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Significance Statement 

Comparative genomics can be a powerful tool to identify genetic determinants of phage 

susceptibility in pathogenic bacteria. The analysis of phage-susceptibility and genomic 

composition of Baltic Sea F. psychrophilum isolates, revealed that genetic differences in 

gliding motility and type IX secretion system genes were linked with observations of phage 

susceptibility patterns covering large geographical distances. The study suggests a key role 

of phages as drivers of genomic diversification in F. psychrophilum and increases our 

understanding of the genomic basis for phage susceptibility in F. psychrophilum. This 

knowledge is important for developing successful phage therapy strategies to combat 

Flavobacterium infections in aquaculture facilities. 

Summary 

The fish pathogen Flavobacterium psychrophilum infects farmed salmonids worldwide, and 

application of bacteriophages has been suggested for controlling disease outbreaks in 

aquaculture. Successful application of phages requires detailed knowledge about the 

variability in phage susceptibility of the host communities. In this study we analyzed the 

genetic diversity of F. psychrophilum hosts and phages from the Baltic Sea area, to identify 

genetic determinants of phage-host interaction patterns. A host range analysis of 103 

phages tested against 177 F. psychrophilum strains (18,231 phage-host interactions) 

identified 9 phage clusters, infecting from 10 to 91% of the strain collection. The core 

genome-based comparison of 35 F. psychrophilum isolates revealed an extremely low 

overall genomic diversity (>99.5% similarity). However, a small subset of 16 ORFs, 

including genes involved in the type IX secretion system (T9SS),  gliding motility and 

hypothetical cell-surface related proteins, exhibited a highly elevated genetic diversity. 



These specific genetic variations were linked to variability in phage infection patterns 

obtained from experimental studies, indicating that these genes are key determinants of 

phage susceptibility. These findings provide novel insights on the molecular mechanisms 

determining phage susceptibility in F. psychrophilum and emphasizes the importance of 

phages as drivers of core genomic diversity in this pathogen. 

Introduction  

Flavobacterium psychrophilum is a yellow-pigmented, Gram-negative fish pathogen with a 

global distribution, causing ‘cold water disease’ (CWD) and ‘rainbow trout fry syndrome’ 

(RTFS) in farmed salmonids (Nematollahi et al., 2003). The diseases result in high rates of 

juvenile mortality, and increased tendency to other infections, causing substantial economic 

losses for salmonid aquaculture. A diverse array of visible pathogenic traits is attributable 

to F. psychrophilum infection, which include necrotic lesions, partial dark skin coloration, 

exophthalmia, anemia, ascites, and vertebral deformities of the fish (Bernardet, 1998; 

Kondo et al., 2002). These symptoms have been related to phenotype characteristics of the 

bacterium such as extracellular proteases (Duchaud et al., 2007), adhesion or biofilm 

formation (Sundell et al., 2019) and hemolysis (Castillo et al., 2015). In recent years, 

global comparative genomic analyses of F. psychrophilum isolates have described a limited 

genomic diversity (in terms of nucleotide and gene content) with a core genome accounting 

for ~80% of the genes in each genome, and a widely conserved pool of virulence-related 

genes (Castillo et al., 2016; Duchaud et al., 2018).  

Due to increased resistance in F. psychrophilum to applied antibiotics (Van Vliet et al., 

2017; Ngo et al., 2018) and the lack of a protective vaccine against this disease (Gomez et 

al., 2014), the use of lytic bacteriophages (phage therapy) has been proposed as a promising 



approach for the biocontrol of RTFS and CWD in the aquaculture industry (Castillo et al 

2012, Stenholm et al., 2008). However, a deeper understanding of the specific interactions 

between F. psychrophilum hosts and their phages is needed for phage therapy to be 

efficient (Castillo et al., 2014).  

Bacterial populations can respond rapidly to phage exposure by selecting for phage-

resistant clones (Middelboe, 2000; Middelboe et al., 2001), and phages therefore become 

important drivers of evolutionary processes in microbial communities (Koskella and 

Brockhurst, 2014; Martiny et al., 2014). Bacteria can evolve phage-resistance by de novo 

chromosomal spontaneous mutations, as well as through an arsenal of antiviral mechanisms 

targeting virtually all steps of the phage life cycle (Labrie et al., 2010). An in vitro study 

has shown that spontaneous mutations conferred phage resistance in F. psychrophilum by 

modifying the structure of gliding motility proteins, which are a subset of the type IX 

secretion system (T9SS), previously referred to as the Por secretion system (PorSS) 

(Castillo et al., 2015). Mutations in these genes after phage exposure have been associated 

with several negative effects on the physiological properties of the pathogen, including 

reduced secretion of extracellular enzymes (J. Jørgensen, unpublished), biofilm formation 

(Castillo et al., 2015), growth rate and nutrient uptake (Christiansen et al., 2016). However, 

despite that the genomic composition and diversity of host strains (Castillo et al., 2016) and 

phages (Castillo and Middelboe, 2016) are well characterized in F. psychrophilum, it is still 

unclear if these specific in vitro phage-resistant genetic variants of the T9SS genes are also 

found frequently in aquaculture environments, and the direct role of T9SS for phage 

susceptibility is also not fully resolved. Improving our understanding of the genetic 

determinants of phage susceptibility in F. psychrophilum is therefore needed to identify the 



genetic signatures for co-evolutionary dynamics between phages and this specific fish 

pathogenic bacterium. 

The overall objective of this study was to link the genetic diversity of F. psychrophilum 

bacteria and bacteriophages with phage-host infection matrices to identify genetic 

indicators of bacteriophage specificity. The low genomic diversity and the small genome 

size make F. psychrophilum an excellent model for the identification of specific host genes 

involved in phage susceptibility. Towards this goal, we investigated the host range of 177 

F. psychrophilum isolates and 103 phages isolated from aquaculture facilities across 5 

countries in the Baltic Sea area over a period of >25 years. By whole genome sequencing of 

35 F. psychrophilum isolates and 31 phages, we identified 16 host genes that were putative 

determinants of phage susceptibility and intraspecies diversity in F. psychrophilum. 

Together, these approaches provided insights into the distribution and diversity of 

mutations that have specific effects on phage susceptibility, and therefore, contribute to the 

ongoing exploration of phage-based control of F. psychrophilum. 

 

Results 

Bacteria and phage isolation  

Samples were collected from 19 rainbow trout farms in Denmark,  Finland, Germany, 

Poland, Russia and Sweden (Fig. 1) to expand our current collection of 27 F. 

psychrophilum isolates and 21 bacteriophages isolated from Danish rainbow trout farms, 

which are phenotypically and genomically characterized (Stenholm et al., 2008; Castillo 

and Middelboe, 2016). The entire collection of 177 F. psychrophilum isolates covered all 

the sampled countries, representing large differences in location and time of isolation and 



virulence properties (Table 1S; Sundell et al., 2019). In addition, a total of 85 new F. 

psychrophilum bacteriophages were isolated mostly from rainbow trout farms with 

outbreaks of RTFS at the time of sampling. Phages were found in 11 out of 32 water, mud 

or fish samples, using 33 F. psychrophilum isolates as proliferation hosts in batch cultures 

(Table 2S). Together, these combinations were designed to provide a broad coverage of 

genetic diversity of F. psychrophilum phages and bacteria in the Baltic Sea area.  

