USA (1). Genetic characterization of F.
psychrophilum strains has shown a low level of diversity with a
distinct association of specific strains with particular fish species
(2, 3). The complete genome sequence of the virulent F. psychro-
philum strain JIPO2/86 (ATCC 49511) revealed a 2,861,988-bp
circular chromosome with 2,432 predicted protein-coding genes.
Among these predicted proteins, stress response mediators, glid-
ing motility proteins, adhesins, and putative secreted proteases are
probably involved in the pathogenesis of the bacterium (4).

Due to increased resistance in F. psychrophilum to applied an-
tibiotics (5), the use of lytic bacteriophages has been proposed as
an alternative method for treatment of RTFS and CWD (6). Sev-
eral studies have presented detailed characterization of bacterio-
phages with lytic capacity against F. psychrophilum, emphasizing
the potential of phages to control the pathogen and reduce its
impact on fish mortality (6–8). However, as seen for treatment
with antibiotics, phage control of bacteria is also challenged by the
development of bacterial resistance against bacteriophages. A bet-
ter understanding of the mechanisms and functional implications
of phage resistance in bacteria is therefore a prerequisite for as-
sessing the potential of a phage-based treatment of pathogens.
Moreover, as phage-host interactions are believed to drive a diver-
sification of bacterial populations through the selection for resis-
tance (9), studies of the mechanism of phage-driven changes in

bacterial populations therefore add to our understanding of the
role of phages in bacterial evolution.

Bacterial populations can evolve rapidly from dominance of
phage-sensitive clones to phage-resistant clones when exposed to
the selection pressure from lytic phages (10, 11). Depending on
the mechanism of bacterial resistance, these changes can be either
spontaneous or adaptive (12). The spontaneous resistance may
occur through the loss or alteration of phage receptors, and the
general perception is that such changes often translate into a fit-
ness cost, because the phage receptors are involved in nutrient
uptake (9, 13). Studies of adaptive-immune mechanisms have fo-
cused on clustered regularly interspaced short palindromic re-
peats (CRISPRs) and the CRISPR-associated (Cas) proteins.
CRISPR loci are widely distributed in Bacteria (14) and Archaea
(15) and are composed of 21- to 48-bp direct repeats interspaced
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by nonrepetitive nucleotides called spacers, commonly flanked by
a variable number of cas genes (16). Resistance is acquired by the
addition of short bacteriophage DNA sequences (spacers) in
genomic CRISPR loci in response to lytic proliferation of phages
(17). However, the molecular antiphage mechanism of CRISPR is
unclear; some studies have supported the hypothesis of a bacterial
RNA interference mechanism (18), while others have indicated
DNA as the target (19, 20).

The ecological and evolutionary pressures that decrease or in-
crease the virulence of bacterial pathogens are largely unknown. In
some cases, prophages contribute with lysogenic conversion genes
that have profound repercussions on the properties, fitness, and
virulence of the bacterial host (21). There is thus increasing evi-
dence from bacterial pathogens that lysogeny is a driver of viru-
lence evolution (22–24). More recently, however, studies of
Flavobacterium columnare (25), Staphylococcus aureus (26), and
Serratia marcescens (27) have suggested that selective pressure
from lytic bacteriophages has selected for phage-resistant clones
with a lower virulence. Hence, these results have shown that bac-
teriophages serve as a driving force in bacterial pathogenesis, af-
fecting directly bacterial virulence at the time of infection. A re-
cent compilation of bacteriophage susceptibility patterns in a
collection of F. psychrophilum isolates which obtained resistance
after exposure to specific phages revealed both cross-resistance to
and loss of resistance to other bacteriophages (28). The loss of
resistance was associated with the loss of a specific 6H-type pro-
phage (29), suggesting that prophages play a role in resistance to
certain phages. However, the underlying genomic mechanisms of
phage resistance and their phenotypic consequences in F. psychro-
philum have not been investigated in detail. In this study, we iden-
tified mutations conferring resistance in six phage-resistant F. psy-
chrophilum strains, derived from the sensitive wild-type strain
950106-1/1, which were completely genome sequenced. In addi-
tion, we provide insights into the impact of these bacteriophage-
derived genetic changes on bacterial virulence.

MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. A collection of six
phage-resistant isolates (V1-20, V2-20, V3-5, V4-24, V4-28, and V4-33)
were derived from the virulent F. psychrophilum strain 950106-1/1 (6)
after exposure (20- to 90-h experiments) to the phage FpV4 or FpV21 or
a cocktail of 11 phages (see Table S1 in the supplemental material). Phage-
resistant isolates V1-20 and V3-5 were isolated in the presence of bacte-
riophage FpV4 in two independent cultures using multiplicities of infec-
tion (MOI) of 1 and 0.0002, respectively. In the same way, phage-resistant
isolates V2-20 and V4-33 were selected in the presence of bacteriophage
FpV21 with MOI of 0.3 and 0.00004, respectively. Finally, clones V4-24
and V4-28 were isolated in the presence of a cocktail of bacteriophages
using MOI of 0.05 and 4, respectively (R. Christiansen, L. Madsen, I.
Dalsgaard, D. Castillo, P. Kalatzis, and M. Middelboe, unpublished data).
All the phage-resistant isolates were stored at �80°C in tryptone-yeast
extract-salt broth (TYES-B) (0.4% tryptone, 0.04% yeast extract, 0.05%
CaCl2, and 0.05% MgSO4) (30) with 15% glycerol. For growth of F. psy-
chrophilum strains, cells were inoculated in TYES-B and incubated at 15°C
with agitation for 48 to 72 h (6).

Bacteriophage preparation and host range analysis. The 32 bacterio-
phages used in this study were previously isolated from fish farms in Chile
and Denmark (6, 7) (see Table S2 in the supplemental material). For
preparation of high-titer phage stocks, 200 �l bacteriophage solution was
added to agar plates with the bacterial host embedded in a layer of top agar
(TYES-B with 0.4% agar) on TYES-B with 1.1% agar (TYES-A). Follow-
ing the incubation at 15°C for 4 days, bacteriophages were eluted from

agar plates with confluent lyses by adding 5 ml of SM buffer (50 mM
Tris-Cl [pH 7.5], 99 mM NaCl, 8 mM MgSO4) and subsequent purifica-
tion by centrifugation (6,000 � g, 20 min, 4°C) and 0.2-�m-pore-size
filtration.

The host range of the collection of bacteriophages on the 6 phage-
resistant isolates and the original wild-type strain was determined by spot-
ting 10 �l of bacteriophage concentrate (108 PFU ml�1) on top of a
TYES-A plate freshly prepared with 4 ml top agar inoculated with 0.3 ml of
the investigated strain (optical density at 525 nm [OD525] � 0.4 to 0.5)
(6). The plates were examined for cell lysis (plaques) after 3 to 5 days, and
the presence of a clear zone, a turbid zone, or no inhibition zone was
detected. Since the reaction of the spot test can vary according to the
growth condition of the host strain, these spot tests were performed three
times with independent host cultures. The degree of phage resistance in
the different isolates was calculated as the fraction of the total number of
phages in the collection that was unable to infect the strains (i.e., no
inhibition of growth).

DNA extraction and sequencing of F. psychrophilum strains. Bacte-
rial DNA was extracted from pelleted purified isolates using the QIAamp
DNA minikit (Qiagen) according to the manufacturer’s protocol. The
complete genomes of the ancestral and phage-resistant clones were se-
quenced using Illumina HiSeq platform (BGI, China) to a depth of at least
100� per sample, with paired-end read sizes of 500 bp. Library construc-
tion, sequencing, and data pipelining were performed in accordance with
the manufacturer’s protocols.

Computational analyses. The reads of the 950106-1/1 ancestral strain
were aligned using the JIPO2/86 (ATCC 49511) F. psychrophilum strain as
the reference genome (GenBank accession number AM398681, August
2013). The resulting sequence was then used as a reference for alignment
and comparison to the phage-resistant isolates. The genome assembly
process was performed using the Geneious software (31), annotation of
the genomes was achieved using the RAST annotation service (32), and
genome comparison was done using MAUVE v2.3.1 software (33). To
determine putative subcellular localization of mutant genes, server tools
were applied. Prediction of the localization of bacterial proteins was
achieved using PSort v3.0b (34). Checking of transmembrane helices
(TMH) was performed by TMHMM v2.0c (35). Finally, predictions of
signal peptides were obtained using SignalIP v3.0 (36).

The putative CRISPR loci for the 950106-1/1 strain and the six phage-
resistant isolates were identified with CRISPRfinder (http://crispr.u-psud
.fr/Server/CRISPRfinder.php) (37). Repeat sequences were compared by
WebLogo analysis, a Web-based application that generates graphical rep-
resentations (logos) of the patterns within a multiple-sequence alignment
(http://weblogo.berkeley.edu/logo.cgi) (38). Spacer sequences were aligned
to the whole-genome-sequenced F. psychrophilum bacteriophages FpV4,
FpV9, and FpV21 (unpublished results) and 6H (29) using the ClustalW
algorithm in the Geneious 7.0.2 program (31).