 

Figure 1. Sampling locations in the Baltic Sea area. The map shows the location of 
sampling sites. The specific location of aquaculture facilities is represented in letters and 



red circles. Details of the fish, water and mud samples are provided in Table supplementary 
1S and 2S. 
 
Host range of phages infecting F. psychrophilum 

The host ranges of the 103 isolated phages were tested for 177 F. psychrophilum isolates 

from different Baltic Sea countries (Fig. 2A). A total of 18,231 phage-bacteria interactions 

were evaluated. Collectively, the phages lysed 173 out of the 177 strains tested, but with 

large variability in their host ranges (Fig. 2A). For example, bacteriophages FpV4 and 

FpV9 infected 90 and 91% of the F. psychrophilum isolates respectively. Of the more 

recent phage isolates, FPSV-D19 and FPSVD-22 had the broadest host range, infecting 81 

and 84% of the bacterial isolates, including some of the oldest Danish isolates in the 

collection (Fig. 2B). At the other end of the host range, phages FPSV-S24, FPSV-D12 and 

FPSV-D10 lysed 11, 12 and 14% of the bacterial strain collection respectively (Fig. 2B). 

Based on the matrix of phage–bacterium infection networks (lysis/no lysis), a similarity 

analysis was performed using the clustering algorithm based on the unweighted-pair group 

method (UPGMA) and using average linkages (Fig. 2A). According to the analysis, the 103 

F. psychrophilum phages were classified in 9 different clusters (assigned consecutively A1 

to A9) (Fig. 2B). Overall, broad-host-range phages belonging to Cluster A1 lysed almost all 

the strains (from 75 to 91% of the host collection) (Fig. 2A), with older Danish phages 

isolated in 2007 (e.g. FpV1, FpV4, FpV5, Fpv6 Fpv8, Fpv9) exhibiting the broadest host 

range (Fig. 2A, B). Similarly, Cluster A3 harbored 7 Danish phages, also previously 

characterized (e.g. FpV2, FpV3, FpV18, FpV20), infecting 43 to 51 % of the bacterial 

isolates. Cluster A5 had 23 newly isolated phages from 2017 (e.g. FPSV-S2, -S13, -S27) 

and together they infected from 31 to 55% of the bacterial isolates. Oppositely, clusters A8 

(e.g. FPSV-S24, FPSV-D7) and A9 (FPSV-D18, -D20, -D21) harbored the phages with 



narrowest infection abilities, ranging from 11 to 15% and 10-12% of the collection, 

respectively (Fig. 2A, B). Notably, the clustering of phages showed specific associations 

between host range and the phage’s origin of isolation. For example, clusters A1, A3, A4 

A7, A8 and A9 harbored almost all Danish phages. Likewise, clusters A2 and A5 contained 

the Swedish phages, and phages isolated in Finland grouped together in the cluster A6 with 

exception of the Danish phage FpV7 (Fig. 2B). Also, a link between host range and year of 

isolation was observed. Phages from the cluster A1 and A3 harbored the Danish phages 

isolated in 2007 (Stenholm et al., 2008), while phages from the clusters A4, A7, A8 and A9 

were exclusively isolated in 2017 (Table 2S). 

From a host’s perspective, the F. psychrophilum isolates were separated according to their 

pattern of susceptibility to phage infection (Fig. 2). No clear association was found among 

origin, year of isolation and phage susceptibility (Fig. 2C). F. psychrophilum isolates from 

Sweden and Denmark were lysed by most of the phages, with the Swedish strains FPS-

S11A, FPS-S39, FPS-S37 and the Danish isolate FPS-D2 exhibiting the greatest phage 

susceptibility, ranging from 80 to 65% (cluster B1; Fig. 2C). Contrarily, the Finnish F. 

psychrophilum isolates ST9/00 and P7-7B/10, German isolate FPS-G2, and Swedish isolate 

FPS-S11B were resistant to the entire phage collection (cluster B10; Fig. 2C).  

 



 
Figure 2. Subdivision of F. psychrophilum phages based on host range profiles. A) 103 
F. psychrophilum-specific phages were grouped based on their infectivity against 177 
isolates using the unweighted-pair group method. Infectivity is categorized as: white “no 
inhibition observed”, gray “turbid inhibition zone”, black “clear inhibition zone”. B) 
Clustering of the F. psychrophilum phages into 9 clusters based on host range profiles against 



the entire host collection. C) Clustering of the F. psychrophilum isolatesinto 10 clusters based 
on their susceptibility to the entire phage collection. Square brackets represent the percent of 
infectivity (phages) or susceptibility (isolates) for each cluster. 
  
Grouping of the F. psychrophilum phage and bacteria population 

To investigate the F. psychrophilum bacteria and phage population, the genomes of 31 

phages and 35 bacterial isolates were sequenced in this study. The detailed information on 

genomic characteristics of F. psychrophilum isolates and phages are summarized in the 

Table 3S and 4S respectively. In order to determine the genetic composition among phages, 

a comparative genomic analysis was performed with the 31 F. psychrophilum phages (Fig. 

3; Fig. 1-4S). The overall genome architecture of the sequenced phages was comparable to 

the F. psychrophilum phage genomes currently available in GenBank (Castillo and 

Middelboe, 2016) but with the identification of a new genomic group. Thus, the genomic 

analysis divided the phages into 4 main clusters, which corresponded to the previously 

proposed groups FpV4-like (Cluster I, 90 kb), FpV9-like (Cluster II, 42 kb), 6H-like 

(Cluster III, 46 kb), and the new group FPSV-S4-like (Cluster IV, 35 kb) (Fig. 3; Castillo et 

al., 2016). To further investigate the genetic similarity of F. psychrophilum phages, the pan 

genome was determined from the phage genome sequences. Based on the results, a high 

prevalence of core genes (Clusters I, II, III, and IV had 88, 59, 58 and 42 core genes 

respectively) were identified across all members within each of the four major clusters, 

with a low number of accessory genes (Fig. 3A-D). The assigned functions of the identified 

core genomes were primarily genes encoding hypothetical, structural and DNA metabolism 

proteins. Although core genes within each cluster were recognized, core genes covering all 

phage clusters were not identified. These results revealed a cluster-specific gene content of 

F. psychrophilum phages. In addition, we examined whether the similarity within core 

genomes were associated with specific phage host ranges. Therefore, phage phylogeny was 



constructed based on the 88, 59, 58 and 42 core genes of the clusters I, II, III, and IV 

respectively (Fig. 1-4S). The analysis displayed that phages belonging to the same core 

phylogenetic groups had variable host range profiles (Fig. 3). For example, Danish phages 

FPSV-D25, -D18 and -D41, which belonged to Cluster I, were phylogenetically related 

within group I.5 (Figure 1S), but divided into the separate host range groups A4, A8 and 

A7, respectively (Fig. 3A). Similarly, phages FPSV-D22, -S30 and -S3 (Cluster II) were all 

linked to the phylogenetic phage group II.4 (Fig. 2S) but infected genetically different 

groups of host strains (host range groups A1, A2 and A5 respectively) (Fig. 3B). Finally, 

phages FPSV-S8, -F8 and D3 (cluster IV) were genomically identical but they were 

scattered in host range groups A5, A6 and A8 respectively (Fig. 3D; Fig. 4S). Likewise, 

several phages belonging to different genomic clusters were associated with the same host 

range groups (Fig. 3). For example, phages FPSV-D7 (cluster I), FPSV-D2 (cluster II), 

FPSV-D15 (cluster III) and FPSV-D3 (cluster VI) all belonged to host range group 8.  