Phage adsorption rates. Bacteriophages FpV4, FpV9, and FpV21 were
proliferated using the F. psychrophilum strain 950106-1/1 as a host. The
adsorption constants of these bacteriophages to strain 950106-1/1 and six
phage-resistant strains were determined by adding one phage to 20 ml of
exponentially growing cells at a multiplicity of infection of 0.0001 and
incubating the infected culture at 15°C with agitation. Samples were taken
every 10 min for 1 h, centrifuged (5,000 � g, 10 min), and diluted (1:10) in
SM buffer with chloroform. The phage adsorption constant was calcu-
lated from the decrease in unadsorbed phages (i.e., phages in supernatant)
over time, according to the following equation: K � 2.3/(B)t � log(p0/p),
where B is the concentration of bacteria (cells ml�1), p0 is the number of
PFU at time zero, p is the number of PFU in supernatant (i.e., phages not
adsorbed) at time t (min), and K is the velocity constant (ml min�1) (39).

Gliding assays. The ability of strain 950106-1/1 and the six phage-
resistant isolates to move by gliding was examined using the hanging drop
technique (40) and glass slides, as well as agar plates as surfaces for the
gliding motility. Briefly, all the isolates were grown in TYES-B for 48 to 72
h at 15°C. Glass capillary microslides (Camlab) were introduced in the
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bacterial cultures, and motility was observed using phase-contrast mi-
croscopy (Olympus BX61). In addition, one drop of liquid culture of each
strain was deposited over a coverslip and was turned upside down and
placed on tiny stands on a glass slide. Bacterial motility was observed
through the coverslip (40). Finally, aliquots of 5 �l bacterial culture were
spread on plates with 2�, 1�, 0.5�, and 0.1� diluted TYES-B agar
(1.1%). After 72 h of incubation, the colony diameters were measured
(25).

Biofilm formation assay. Biofilm formation was quantified using the
standard assay with crystal violet staining of biofilm and subsequent mea-
surement of the optical density at 595 nm as previously described for F.
psychrophilum by Álvarez et al. (41) but with some modifications. The
ancestral strain 950106-1/1 and the six phage-resistant isolates were
grown in half-strength TYES-B to mid-exponential phase (108 cells/ml).
The cultures were diluted 1/100 in TYES-B, and then 1 ml of each dilution
was inoculated in quadruplicate into polystyrene tubes (Becton Dickson,
Falcon), which were incubated statically at 15°C for 5 days. Following this
incubation, the supernatants were discarded, and the tubes were washed
seven times with 1 ml of sterile distilled water. Then 1 ml of a 1% (wt/vol)
crystal violet solution (Sigma-Aldrich) was added to each polystyrene
tube containing the cells. After 45 min, the crystal violet solution was
removed, the wells were washed seven times with 1 ml of sterile distilled
water to remove the dye, and then 1 ml of 96% (vol/vol) ethanol was
added. Biofilm formation was then quantified by measuring the optical
density at 595 nm. Experiments were repeated in four independent assays.

Extracellular enzyme activity assay. The levels of activity of the extra-
cellular enzymes proteolysins, elastinase, and gelatinase were evaluated
according to the previous tests performed with Pseudomonas aeruginosa
(42) but adapted to F. psychrophilum. Aliquots (50 �l) of bacterium-free
supernatant (0.45-�m-pore-size filtration) from three replicates of a
4-day liquid culture of each phage-resistant isolate and the sensitive an-
cestor (with similar CFU/ml) were added to holes punched into agar
plates. Agar plates containing 2% skim milk were used to assess total
proteolytic activity, and plates were incubated at 15°C. Gelatinase activity
was determined using 2% gelatin plates and incubated at 4°C. Finally,
elastinase activity was tested according to Madsen and Dalsgaard (43).
Briefly, TYES-A was mixed with elastin (Sigma E-0502) to give the final
concentration of 0.1%. Degradation of elastin was observed as a clearing
zone surrounding the well.

Bacterial hemolytic activity was assessed using the microplate hemo-
lysis assay described by Högfors-Rönnholm and Wiklund (44). Blood was
collected in an equal volume of Alsever’s solution (Sigma-Aldrich) by
caudal venipuncture of rainbow trout (about 800 g). Erythrocytes were
centrifuged (1,000 � g, 5 min, 4°C), washed three times with phosphate-
buffered saline (PBS; pH 7.2), and used the same day. For the assay,
washed and packed erythrocytes were suspended to 5% (vol/vol) in PBS.
Equal amounts (30 �l) of erythrocyte and bacterial suspensions were
mixed in triplicates into a U-well microtiter plate (Greiner Bio-One) and
incubated for 24 h at 10°C and 400 rpm rotation. Following incubation,
150 �l 0.5% NaCl was added to the wells, and the plate was centrifuged
(1,000 � g, 5 min, 4°C). The supernatants were transferred to an F-well
microtiter plate (Greiner Bio-One), and the absorbance (A) was measured
at 540 nm. A negative control (background [Abackground]) with only 0.5%

NaCl and erythrocytes and a positive control (total hemolysis [A100%])
with distilled water and erythrocytes were included in triplicates on each
plate. The hemolytic activity was calculated according to the following
equation: Hemolytic activity � (A � Abackground)/(A100% � Abackground).

Statistical analysis. A Student t test (GraphPad Prism 4 software) was
used to analyze the statistical significance of the observed changes in bio-
film formation and extracellular enzymatic activities between activities in
the phage-resistant strains relative to the sensitive wild type. P values of
�0.01 were considered statistically significant.

Nucleotide sequence accession numbers. The genomic sequences of
all strains have been deposited in the EMBL database under accession
numbers CP008878 to CP008883 (see Table S1 in the supplemental ma-
terial).

RESULTS
F. psychrophilum phage-resistant isolates: selection and suscep-
tibility to phage infection. Sixteen phage-resistant isolates de-
rived from the wild-type F. psychrophilum strain 950106-1/1 were
obtained after challenging with different bacteriophages (Chris-
tiansen et al., unpublished), and six of these strains, V1-20, V2-20,
V3-5, V4-24, V4-28, and V4-33, which showed cross-resistance as
well as loss of resistance to other phages in our collection of 32
bacteriophages, were selected for further characterization (Fig. 1;
see also Table S1 in the supplemental material). Compared to the
wild-type strain 950106-1/1, all phage-resistant isolates had in-
creased overall resistance against phages in the collection. The
phage-resistant isolates V1-20 and V2-20 showed 65% total resis-
tance (i.e., percentage of phages for which the isolate was com-
pletely resistant), whereas isolates V4-24, V4-28, and V4-33 had
become resistant to even more phages and displayed a total resis-
tance of 100, 84, and 87%, respectively (Fig. 1). Interestingly, the
isolate V3-5 had gained resistance to some phages but also lost
resistance to other phages; hence, its total resistance was similar to
that of the 950106-1/1 ancestral strain (31%) (Fig. 1) (28). In
order to better understand the resistance mechanisms to phage
infection present in F. psychrophilum, whole-genome sequencing
of the 950106-1/1 susceptible strain and the six phage-resistant
isolates was carried out.

Identification of CRISPR loci in F. psychrophilum strain
950106-1/1. We investigated if the resistance mechanism in
phage-resistant isolates was through an adaptive immune re-
sponse. First, we determined the distribution of CRISPR loci in
the 950106-1/1 ancestral strain. Three putative CRISPR loci were
found. Two of them were, however, not associated with Cas pro-
teins, and the repeats and spacers were located within sequences
encoding proteins. One CRISPR locus (designated CRISPR1) was
associated with three cas proteins, csn1, cas1, and cas2, and exhib-
ited 20 different spacers of 29 to 30 bp and 21 repeats of 46 bp (Fig.
2a and b). Surprisingly, all the spacers derived from these putative

FIG 1 Host range of 32 bacteriophages against the 950106-1/1 ancestral sensitive strain and the six phage-resistant isolates.
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CRISPR loci were also present in the genome of F. psychrophilum
strain JIPO2/86 (ATCC 49511T) isolated in France (45). As a con-
sequence of the association between cas genes and the size of the
CRISPR1, we selected this locus to compare the spacer content
between the ancestral strain 950106-1/1 and the six phage-resis-
tant isolates.

CRISPR1 activity in phage-resistant F. psychrophilum iso-
lates. Examination of the similarity of F. psychrophilum CRISPR1
spacers with sequences of known F. psychrophilum bacteriophages
(unpublished data) or other sequences of extrachromosomal ori-
gin in the NCBI database revealed that 19 out of 21 spacers did not
significantly match (�80% similarity) with genomic sequences
from F. psychrophilum bacteriophages FpV4, FpV9, and FpV21,
which were used in the selection for phage-resistant isolates, or
with sequences in the NCBI database. The two exceptions were the
spacers 5 and 19, which showed 100% and 97% similarity, respec-
tively, with sequences of the temperate bacteriophage 6H (29)
(Fig. 2c).

Analysis of the ability of the CRISPR1 system to incorporate

novel spacers-repeats after phage exposure showed that all phage-
resistant isolates, independent of the phage exposure prior to iso-
lation, maintained a spacer composition that was identical to the
phage-sensitive wild type (Fig. 2), despite their different phage
susceptibility patterns.

Identification and distribution of spontaneous mutations in
phage-resistant F. psychrophilum isolates. Genome analysis re-
vealed 130 independent mutations distributed along the genomes
of all the F. psychrophilum phage-resistant isolates, of which 80%
were indels (deletions and/or insertions) between 1 bp and 50 kbp
and 20% were point mutations (see Table S3 in the supplemental
material). The phage-resistant isolates V1-20, V2-20, and V3-5
contained 25, 18, and 30 mutations, respectively, corresponding
to 19, 13, and 23% of the total mutations, while isolates V4-24,
V4-28, and V4-33 contained 21, 18, and 18 mutations, corre-
sponding to 16, 13, and 13% of the total number of mutations. We
focused our attention on mutations in genes that potentially could
be responsible for the observed phage resistance phenotype in F.
psychrophilum.