 



Figure 3. Clustering of gene content variation among 34 F. psychrophilum phages. The 
flower plots represent the number of shared (core) and specific (accessory) genes based on 
cluster orthologs for each phage genome, belonging to the 4 different genomic clusters. 
Petals display numbers of phage-specific genes found in each F. psychrophilum phage 
genomes with core gene numbers in the center. Phage representative for each group is 
highlighted. Host range profiles and phylogenetic clusters (Fig. 1-4S) were added to 
facilitate comparison.  
 

To verify previous results on genetic diversity of F. psychrophilum isolates, a pan genome 

analysis was performed on 35 of the bacterial isolates, which showed an extensive range of 

susceptibility to phage infection (Fig. 2C). Based on the results, 1,866 genes (80% of the 

total gene content) were identified as the core genome across all examined isolates, 

providing the basis for a dot plot matrix constructed from median AAI of the 35 F. 

psychrophilum isolates (Fig. 4). The results supported separation of F. psychrophilum 

isolates into 4 main clades or lineages with values ranging between 99.5 and 99.9%, where 

the strains FPS-R7 (99.5%), V46 (99.5%), FPS-R9 (99.7%) and FPS-S9 (99.8%) were the 

most distant clades from the most homogenous main group (>99.9%) (Fig. 4). These results 

revealed an extreme genetic homogeneity of the F. psychrophilum isolates originating from 

6 countries and isolated over 26 years. Thus, these isolates were included in the study to 

link specific host-related genotypes with phage sensibility. 



 

Figure 4. Pairwise average amino acid identity (AAI) heatmap among 35 F. psychrophilum 
isolates. A heatmap representing the degree of similarity shared among the isolates was 
done based on the average amino acid identities of the 1,866 core coding domain sequences 
(CDSs). The percentages are listed in the figure. 

 

F. psychrophilum core genome correlates with phage susceptibility 

The core genomes of each F. psychrophilum isolate were pairwise compared in order to 

identify genes with an elevated frequency of mutations, as potential candidate genes for 

determining phage susceptibility. We applied a threshold of >20 nucleotide and >5 amino 

acid substitutions per ORF, respectively, for defining high variability ORFs (Fig. 5). The 

core pairwise analysis revealed 27 ORFs with high nucleotide and amino acid diversity, 

distributed along the genomes of all F. psychrophilum isolates, of which 16 ORFs were 

associated to cell-surface proteins (Fig. 5). Five out of 16 ORFs were annotated as gliding 

motility proteins (SprE, SprA, GldK and GldN) and are structural components of the T9SS 



(McBride and Zhu, 2013). In addition, 9 cell surface hypothetical and 2 metabolic-surface 

associated proteins (BatD and MarC) were identified and included in this analysis (Fig. 5). 

To verify correlations between the genotype and phage susceptibility of F. psychrophilum 

isolates, the percent sensitivity to the host range clusters (A1-A9) were included to facilitate 

comparison, using the most phage susceptible strain FPS-S11A as a reference (Fig. 6). The 

analysis showed that the F. psychrophilum strains, which were infected by almost all the 

phage cluster groups had an identical genotype of the variable genes (Group A, Fig. 6). For 

example, strains FPS-D2, FPS-S11A, FPS-D10, which were infected by almost all the 

phages belonging to the clusters A1-A5, A8 and A9, did not have any variant forms of the 

gliding motility and cell surface hypothetical proteins (Fig. 6). Similarly, strains 141127-

1/2N, 160401-1/5N and 160401-1/5M were fully sensitive to phages belonging to clusters 

A1-A5 and A9 and had identical genotype for all the genes (Group A, Fig. 6). Contrarily, 

nucleotide diversity in gliding motility and hypothetical genes relative to the reference 

isolate (FPS-S11A) was found in 21 F. psychrophilum isolates and caused amino acid 

changes or anticipated start/stop codons (Group B, Fig. 6; Table 5S). In these 21 isolates, 

sensitivity to phages was reduced or completely lost, and they were only infected, fully or 

partially, by phages belonging to the clusters A1, A2 and A3 respectively. For example, 

strains V46, FPS-R7 and FPS-G2 had genetic variants with genomic differences localized 

directly on the genes encoding the T9SS (e.g. gldA, gldF, gldG, gldK, sprA, sprT) and all 

the cell-surface related hypothetical proteins and were completely resistant to all phages 

(Fig. 6). Interestingly, the strains FPS-S11B and P7-7B/10 had a single mutation compared 

with the reference strain, introducing a stop codon into the coding regions of the genes gldB 

and gldM, respectively, which likely eliminated the function of the encoded proteins. 



Accordingly, the  phenotypes were fully resistant to the entire phage collection (Fig. 6) 

emphasizing the critical role of gldB and gldM for for T9SS function and phage sensitivity 

(Shrivastava, A, et al. 2013., Johnston et al 2018). Altogether, the analysis suggested that 

these 16 ORFs are associated with phage susceptibility in F. psychrophilum. 

 

Figure 5. Core genome comparison of the F. psychrophilum isolates. Number of 
accumulative variations per core gen u ORF at A) nucleotide level, B) amino acid level for 
all 1,866 core genomic genes. Each dot represents a gene. The blue circles represent genes 
with assigned biological functions. The red circles represent genes with unknown functions 
and assigned with numbers from 1 to 9. All the highlighted genes possess cell surface 
localization. C) Arrows from all genes with potential participation on phage-bacteria 
interactions are linked to the schematic illustration (green rectangle) of the F. 
psychrophilum genome. 

 



 

Figure 6. Distribution of genetic variants in F. psychrophilum isolates. Panel illustrates 
the number of F. psychrophilum isolates that had a wild-type genotype (Group A) or 
genetic variants (Group B) in the 16 ORFs selected from the core genome analysis (Fig. 5). 
Gray scale colors represent phage susceptibility (in percent) against the nine phage clusters. 
The types of mutation are labeled in different colors and are specified in the figure and 
Table 5S. Amino acid comparisons were done based on the reference F. psychrophilum 
isolate FPS-S11A (CP059103). Specific locus tag are assigned in the Table 5S. 

 

Discussion 

Based on a combination of phenotypic and comparative genomic analysis of F. 

psychrophilum isolates and phages, we have found that core genome diversity among F. 

psycrophilum isolates is mainly determined by variations in regions that are potential phage 

recognition sites (Fig. 5). The high degree of genomic similarity between the 35 sequenced 

F. psychrophilum isolates covering rather large differences in phage susceptibility, location 

and year of isolation (Fig. 2; Table 2S; Fig 1-4S), suggested that a restricted group of 16 

genes were responsible for much of the observed variability in phage susceptibility, and a 



key determinant of overall host diversity (Fig. 2; Fig. 4; Fig. 5). Specifically, our results 

showed that mutations affected core genomic regions encoding the gliding motility, T9SS 

and 12 transmembrane-related hypothetical proteins, which probably modified the cell 

surface of the F. psychrophilum isolates, resulting in an increased resistance to phage 

infection (Fig. 5; Fig. 6). These findings are in line with previous studies focused on F. 

johnsoniae, where artificial mutations constructed in gliding motility and T9SS genes 

resulted in loss of phage sensitivity, underlining that these Flavobacterium-genes are 

required for phage sensitivity (Hunnicutt et al., 2002; Rhodes et al., 2011).  