FIG 2 F. psychrophilum strain 950106-1/1 CRISPR1 overview. (a) Graphic representation of cas genes, spacer, and repeats of CRISPR1 in the F. psychrophilum
strain 950106-1/1; (b) Web logo of nucleotide comparison repeats of CRISPR1 in F. psychrophilum strain 950106-1/1; (c) nucleotide comparison of 20 spacers
of CRISPR1 in F. psychrophilum strain 950106-1/1. All the six phage-resistant isolates derived from the ancestral strain displayed the same nucleotide sequences
in the spacer and repeat contents.
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Phage-resistant isolates showed indels in genes with functions
such as cell surface protein functions, metabolism, biosynthesis,
motility, genetic expression, translation, membrane transport,
and hypothetical and unknown protein functions. Small indels
(between 1 and 10 bp) caused amino acid changes, reading frame
shifts, or anticipated stop codons (see Table S3 in the supplemen-
tal material). Of the six phage-resistant isolates, strain V3-5 (iso-
lated in the presence of the lytic phage FpV4) accumulated the
majority of mutations (23%), whereas the phage-resistant isolates
V2-20 (isolated in the presence of lytic phage FpV21) and V4-28
(isolated in the presence of the cocktail with 11 different bacterio-
phages) showed the lowest accumulation of mutations (13% in
both isolates).

The distribution of mutations was variable among all F. psy-
chrophilum phage-resistant isolates. However, some mutations
were present in all phage-resistant clones. For example, all the
isolates displayed deletions in a region encoding proteins orga-
nized in tandem with leucine-rich repeats, previously described
for F. psychrophilum JIP02/86 (4). The 950106-1/1 ancestral strain
displayed seven cell surface proteins tandemly organized with leu-
cine-rich repeats that differed in amino acid sequence length ac-
cording to the number of leucine units (Fig. 3a). The phage-resis-

tant isolates showed genetic instability in this region. For example,
clones V1-20, V2-20, V3-5, and V4-33 had reduced numbers of
open reading frames (ORFs) and showed rearrangements in the
tandem organization, whereas phage-resistant clones V4-24 and
V4-28 had lost this genetic segment completely (Fig. 3a).

A number of mutations were specific for some phage-resis-
tant isolates. The phage-resistant strains V1-20, V4-24, V4-28,
and V4-33 were all affected by a deletion in a putative adhesion
protein causing a premature stop codon, a full deletion in a
probable outer membrane protein precursor OmpA family,
and a deletion in a hypothetical protein (Fig. 3b). Mutant genes
related to the biosynthesis of lipopolysaccharide, cell wall, and
gliding motility (GldJ) were found in the phage-resistant iso-
late V2-20 (Fig. 4a). Moreover, the phage-resistant isolate
V2-20 displayed a deletion in a permease component of a prob-
able ABC-type transport system (Fig. 5). In this same genetic
region (around 50 kbp), all phage-resistant isolates showed
deletions in a putative transporter, a regulatory protein (Lyttr
family), and hypothetical and unknown proteins (Fig. 5). In-
terestingly, many of these mutant genes, including unknown
proteins, are membrane proteins associated with transmem-
brane helix domains or signal peptides.

FIG 3 Schematic representation of the distribution of specific mutations in F. psychrophilum phage-resistant isolates. Genes are represented as arrows, and
deletion mutations are represented by short lines. Functions for genes are shown in colored boxes. (a) Leucine-rich proteins in tandem (accession numbers
WP_011962354.1 to WP_011962360.1); (b) putative adhesin and outer membrane protein precursor (accession numbers WP_016361986.1 and
WP_011962492.1, respectively).
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Previous results have shown that phage-resistant isolates of F.
psychrophilum derived from the 950106-1/1 strain were negative
in the amplification of four genes from the specific prophage 6H
using PCR, suggesting that these strains had lost this specific pro-
phage (28). The genomic analysis of the genomes of the resistant
isolates confirmed that all isolates had lost this specific genomic
segment (see Table S3 in the supplemental material) and thus lost
the entire prophage.

Twenty-five point mutations in specific genes were distributed
among all the F. psychrophilum phage-resistant isolates, and 92%
caused amino acid changes (see Table S3 in the supplemental ma-
terial). Point mutations in genes, such as that encoding a probable
UDP-N-acetylglucosamine acyltransferase (biosynthesis lipids),

were found in the phage-resistant isolate V1-20. The isolates
V1-20 and V4-24 displayed a point mutation in the gene encoding
gliding motility proteins GldK and GldM, respectively, causing a
premature stop codon (Fig. 4b). Likewise, several genes with point
mutations (38%) were shown to be associated with membrane-
associated proteins or with signal peptides (see Table S3 in the
supplemental material).