Although, there are several phage-defense mechanisms that affect the interactions between 

bacteria and phages and could potentially produce resistance to phage infection (e.g. Labrie 

et al., 2010, Koskella and Meaden, 2013, Howard-Varona et al., 2017), our analyses did not 

find any evidence for active non-mutational resistance mechanisms against the isolated 

phages. Thus, the diversification of cell-surface receptors likely explains the diversity in 

susceptibility to phage infection. These observations are in line with in vitro assays, which 

identified gliding motility genes and components of the T9SS as key factors for phage 

recognition in F. psychrophilum, as was predicted from genomic comparisons of phage-

resistant isolates with the ancestral Danish strain 950106-1/1 (Castillo et al., 2015). 

Furthermore, previous studies have demonstrated that mutations providing phage-resistant 

phenotypes were localized into highly conserved genes. For example, a genome-wide 

screen tool in Escherichia coli (Piya et al., 2020) and Salmonella enterica serovar 

Typhimurium (Silva et al., 2016; Pickard et al., 2010) identified core genes encoding the 

LPS biosynthesis and conserved outer membrane proteins, as determinants of phage 

susceptibility. Interestingly, opposite results were found in a marine Prochlorococcus-



phage system, where phage-resistant mutations were localized primarily in non-conserved 

genes (Avrani et al., 2011); However, similar to our findings, these resistance-related 

polymorphisms were also recognized in environmental genomic data sets. 

The T9SS components have been proposed as the host receptor for phage recognition in F. 

psychrophilum (Castillo et al., 2015). The results of this study indicated the possibility that 

the four F. psychrophilum phage clusters have all evolved to infect their respective hosts 

through targeting the highly conserved T9SS  as receptor (Fig. 6). In addition, we have 

identified 9 hypothetical membrane-associated proteins which could additionally assist in 

phage recognition. Similar results have been obtained for F. johnsoniae where additional 

proteins to T9SS were also required for Flavobacterium-phage interactions (Kharade and 

McBride, 2015; Rhodes et al., 2011). However, the specific interactions of these gene 

products and F. psychrophilum-specific phages remain to be elucidated. Our observations 

support that phages select specific structures on the surface, which are abundant, well-

conserved among bacterial species, and essential for host performance (Kortright et al., 

2020). Both gliding motility proteins and T9SS components have been reported to be 

widespread among members of the phylum Bacteroidetes, including all the species in the 

genus Flavobacterium (McBride and Zhu, 2013; McBride and Nakane, 2015), and are 

important components in the virulence properties of these pathogens (Barbier et al., 2020). 

These findings suggest a scenario with an intense competition among F. psychrophilum-

specific phages that use the T9SS as common attachments sites, which imposes a strong 

selection for resistance mutations in the T9SS genes. Together, these interactions likely 

drive a co-evolutionary arms race that are specifically linked to this particular genomic 

region and promoting the development of the observed genetic variants. Previous studies 



demonstrated phage-driven diversification during phage-exposure in laboratory 

experiments (Castillo et al., 2015; Middelboe et al., 2009). However, given the extreme 

genomic similarity within the F. psychrophilum species found in the present study, with the 

exception of a small subset of genes, primarily related to phage infection, we speculate that 

exposure to phages could be a key driver of genetic diversity within this bacterial species 

also in natural environments. In addition to the T9SS itself, it is possible that the proteins 

secreted by the T9SS could also be critical in phage-host interactions and function as phage 

receptors. It has been observed in F. johnsoniae that the cell-surface proteins sprB and 

RemA, which are secreted by T9SS, are required for infection by different groups of F. 

johnsoniae-specific phages (Shrivastava et al., 2012; Nelson et al., 2008).  

The remarkable link between genetic polymorphisms of F. psychrophilum isolates and 

phage susceptibility patterns is in congruence with a previous study that demonstrated 

spontaneous mutations in gliding motility genes as the main phage-resistant mechanism in 

F. psychrophilum, with strong effects on the physiological properties of the pathogen 

(Castillo et al., 2015). Interestingly, this direct link between specific mutations and phage 

resistance is not universal for fish pathogenic bacteria. For example, in the marine pathogen 

Vibrio anguillarum mutational changes in outer membrane protein phage receptors were 

very rare and associated with a significant fitness loss, and other non-mutational strategies 

(e.g. receptor expression level, biofilm formation, proteolytic activity) were generally used 

in phage defense (Castillo et al., 2019). In addition, acquisition of spacers into CRSIPR-

Cas loci in the freshwater pathogen F. columnare, indicated that this adaptive system was 

employed as a mechanism defense in the phage-F. columnare interactions (Laanto et al., 

2020). 



The core genome-based phylogeny of phages from the four dominating clusters showed 

that similar genome composition does not necessarily imply similar host ranges (Fig. 3). 

Especially the variable host ranges of the cluster I phages FPSV-D13, -D25 and -D41 

despite identical genome sequences illustrated that other factors such as gene expression or 

genome methylation may affect phage host range. These finding are in contrast to the 

patterns observed on the well-characterized Streptococcus thermophilus (Szymczak et al., 

2019), V. anguillarum (Kalatzis et al., 2019) and Salmonella phage systems (Gencay et al., 

2019), where a clear correlation between genetic relatedness and infection patterns was 

observed. Hence, phage genome sequences cannot be used to generate predictions on 

potential phage-host interactions in F. psychrophilum.  

Despite the well-established mosaic nature of phages (Dion et al., 2020), the results of this 

study also displayed a limited genomic diversity of F. psychrophilum phages and a high 

conservation of gene content within the four defined clusters, which is in accordance with 

previous reporting (Castillo et al., 2016), but with the addition of a novel phage cluster 

(cluster IV) (Fig. 3D; Fig. 4S). The fish farming activities and trade of eggs and fish likely 

leads to dispersal of genetically similar phages in different farms across the Baltic Sea 

region, as has been proposed to explain the global low genetic diversity of F. 

psychrophilum strains (Castillo et al., 2014; Siekoula-Nguedia et al., 2012). Interestingly, 

from a phenotypic perspective, our results also showed an association between year of 

isolation, geographical location and host range patterns of the phages (e.g. clusters A1, A5-

A8), which suggest a local co-evolution and adaptation between the phages and their F. 

psychrophilum hosts (Fig 2B).     



Effective application of phages in the treatment of bacterial diseases requires a detailed 

characterization of phage-bacteria interactions (Kortright et al., 2019; Moelling et al., 

2018). This study provides a high-resolution view of F. psychrophilum viral-host genetic 

and phenotypic diversity (Fig. 2; Fig 3). Here we showed that older isolates of Danish 

phages (e.g. FpV4, FpV9) together with the more recent phage isolates FPSV-D19 and 

FPSV-D22, which all belonged to cluster I and II, had broadest host ranges, (i.e., able to 

lyse >80% of bacterial hosts tested) (Fig. 2). Together with the large-scale infectivity 

patterns reported in previous studies (Castillo et al., 2015) and the high stability under 

storage conditions (Christiansen et al., 2016), these properties make them good candidates 

for phage therapy applications. On the other hand, our genomic comparison analysis to 

characterize phage-host interaction determinants can be extrapolated to distant geographical 

F. psychrophilum isolates to generate datasets that allow predictive models of how phage-

mediated selection will shape phenotype and genomic evolution in F. psychrophilum. 