Impaired bacteriophage attachment. In order to investigate if
the mutations in these proteins affected phage adsorption to phage-
resistant isolates, the adsorption constants were determined (Table
1). The results showed that all phage-resistant isolates had a 50- to
�500-fold reduction in their affinity for bacteriophage attachment
compared with that of the sensitive wild-type strain (Table 1).

FIG 4 Schematic representation of the distribution of specific mutations in F. psychrophilum phage-resistant isolates. Genes are represented as arrows, deletion
mutations are represented by short lines, and point mutations as asterisks. Functions for genes are shown in colored boxes. (a) Deletion in gliding motility protein
GldJ (accession number WP_011963517.1); (b) point mutations in gliding motility proteins GldM and GldK (accession numbers WP_011964073.1 and
WP_011964075.1, respectively).

FIG 5 Schematic representation of the distribution of specific mutations in F. psychrophilum phage-resistant isolates. Genes are represented as arrows, and
deletion mutations are represented by short lines. Functions for genes are shown in colored boxes. Specific region of 50 kbp presented deletions in several proteins
(accession numbers according to the position: WP_011964238.1, WP_011964239.1, WP_011964240.1, WP_011964241.1, WP_011964251.1, WP_011964252.1,
WP_011964253.1, WP_011964254.1, WP_011964255.1, WP_016361990.1, WP_011964257.1, WP_011964258.1, WP_011964259.1, WP_011964260.1, and
WP_011964261.1).
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Motility, biofilm formation, and secretion of enzymes in F.
psychrophilum phage-resistant isolates. The ability of the ances-
tral and phage-resistant isolates to move by gliding was examined
using the hanging drop technique as well as glass capillary and agar
surfaces. However, motile behavior was detected neither in the
wild type nor in the phage-resistant strains under any of the con-
ditions tested (data not shown).

Biofilm formation arises following bacterial adhesion and is
associated with the activity of a number of membrane proteins
(46). Our results displayed mutations into genes encoding leu-
cine-rich proteins, adhesin, and one regulatory system protein
(Fig. 3 and 5), possibly affecting biofilm formation. Therefore, we
investigated whether biofilm formation was affected in the phage-
resistant isolates. This analysis revealed a significant reduction in
biofilm formation in all the phage-resistant isolates compared
with that of the wild-type sensitive strain (Fig. 6a). In the same
way, mutations were found in gliding motility proteins, which are
part of a novel protein secretion system, the Por secretion system
(PorSS), identified in the phylum Bacteroidetes (47). In order to
examine the effects of resistance mutations on protein secretion in
general, we therefore evaluated the levels of extracellular enzymes
in the supernatants of bacterial cultures. These analyses indicated
that the phage-resistant isolates exhibited a lower hemolytic activ-
ity (Fig. 6b) and a reduced ability to secrete proteases (Fig. 6c),
gelatinases (Fig. 6d), and elastinase (see Table S4 in the supple-
mental material) in comparison with those of the 950106-1/1 sen-
sitive strain.

DISCUSSION
CRISPR activity in F. psychrophilum. Studies on the effects of
bacteriophages on F. psychrophilum populations have shown mul-
tiple phenotypic effects of phage exposure, including cross-resis-
tance to some phages and loss of resistance to other phages (28), as
well as the loss of a specific prophage (29) and metabolic changes
(Christiansen et al., unpublished). Obviously, more knowledge
about genetic properties in both phages and hosts determining
susceptibility and host range properties is needed to understand
the complex network of underlying genetic changes behind these
phenotypic changes in F. psychrophilum following phage expo-
sure. In order to get further insights into the resistance mecha-
nisms in F. psychrophilum, six phage-resistant isolates were se-
lected and complete genome sequencing was carried out.

One CRISPR loci (CRISPR1) associated with cas genes was
found in F. psychrophilum strain 950106-1/1 (Fig. 2). Two of the
spacers detected in the CRISPR1 loci matched with sequences of
the temperate bacteriophage 6H (Fig. 2c), suggesting that the
CRISPR system has previously been involved in the inactiva-

tion of this phage or a related phage. However, there are several
indications that the CRISPR1 loci in F. psychrophilum do not
have the ability or characteristics of an active immune system
against phage infection. First, the six phage-resistant isolates and
the phage-sensitive wild type had identical spacer content, inde-
pendent of phage exposure (Fig. 2). Thus, even though the V3-5
resistant strain contained two spacers matching phage 6H se-
quences, the strain had gained sensitivity to this particular phage
(28). Similarly, previous results have displayed that F. psychrophi-
lum strain MH1, which has an identical CRISPR1 locus (unpub-
lished results), is also sensitive to phage 6H (29). Moreover, the
fact that an identical CRISPR locus was found in both the Danish
F. psychrophilum strain 950106-1/1 and the previously sequenced
strain JIPO2/86, isolated in France �10 years earlier (45), suggests
that the CRISPR system in F. psychrophilum is not an active and
dynamic system involved in phage resistance. Our observations
are similar to those reported for Pseudomonas aeruginosa (48),
which showed no link between resistance to phage infection and
presence or absence of a specific CRISPR locus. However, the
rapid dynamics of the CRISPR region in Streptococcus thermophi-
lus (17), where bacteria responded to phage infection by integrat-
ing new spacers into the CRISPR array derived from the infecting
phage genome, emphasizes that the CRISPR region does play an
important role in phage resistance in other strains. Of the 20 spac-
ers in the F. psychrophilum CRISPR locus, 18 were of unknown
origin. This lack of resemblance to known sequences is probably
due to the low number of sequenced F. psychrophilum bacterio-
phages and plasmids.