Finally, previous studies in F. psychrophilum (Castillo et al., 2015) and F. columnare (H. 

M.T. Kunttu, unpublished) have shown that mutations in genes related to gliding motility 

and T9SS components have been directly associated with a number of derived effects on 

the physiological properties (e.g. biofilm formation and extracellular enzyme secretion). 

These results suggest that T9SS-related mutations can favor a low bacterial virulence 

phenotype in these fish pathogenic bacteria .Therefore, the results of this study and future 

efforts to map the phage resistance landscape in F. psychrophilum will lead to new insights 

into the coevolution of hosts and their phages, which would provide valuable information 

to optimize phage therapy strategies for the biocontrol of this fish pathogen in the 

aquaculture industry. 



Material and methods 

Bacteria isolation and growth conditions 

The F. psychrophilum strain collection included 177 isolates, which were isolated from 

visceral organs of farmed rainbow trout in association with BCWD outbreaks in Denmark, 

Finland, Sweden, Germany, Poland and Russia between 1991 and 2017 (Fig. 1, Table 1S) 

(Stenholm et al., 2008). All the strains were identified by F. psychrophilum-specific 

primers PSY1 and PSY2, used for PCR amplification of a partial fragment (1,089 bp) of the 

16S rRNA gene followed by electrophoretic confirmation of the amplification product 

(Toyama et al., 1994). The strains were kept at −80 °C in tryptone-yeast extract-salts broth 

(TYES-B) (0.4% tryptone, 0.04% yeast extract, 0.05% CaCl2 × 2H2O, 0.05% MgSO4 × 

7H2O) with 25% glycerol. For bacteria culture preparation, the strains were taken directly 

from −80 °C and streaked on TYES-A (TYES-B with 1.1% agar) at 15 °C for 5 to 7 days. 

After the incubation, colonies were selected and inoculated in TYES-B for 3 to 5 days with 

shaking (200 rpm) at 15°C. 

Phage isolation  

The bacteriophages collection included 103 isolates, which were isolated between 2005 and 

2017 from fish farms in Denmark, Sweden and Finland (Table 2S). A total of 26 water, 4 

fish and 2 mud samples from 19 different farms were analyzed. Approximately 100 ml of a 

0.2-μm-filtered water sample or homogenized and diluted mud/fish sample was mixed with 

10 ml 10× TYES-B and with 2 ml of an overnight culture of the strains to be used in the 

enrichment (Stenholm et al., 2008). The enrichment cultures were incubated for 5 days, 

shaking (200 rpm) at 15°C to allow amplification of F. psychrophilum phages. Following 

incubation, the cultures were centrifuged (5000× g, 10 min, 4 °C) and 0.2-μm-filtered). The 



presence of bacteriophages in the filtrate was detected by the double-layer method (Adam, 

1959). Single phage plaques were picked and purified by 3 consecutive re-platings to obtain 

clonal bacteriophage stocks. 

Proliferation of bacteriophages 

A total of 100 µL of bacteriophage stocks of the purified phages were mixed with 350 μl of 

F. psychrophilum cells in the exponential growth phase (OD600 = 0.3-0.4) and incubated at 

15 °C for approximately 30 min. A total of 4 ml of 43 °C TYES-A top agar (TYES-B with 

0.4% agar) was added, and the mixtures were poured onto a TYES-A agar 1.1% plates, 

which were immediately placed at 15 °C. After incubation of the plates for 3-5 days, the 

presence of bacteriophages in the form of plaques was detected. The bacteriophages were 

eluted by adding 5 ml of SM buffer (50 mM Tris-Cl, pH 7.5, 99 mM NaCl, 8 mM MgSO4, 

0.01% gelatin) on top of the plate and incubated for 2 h with shaking (200 rpm) at 15 °C, 

followed by chloroform fixation (10 μl ml−1 of extracted phage solution), centrifugation 

(5000× g, 10 min, 4 °C) and transference of the supernatant to a new tube. For 

determination of phage concentrations, serial dilutions in SM buffer were used by the spot 

test method (Mazzocco et al., 2009). 

Host range analysis  

A total of 103 phages were tested for infectivity against 177 F. psychrophilum strains. The 

host range of the isolated bacteriophages was determined by spotting 10 μl of 

bacteriophage stocks (~108 PFU ml−1) on top of a TYES-A (1.1%)  square plates (15x15 

cm) prepared with a top layer with 8 ml of TYE-A top agar (0.4%) inoculated with 0.8 ml 

of the strains to be tested. The host range was determined with three separate bacterial 

culture for each phage-host combination. The phages were characterized as infective (clear 



or turbid inhibition zones) or non-infective (no inhibition of bacterial growth). An 

unweighted-pair group method using average linkages (UPGMA) tree was constructed 

using the software Treecon, where the sensitivity/no sensitivity and infection/no infection 

matrixes were converted to pairwise distances using the Dice similarity coefficient (Van de 

Peer and De Wachter, 1994). 

Bacteriophage purification by PEG-8000 and sucrose gradient 

Phage purification was done by poly-ethylene glycol 8000 (PEG-8000) and sucrose density 

gradients described previously but modified to fit the conditions for F. psychrophilum 

(Castillo et al., 2019; Bachrach and Friedmann, 1971). Briefly, 35 bacteriophages were 

proliferated as is described above. Phage stocks (50 ml; 108-109 PFU ml–1) were 

concentrated by adding PEG-8000 and sodium chloride (final concentration 10% w/v and 1 

M, respectively) and followed by incubation at 4 °C for 24 h. Subsequently, phage 

solutions were centrifuged (10,000× g, 30 min, 4 °C) and the phage pellet was re-suspended 

in 1 ml of SM buffer. Immediately, phage suspensions were centrifuged over a 20–60 % 

w/v sucrose gradient (100,000× g, 4 °C, 1 h) in a swinging bucket ultracentrifuge rotor 

(Beckman SW 55 Ti). Then, the phages were collected from the bottom of tube with a 

needle attached to a syringe. Phage concentrated stocks were quantified by spot assay and 

stored at 4 °C for subsequent DNA extraction. 

DNA extraction 

Bacterial DNA from F. psychrophilum isolates were extracted from pelleted and rinsed 

bacteria cultures, using the QIAamp DNA mini Kit (QIAGEN) according to manufacturer’s 

protocol. On the other hand, concentrated phage samples were treated with DNAse I and 

RNase A (both a final concentration of 1 μg ml–1) at 37 °C for 1 h. Following the 



incubation, enzymes were subjected to inactivation at 65 °C for 10 min. Immediately, DNA 

extraction was performed according to Wizard Genomic DNA Purification Kit (Promega, 

Hilden, Germany). The amount of genomic DNA for phage and bacteria samples were 

measured using Quant-iTTM PicoGreen® quantification kit (Invitrogen, Waltham, MA, 

USA). 