The incapacity of CRISPR1 to integrate new spacers during the
selection of phage-resistant isolates is supported by previous stud-
ies which have provided evidence that CRISPR loci may be in-
volved in functions other than phage resistance, such as regulation
of the expression of endogenous genes (49) and participation in
bacterial innate immune evasion and virulence (50). We do not
know whether CRISPR in F. psychrophilum contributes to the reg-
ulation of endogenous bacterial genes, particularly during the in-
teraction with fish hosts. However, the inactivity of CRISPR loci in
F. psychrophilum leads us to propose that the classic way of spon-
taneous mutations is driving the resistance against phage infection
in F. psychrophilum.

Spontaneous phage resistance mutations in F. psychrophi-
lum and effects on virulence properties. Our results showed that
indels and point mutations affected genic regions encoding cell
surface proteins, ABC-type transport components, gliding motil-
ity, and hypothetical and unknown proteins, which mostly were
associated with membrane signal peptides or transmembrane he-

TABLE 1 Phage adsorption constants of phages FpV4, FpV9, and FpV21 on ancestral strain and phage-resistant isolates

Isolate

Phage adsorption constant

FpV4 FpV9 FpV21

950106-1/1 3.4 � 10�8 � 1.2 � 10�8 3.0 � 10�8 � 1.0 � 10�8 2.7 � 10�8 � 1.1 � 10�8

V1-20 5.2 �10�10 � 1.0 � 10�10

V2-20 6.1 � 10�10 � 2.1 � 10�10

V3-5 4.4 � 10�10 � 2.0 � 10�9

V4-24a 3.3 � 10�10 � 2.2 � 10�9 5.1 � 10�10 � 1.0 � 10�10 5.9 � 10�10 � 6.0 � 10�9

V4-28a 1.5 � 10�10 � 3.1 � 10�9 6.4 � 10�10 � 5.0 � 10�9 2.9 � 10�10 � 1.0 � 10�9

V4-33 6.7 � 10�10 � 1.3 � 10�10

a Bacteriophages Fpv4, Fpv9, and Fpv21 were selected as representatives of the cocktail of bacteriophages.
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lices domains (Fig. 3 to 5; see also Table S3 in the supplemental
material). The observed mutations thus likely cause alterations in
these genetic products, modifying the cell surface of phage-resis-
tant isolates and possibly resulting in a cost of the resistance. In-
terestingly, all phage-resistant isolates showed gene loss, de novo
development, and rearrangements in a specific region which en-
codes cell surface proteins in tandem with leucine-rich repeats,
suggesting that this is a potential hot spot for spontaneous dele-
tion formation (Fig. 3a). These cell surface proteins with leucine-
rich repeats have previously been associated with bacterial adhe-
sion in the pathogenic bacteria Bacteroides forsythus (51) and
Treponema denticola (52). The observation of an impaired biofilm
formation of all phage-resistant isolates in comparison to the an-
cestral strain (Fig. 6a) in the current study supports the hypothesis
that these tandem repeat genes participate in bacterial adhesion to
surfaces. However, we did not find direct relation between the
number of proteins with leucine-rich repeats and the effect on
biofilm formation, suggesting that other proteins were contribut-
ing to this process. Thus, the molecular mechanism of tandem

repeat deletions and its effect on bacterial virulence in F. psychro-
philum are unknown.

Likewise, F. psychrophilum phage-resistant isolates V1-20, V2-
20, and V4-24 presented mutations in the gldJ, gldM, and gldK
genes, which encode gliding motility proteins (Fig. 4). Although,
our results showed that neither the wild-type strain 950106-1/1
nor the phage-resistant isolates displayed motile behavior at the
tested conditions, similar results have been described in a motile
Flavobacterium johnsoniae strain, where gldJ mutants were resis-
tant to bacteriophages that infected wild-type cells (53). However,
other studies in the same bacterium have identified the gliding
motility proteins GldM and GldK as members of a novel protein
secretion system, the Por secretion system (PorSS), involved in the
secretion of virulent proteins (54–56). The phage-resistant isolate
V2-20 also presented a deletion in the probable ABC-type trans-
port system, a permease component. There is increasing evidence
that these transport systems play either direct or indirect roles in
the virulence of bacteria (57, 58). Members of the ABC-type trans-
port system have been involved in the uptake of nutrients (59) and