DNA sequencing and bioinformatic analysis 

Genome sequencing of 31 phages and 35 F. psychrophilum isolates was conducted using 

Illumina Hi Seq 4000 sequencer at Beijing Genomic Institute (Shenzhen, Guangdong, 

China) and FIMM Genomics (Helsinki, Finland), using pair-end read sizes of 100 bp and 

150 bp respectively. Library construction, sequencing, and data pipelining were performed 

in accordance with the manufacturer’s protocols. The Illumina data-reads were assembled 

into contiguous sequences by Geneious software version 11 (Kearse et al., 2012), resulting 

in multiple and single contigs for bacteria and phages respectively. For phage DNA 

sequences, screening for potential ORFs and functions of genes was done by ORFinder 

(Kearse et al., 2012). Deduced ORF sequences were compared with known proteins using 

standard protein-protein BLASTP (October 2018; E-value cutoff < 1 × 10−3; non-redundant 

proteins database) at the National Centre for Biotechnology Information (NCBI) (Johnson 

et al., 2008). On the other hand, four F. psychrophilum isolates (950106-1/1, FPS-S6, 

160401-1/5N and FPS-R9) were sequenced by using a Pacific Biosciences RSII sequencer 

at Beijing Genomic Institute according to with the manufacturer’s protocols. The long reads 

(8,500 bp average) and the Illumina reads were assembled using the Flye assembler 

program (Kolmogorov et al., 2019). Circularized assemblies were further polished with 

BUSCO (Seppey et al., 2019) and CheckM (Parks et al., 2015) packages to correct possible 



single-base and indel errors. To trace the presence of any plasmid, the filtered reads were 

mapped using SOAP to the bacterial plasmid database (Ruiqiang et al., 2008). 

In order to predict the gene content and AAI (amino acid identity) matrix, the 

bioinformatics program EDGAR (Blom et al., 2009) was used to predict pan genome of 35 

and 31 F. psychrophilum isolates and phages respectively. Comparative analyses at the 

protein level were done by an all-against-all comparison of the annotated genomes. The 

algorithm used was BLASTP with a standard scoring matrix, BLOMSUM62, and an E-

value cutoff of 10−4. All BLAST hits were normalized according to the best score (Gertz et 

al., 2006). The score ratio value (SRV), which shows the quality of the hit, was calculated 

by dividing the scores of further hits by the best hit (Lerat et al., 2003). Two genes were 

considered orthologous when revealing a bidirectional best BLAST hit with single SRV 

exceeding the predetermined cutoff of 76 (Blom et al., 2009). Core genome genes were 

extracted for each bacterium isolate and whole comparison was done using MAUVE v2.3.1 

software (Darling et al., 2004). Mutations in core genes were confirmed by direct 

inspection of the reads when present in >95% (coverage >80x) on this specific genome 

region (Castillo et al., 2019). The mutations on DNA and amino acid sequences were 

analyzed by ClustalW algorithm version 2.0.64 (Larkin et al., 2007) 

To reveal the phylogenetic relationship of F. psychrophilum phages, we selected the amino 

acid sequences of the conserved ORFs in the core genome for the four different clusters. 

The amino acid sequences were concatenated and subsequently aligned by Clustal W 

version 2.0.64 (Larkin et al., 2007). The phylogeny was inferred by Maximum Likelihood 

algorithm in Geneious software version 11 (Kearse et al., 2012). 



Finally, Putative subcellular localization of host mutant genes was done by server tools. 

Prediction of the localization of bacterial proteins was achieved using PSort V3.0b.75 (Yu 

et al., 2010) and transmembrane helices (TMH) was performed by TMHMM V2.0c.76 

(Krogh et al., 2001).  

Nucleotide sequence accession numbers 

The genomic sequences of all strains and phages have been deposited in the NCBI database 

under accession numbers CP008902 to MW448541 (see Table 6S in the supplemental 

material). 

Acknowledgments 

 BONUS FLAVOPHAGE project supported by BONUS (Art 185), funded jointly by the 

EU and Innovation Fund Denmark and Academy of Finland. We thank Dr. Eva Jansson 

(Sweden), Dr. Bettina Schletz & Dr. Stephanie Bornstein (Germany), Dr. Agnieszka 

Pękala-Safińska (Poland) and Dr. Vladimir Voronin (Russia) and Niels-Henrik Henriksen 

(Denmark) for support with providing water samples and bacterial isolates.   

References 

Adams M.H. (1959) Bacteriophages. Interscience Publishers, New York, NY. 

Avrani, S., Wurtzel, O., Sharon, I., Sorek, R., and Lindell, D. (2011) Genomic island 

variability facilitates Prochlorococcus-virus coexistence. Nature 474: 604-608. 

Bachrach, U., and Friedmann, A. (1971) Practical procedures for the purification of 

bacterial viruses. Appl Microbiol 22: 706-15. 



Barbier, P., Rochat, T., Mohammed, H.H., Wiens, G.D., Bernardet, J.F., Halpern, D., et al. 

(2020). The type IX secretion system is required for virulence of the fish pathogen 

Flavobacterium psychrophilum. Appl Environ Microbiol 86: e00799-20. 

Bernardet., J.F. (1998) Cytophaga, Flavobacterium, Flexibacter and Chryseobacterium 

infections in cultured marine fish. Fish Pathol 33: 229-238. 

Blom, J., Albaum, S.P., Doppmeier, D., Pühler, A., Vorhölter, F.J., Zakrzewski, M., and 

Goesmann, A. (2009) EDGAR: a software framework for the comparative analysis of 

prokaryotic genomes. BMC Bioinformatics 10:154. 

Castillo, D., Andersen, N., Kalatzis, P.G., and Middelboe, M. (2019) Large phenotypic and 

genetic diversity of prophages induced from the fish pathogen Vibrio anguillarum. Viruses 

11: 983. 

Castillo, D., Christiansen, R.H., Dalsgaard, I., Madsen, L., Espejo, R., and Middelboe M. 

(2016) Comparative genome analysis provides insights into the pathogenicity of 

Flavobacterium psychrophilum. PLoS One 11: e0152515. 

Castillo, D., Christiansen, R.H., Dalsgaard, I., Madsen, L., and Middelboe M. (2015) 

Bacteriophage resistance mechanisms in the fish pathogen Flavobacterium psychrophilum: 

linking genomic mutations to changes in bacterial virulence factors. Appl Environ 

Microbiol 81:1157-67. 

Castillo, D., Christiansen, R.H., Espejo, R., and Middelboe M. (2014) Diversity and 

geographical distribution of Flavobacterium psychrophilum isolates and their phages: 

patterns of susceptibility to phage infection and phage host range. Microb Ecol 67: 748-57. 



Castillo, D., Higuera, G., Villa, M., Middelboe, M., Dalsgaard, I., Madsen, L., and Espejo, 

R. (2012). Diversity of Flavobacterium psychrophilum and the potential use of its phages 

for protection against bacterial cold water disease in salmonids. J. Fish Dis. 35:193-201. 

Castillo, D., and Middelboe, M. (2016) Genomic diversity of bacteriophages infecting the 

fish pathogen Flavobacterium psychrophilum. FEMS Microbiol Lett 363: fnw272. 

Castillo, D., Rørbo, N., Jørgensen, J., Lange, J., Tan, D., Kalatzis, P.G., et al. (2019) Phage 

defense mechanisms and their genomic and phenotypic implications in the fish pathogen 

Vibrio anguillarum. FEMS Microbiol Ecol 95: fiz004. 

Christiansen, R.H., Madsen, L., Dalsgaard, I., Castillo, D., Kalatzis, P.G., and Middelboe, 

M. (2016) Effect of bacteriophages on the growth of Flavobacterium psychrophilum and 

development of phage-resistant strains. Microb Ecol 71: 845-59. 

Darling, A.C., Mau, B., Blattner, F.R., and Perna, N.T. (2004) Mauve: multiple alignment 

of conserved genomic sequence with rearrangements. Genome Res 14:1394–1403. 

Dion, M.B., Oechslin, F., and Moineau, S. (2020) Phage diversity, genomics and 

phylogeny. Nat Rev Microbiol 18: 125–138. 

Duchaud, E., Boussaha, M., Loux, V., Bernardet, J.F., Michel, C., Kerouault, B., et al. 

(2007) Complete genome sequence of the fish pathogen Flavobacterium psychrophilum. 

Nat Biotechnol 25: 763-9. 

Duchaud, E., Rochat, T., Habib, C., Barbier, P., Loux, V., Guérin, C., et al. (2018) 

Genomic diversity and evolution of the fish pathogen Flavobacterium psychrophilum. 

Front Microbiol 9: 138. 



Gencay, Y.E., Gambino, M., Prüssing, T.F., and Brøndsted, L. (2019) The genera of 

bacteriophages and their receptors are the major determinants of host range. Environ 

Microbiol 2: 2095-2111. 

Gertz, E.M., Yu, Y.K., Agarwala, R., Schäffer, A.A., and Altschul, S.F. (2006) 

Composition-based statistics and translated nucleotide searches: improving the tBLASTn 

module of BLAST. BMC Biol 4: 41. 

Gómez, E., Méndez, J., Cascales, D., and Guijarro, J.A. (2014) Flavobacterium 

psychrophilum vaccine development: a difficult task. Microb Biotechnol 7: 414‐423.  

Howard-Varona, C., Hargreaves, K.R., Abedon, S.T., and Sullivan, M.B. (2017) Lysogeny 

in nature: mechanisms, impact and ecology of temperate phages. ISME J 11: 1511-1520. 

Hunnicutt, D.W., Kempf, M.J., and McBride, M.J. (2002) Mutations in Flavobacterium 

johnsoniae gldF and gldG disrupt gliding motility and interfere with membrane localization 

of GldA. J Bacteriol 184: 2370-8. 

Johnson, M., Zaretskaya, I., Raytselis, Y., Merezhuk, Y., McGinnis, S., and Madden, T.L. 

(2008) NCBI BLAST: a better web interface. Nucleic Acids Res 36(Web Server issue): 

W5–W9.  

Kalatzis, P.G., Rørbo, N.I., Castillo, D., Mauritzen, J.J., Jørgensen, J., Kokkari, C., et al. 

(2017) Stumbling across the same phage: comparative genomics of widespread temperate 

phages infecting the fish pathogen Vibrio anguillarum. Viruses 9: 122.  



Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., et al. (2012) 

Geneious Basic: an integrated and extendable desktop software platform for the 

organization and analysis of sequence data. Bioinformatics 28: 1647-9. 

Kharade, S.S., and McBride, M.J. (2015) Flavobacterium johnsoniae PorV is required for 

secretion of a subset of proteins targeted to the type IX secretion system. J Bacteriol 197: 

147-58. 

Kolmogorov, M., Yuan, J., Lin, Y., and Pevzner, P.A. (2019) Assembly of long, error-

prone reads using repeat graphs. Nat Biotechnol 37: 540-546. 

Kondo, M., Kawai, K., Kurohara, K., and Oshima, S. (2002) Adherence of Flavobacterium 

psychrophilum on the body surface of the ayu Plecoglossus altivelis. Microbes Infect 4: 

279-83. 

Kortright, K.E., Chan, B.K., Koff, J.L., Turner, P.E. (2019) Phage Therapy: A renewed 

approach to combat antibiotic-resistant bacteria. Cell Host Microbe 25: 219-232. 

Kortright, K.E., Chan, B.K., and Turner, P.E. (2020) High-throughput discovery of phage 

receptors using transposon insertion sequencing of bacteria. Proc Natl Acad Sci U S A 117: 

18670-18679.  

Koskella, B., and Brockhurst, M.A. (2014) Bacteria-phage coevolution as a driver of 

ecological and evolutionary processes in microbial communities. FEMS Microbiol Rev 38: 

916-31. 

Koskella, B., and Meaden, S. (2013) Understanding bacteriophage specificity in natural 

microbial communities. Viruses 5: 806–823. 



Krogh, A., Larsson, B., von Heijne, G., and Sonnhammer, E.L. (2001) Predicting 

transmembrane protein topology with a hidden Markov model: application to complete 

genomes. J Mol Biol 305: 567–580. 

Laanto, E., Mäkelä, K., Hoikkala, V., Ravantti, J.J., and Sundberg, L.R. (2020) Adapting a 

phage to combat phage resistance. Antibiotics (Basel) 9: 291. 

Labrie, S.J., Samson, J.E., and Moineau, S. (2010) Bacteriophage resistance mechanisms. 

Nat Rev Microbiol 8: 317–327. 

Larkin, M.A., Blackshields, G., Brown, N.P., Chenna, R., McGettigan, P.A., McWilliam, 

H., et al. (2007) Clustal W and Clustal X version 2.0. Bioinformatics 23: 2947-8. 

Lerat, E., Daubin, V., and Moran, N.A. (2003) From gene trees to organismal phylogeny in 

prokaryotes: the case of the gamma-proteobacteria. PLoS Biol 1: E19. 

Martiny, J.B., Riemann, L., Marston, M.F., and Middelboe M. (2014) Antagonistic 

coevolution of marine planktonic viruses and their hosts. Annu Rev Mar Sci 6: 393–414. 

Mazzocco, A., Waddell, T.E., Lingohr, E., and Johnson, R.P. (2009) Enumeration of 

bacteriophages using the small drop plaque assay system. Methods Mol Biol 501: 81–85. 

McBride, M.J., and Nakane, D. (2015) Flavobacterium gliding motility and the type IX 

secretion system. Curr Opin Microbiol 28: 72-77. 

McBride, M.J., and Zhu, Y. (2013) Gliding motility and Por secretion system genes are 

widespread among members of the phylum Bacteroidetes. J Bacteriol 195: 270–278. 



Middelboe M. (2000) Bacterial growth rate and marine virus-host dynamics. Microb Ecol 

40: 114–124. 

Middelboe, M., Hagström, A., Blackburn, N., Sinn, B., Fischer, U., et al. (2001) Effects of 

bacteriophages on the population dynamics of four strains of pelagic marine bacteria. 

Microb Ecol 42: 395–406. 

Middelboe, M., Holmfeldt, K., Riemann, L., Nybroe, O., and Haaber, J. (2009) 

Bacteriophages drive strain diversification in a marine Flavobacterium: implications for 

phage resistance and physiological properties. Environ Microbiol 11: 1971-1982. 

Moelling, K., Broecker, F., and Willy, C. (2018) A wake-up call: we need phage therapy 

now. Viruses 10: 688. 

Nelson, S.S., Bollampalli, S., and McBride, M.J. (2008) SprB is a cell surface component 

of the Flavobacterium johnsoniae gliding motility machinery. J Bacteriol 190: 2851-7. 

Nematollahi, A., Decostere, A., Pasmans, F., and Haesebrouck, F. (2003) Flavobacterium 

psychrophilum infections in salmonid fish. J Fish Dis 26: 563-74. 

Ngo, T.P.H., Smith, P., Bartie, K.L., Thompson, K.D., Verner-Jeffreys, D.W., Hoare, R., 

and Adams, A. (2018) Antimicrobial susceptibility of Flavobacterium psychrophilum 

isolates from the United Kingdom. J Fish Dis 41: 309-320. 