FIG 6 The F. psychrophilum phage-resistant isolates displayed reduced biofilm formation and secretion of extracellular enzymes. (a) Biofilm formation of the
950106-1/1 ancestral strain and the six phage-resistant isolates; (b) hemolytic activity; (c) total protease activity on skim-milk plates; (d) gelatinase activity on
gelatin plates. Results were plotted with standard deviation error bars from triplicate experiments for each isolate; the P value was calculated using a paired
Student t test. Asterisks indicate values significantly lower than that of the control.
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metal ions (60) and in cell attachment (61). The reduced secretion
of extracellular enzymes in phage-resistant isolates in the current
study thus suggested a link to the observed mutations in these
genes and supports that phage resistance mutations have direct
implications for the extracellular enzymatic properties and bacte-
rial virulence of F. psychrophilum, as was previously observed in F.
columnare (25).

It is likely, therefore, that these proteins participate as receptors
or coreceptors in the attachment of phages to the cell surface.
Further evidence supporting this suggestion was the observation
of an impaired attachment of bacteriophages to phage-resistant
isolates (Table 1), providing direct evidence that such mutations
affect the phage adsorption. Although our observations were fo-
cused on mutations in genic regions, we cannot rule out the pos-
sibility that mutations in intergenic regions could have affected
promoters and cis/trans regulatory elements, which may have lim-
ited the expression of proteins participating in the phage infection
process. For example, studies using insertional mutagenesis con-
ferred phage resistance in Listeria monocytogenes, locating a trans-
poson insertion upstream of coding regions (62). Besides, we
cannot rule out the pleiotropic effect of other mutations on phe-
notypic diversity (phage resistance and virulence) in F. psychro-
philum, as has been observed in Pseudomonas aeruginosa (63) and
Erwinia carotovora (64). Finally, it is important to note that al-
though the mutational changes in the resistant strains point in the
same direction and can be linked to potentially phage-related
genes and phenotypic properties of the strains, we do not have
sequenced isolates from the control cultures without phages and
therefore cannot completely rule out that similar mutations may
have taken place even in the absence of phages. However, based on
previous work on phage-driven genetic and phenotypic diversifi-
cation (65), we find this very unlikely.

Mutations that provide resistance against phage infection have
previously been linked to a fitness cost in the host cells (9, 13).
Observations of significantly reduced growth rates of phage-resis-
tant F. psychrophilum isolates compared with the ancestral strain
have thus been reported (Christiansen et al., unpublished). In the
same way, Biolog assay of phage-resistant strains showed that
some strains had lost the ability to take up specific nutrients, sug-
gesting that putative phage receptors or coreceptors in F. psychro-
philum could be involved also in the extracellular hydrolysis and
subsequent uptake of nutrients (Christiansen et al., unpublished).
Our results add to those earlier observations and provide evidence
that mutations in cell surface proteins reduced phage attachment
and bacterial virulence (Fig. 3, 4, and 6 and Table 1). Thus, cell
surface properties are likely under strong selection from phage
infection, as also suggested for the marine cyanobacteria Prochlo-
rococcus (65). Consequently, bacteriophages seem to have strong
effects as drivers of the phenotypic diversification in the F. psy-
chrophilum population, with potential implications for their met-
abolic and virulence properties.

Implications of resistance mutations for the application of
phage therapy in F. psychrophilum. The emergence of phage-
resistant clones is a common response to the selective pressure
created by bacteriophages (66). For the successful application of
phage therapy, it is essential to know the diverse antiphage systems
present in the pathogenic bacterial population as well as the im-
plications of these for the virulence of the pathogen. Our results
show that spontaneous mutations in F. psychrophilum cells drive
the resistance against lytic phage infection and suggest that pro-

teins with leucine-rich repeats and gliding motility proteins,
which were affected by indels and point mutations, probably act as
phage receptors or coreceptors (Fig. 3 and 4 and Table 1). This is
an important observation in the context of phage therapy, because
bacterial pathogenesis has been related with these proteins (52, 55,
67), as also supported by the current study. Consequently, we
suggest that F. psychrophilum phage-resistant isolates may have a
reduced virulence against trout. This suggestion was supported by
observations of a reduced activity of a number of traditional indi-
cators of F. psychrophilum virulence, such as elastinase and hemo-
lytic activity, ability to form biofilm, and ability to secrete extra-
cellular enzymes at in vitro conditions (Fig. 6). These functional
changes may thus result in inhibited adhesion, colonization, and
destruction of fish tissues. Thus, although we do not have direct
evidence from challenge experiments with fish, our study strongly
suggests that bacteriophage resistance may be associated with re-
duced bacterial virulence in F. psychrophilum.
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