Parks, D.H., Imelfort, M., Skennerton, C.T., Hugenholtz, P., and Tyson, G.W. (2015) 

CheckM: assessing the quality of microbial genomes recovered from isolates, single cells, 

and metagenomes. Genome Res 25: 1043–1055.  



Pickard, D., Toribio, A.L., Petty, N.K., van Tonder, A., Yu, L., Goulding, D., et al. (2010) 

A conserved acetyl esterase domain targets diverse bacteriophages to the Vi capsular 

receptor of Salmonella enterica serovar Typhi. J Bacteriol 192: 5746-54. 

Piya, D., Lessor, L., Koehler, B., Stonecipher, A., Cahill, J., and Gill, J.J. (2020) Genome-

wide screens reveal Escherichia coli genes required for growth of T1-like phage LL5 and 

V5-like phage LL12. Sci Rep 10: 8058. 

Rhodes RG, Pucker HG, McBride MJ. Development and use of a gene deletion strategy for 

Flavobacterium johnsoniae to identify the redundant gliding motility genes remF, remG, 

remH, and remI. J Bacteriol. 2011 May;193(10):2418-28. 

Rhodes, R.G., Samarasam, M.N., Van Groll, E.J., and McBride, M.J. (2011) Mutations in 

Flavobacterium johnsoniae sprE result in defects in gliding motility and protein secretion. J 

Bacteriol 193: 5322-7. 

Ruiqiang, L., Yingrui, L., Karsten, K., and Jun, W. (2008) SOAP: short oligonucleotide 

alignment program. Bioinformatics 24: 713–714. 

Seppey M., Manni M., and Zdobnov E.M. (2019) BUSCO: Assessing Genome Assembly 

and Annotation Completeness. In: Gene Prediction. Methods in Molecular Biology. 

Kollmar M. (ed). New York, USA: Spring protocols, pp 227-245. 

Shrivastava, A., Rhodes, R.G., Pochiraju, S., Nakane, D., and McBride, M.J. (2012) 

Flavobacterium johnsoniae RemA is a mobile cell surface lectin involved in gliding. J 

Bacteriol 194: 3678-88. 



Siekoula-Nguedia, C., Blanc, G., Duchaud, E., and Calvez, S. (2012) Genetic diversity of 

Flavobacterium psychrophilum isolated from rainbow trout in France: predominance of a 

clonal complex. Vet Microbiol 161: 169-78. 

Silva, J.B., Storms, Z., and Sauvageau, D. (2016) Host receptors for bacteriophage 

adsorption. FEMS Microbiol Lett 363: fnw002. 

Stenholm, A.R., Dalsgaard, I., and Middelboe, M. (2008) Isolation and characterization of 

bacteriophages infecting the fish pathogen Flavobacterium psychrophilum. Appl Environ 

Microbiol 74: 4070-8. 

Sundell, K., Landor, L., Nicolas, P., Jørgensen, J., Castillo, D., Middelboe, M., et al. (2019) 

Phenotypic and genetic predictors of pathogenicity and virulence in Flavobacterium 

psychrophilum. Front Microbiol 10: 1711.  

Szymczak, P., Rau, M.H., Monteiro, J.M., Pinho, M.G., Filipe, S.R., Vogensen, F.K., et al. 

(2019) A comparative genomics approach for identifying host-range determinants in 

Streptococcus thermophilus bacteriophages. Sci Rep 9: 7991. 

Toyama T., Kita-Tsukamoto K., and Wakabayashi, H. (1994) Identification of Cytophaga 

psychrophila by PCR targeted 16S ribosomal RNA. Fish Pathol 29: 271–275. 

Van de Peer, Y., and De Wachter, R. (1994) TREECON for Windows: a software package 

for the construction and drawing of evolutionary trees for the Microsoft Windows 

environment. Comput Appl Biosci 10: 569–570. 



Van Vliet, D., Loch, T.P., Smith, P., and Faisal, M. (2017) Antimicrobial susceptibilities of 

Flavobacterium psychrophilum isolates from the Great Lakes Basin, Michigan. Microb 

Drug Resist 23: 791-798. 

Yu, N.Y., Wagner, J.R., Laird, M.R., Melli, G., Rey, S., Lo, R., et al. (2010) PSORTb 3.0: 

improved protein subcellular localization prediction with refined localization subcategories 

and predictive capabilities for all prokaryotes. Bioinformatics 26: 1608–1615. 

 

Supplementary information 

Figure 1S. Genomic organization and comparison of F. psychrophilum bacteriophages 
belonging to cluster I. A) Pairwise average nucleotide identity (ANI) heatmap among 
bacteriophages. Bacteriophage FpV4 is used as a representative of this group B) Map of 
mutations across the genomic organization of bacteriophages. Lines and circles represent 
single mutations and deletions respectively. The colors were assigned according to the 
possible role of each ORF as is shown in the figure. C) Core-genome phylogenetic tree 
based on amino acid sequences of 88 ORFs shared for all the bacteriophages belonging to 
this specific cluster. The algorithm maximum likelihood tree was used with 1,000 
bootstraps. The horizontal bar at the base of the figure represents substitutions per amino 
acid site. 
 
Figure 2S. Genomic organization and comparison of F. psychrophilum bacteriophages 
belonging to cluster II. A) Pairwise average nucleotide identity (ANI) heatmap among 
bacteriophages. Bacteriophage FpV9 is used as a representative of this group B) Map of 
mutations across the genomic organization of bacteriophages. Lines and circles represent 
single mutations and deletions respectively. The colors were assigned according to the 
possible role of each ORF as is shown in the figure. C) Core-genome phylogenetic tree 
based on amino acid sequences of 59 ORFs shared for all the bacteriophages belonging to 
this specific cluster. The algorithm maximum likelihood tree was used with 1,000 
bootstraps. The horizontal bar at the base of the figure represents substitutions per amino 
acid site 
 
Figure 3S. Genomic organization and comparison of F. psychrophilum bacteriophages 
belonging to cluster III. A) Pairwise average nucleotide identity (ANI) heatmap among 
bacteriophages. Bacteriophage 6H is used as a representative of this group B) Map of 
mutations across the genomic organization of bacteriophages. Lines and circles represent 
single mutations and deletions respectively. The colors were assigned according to the 
possible role of each ORF as is shown in the figure. C) Core-genome phylogenetic tree 



based on amino acid sequences of 58 ORFs shared for all the bacteriophages belonging to 
this specific cluster. The algorithm maximum likelihood tree was used with 1,000 
bootstraps. The horizontal bar at the base of the figure represents substitutions per amino 
acid site 
 
Figure 4S. Genomic organization and comparison of F. psychrophilum bacteriophages 
belonging to cluster IV. A) Pairwise average nucleotide identity (ANI) heatmap among 
bacteriophages. Bacteriophage FPSV-S4 is used as a representative of this group B) Map of 
mutations across the genomic organization of bacteriophages. Lines and circles represent 
single mutations and deletions respectively. The colors were assigned according to the 
possible role of each ORF as is shown in the figure. C) Core-genome phylogenetic tree 
based on amino acid sequences of 42 ORFs shared for all the bacteriophages belonging to 
this specific cluster. The algorithm maximum likelihood tree was used with 1,000 
bootstraps. The horizontal bar at the base of the figure represents substitutions per amino 
acid site 
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