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Supplementary Figure 1. Percentage of phage adsorption on bacterial hosts isolated in different years. Red dots represent (individual values of) 
adsorption on susceptible hosts (see Fig. 2 in the main text) and black dots adsorption on resistant hosts. Assay was done in three replicates. 



 
 

 
Supplementary Figure 2. (A) The genome alignment shows predicted open reading frames (ORFs). 
Numbers underneath the alignment indicate the assigned number of some of the ORFs. ORFs with 
putative function are marked with colors indicating the functions shown in the bottom of B. In the 
consensus sequence bar above the genomes, green color indicates 100% identical DNA-sequences, 
yellow 30% and red < 30% identity respectively. Note that also the bar height changes accordingly. (B) 
A closeup to the end of genomes FCV-3 and V181 where the 100% identity between the ORFs is shown 
in grey.



 
 

 
 
 
 
Supplementary Figure 3. Mean efficiency of plating (EOP, phage titers in relation to host B230, 

Supplementary Table 3) of phages belonging to genomic group 1, 2 and 3 (see Fig. 2 in the main 

text) in all bacterial hosts (+/- S.E.M.) 

  

0

5

10

15

20

25

30

Group 1 Group 2 Group 3

M
ea

n 
E

O
P 



 
 

 
 
Supplementary Figure 4. Diagrams of CRISPR1 (top) and CRISPR2 (below) loci.
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Supplementary Figure 5. Location of protospacers in the phage genomes. Protospacers that have variation among the phage genomes are 
marked with an asterisk and these corresponding changes are marked with rectangles in the protospacer areas (one rectangle may include 
multiple protospacers). Color coding only highlights similar protospacers in different phages and does not correspond to colors in Fig. 2a. 
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Supplementary Table 1. Flavobacterium columnare isolates used in this study. All isolates belong 

to the genetic group C. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

5 

Supplementary Table 2. Bacteriophage isolates used in this study 
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Supplementary Table 3. (A) Phage plaque numbers in bacterial hosts and (B) efficiency of plating 

(EOP) calculated using strain B230 as a reference host. 

 
 

A) Phage B425 B447 B230 B235 B236 B237 B245 B339 B366 B397 B404 B406 B471 B537 B541 B542 B546

FCV‐2 0 0 1E+07 1E+07 1E+07 1E+08 1E+07 0 0 0 0 0 0 0 0 0 0

FCV‐3 0 0 1E+07 1E+07 1E+07 1E+08 1E+07 0 0 0 0 0 0 0 0 0 0

V99 0 0 1E+07 1E+07 1E+07 1E+08 1E+07 0 0 0 0 0 0 0 0 0 0

FCV‐9 0 0 1E+08 1E+08 1E+08 1E+07 1E+08 0 0 0 0 0 0 0 0 0 0

FCV‐10 0 1E+06 1E+08 1E+08 1E+08 1E+07 1E+08 1E+06 0 0 0 0 0 0 0 0 0

FCV‐1 0 1E+06 1E+08 1E+08 1E+08 1E+09 1E+08 1E+06 0 0 0 0 0 0 0 0 0

FCV‐11 0 1E+06 1E+06 1E+06 1E+06 1E+06 1E+06 0 0 1E+06 0 0 0 0 0 0 0

FCV‐20 0 1E+09 1E+07 1E+07 1E+08 1E+08 1E+07 0 0 1E+08 0 0 0 0 0 0 0

FCV‐16 0 1E+07 1E+06 1E+06 1E+06 1E+07 1E+07 0 0 1E+07 0 0 0 0 0 0 0

VK16 0 1E+07 1E+05 1E+05 1E+05 1E+06 1E+06 0 0 1E+07 0 0 0 0 0 0 0

VK20 0 1E+07 1E+05 1E+06 1E+06 1E+06 1E+06 0 0 1E+07 0 0 0 0 0 0 0

VK42 0 1E+07 1E+07 1E+06 1E+07 1E+06 1E+06 1E+08 0 1E+07 1E+08 0 0 0 0 0 0

VK46 0 1E+08 1E+07 1E+06 1E+07 1E+06 1E+06 0 0 1E+08 0 0 0 0 0 0 0

VK48 0 1E+08 1E+07 1E+07 1E+07 1E+07 1E+07 1E+07 0 1E+09 0 0 0 0 0 0 0

VK51 0 1E+07 1E+07 1E+06 1E+06 1E+07 1E+07 0 1E+07 1E+07 0 0 0 0 0 0 0

VK52 0 1E+07 1E+07 1E+07 1E+07 1E+08 1E+07 1E+07 0 1E+07 1E+08 0 0 0 0 0 0

VK53 0 1E+07 1E+07 1E+05 1E+06 10000 1E+05 0 0 1E+08 0 0 0 0 0 0 0

VK54 0 1E+06 1E+07 1E+06 1E+07 1E+07 1E+06 0 1E+07 1E+06 0 0 0 0 0 0 0

VK58 0 1E+06 1E+07 1E+06 1E+07 1E+07 1E+06 0 1E+08 1E+08 0 0 0 0 0 0 0

V156 1000 1E+08 1E+08 1E+07 1E+08 1E+09 1E+08 1E+09 1E+09 1E+09 1E+09 1E+08 1E+09 1E+09 1E+06 0 1E+07

V157 0 1E+06 1E+05 10000 1E+05 1E+06 1E+06 1E+07 1E+07 1E+07 1E+07 1E+06 1E+07 1E+07 0 0 1E+06

V158 0 1E+08 1E+08 1E+07 1E+09 1E+08 1E+08 1E+09 1E+09 1E+09 1E+09 1E+09 1E+09 1E+09 1E+06 0 1E+07

V162 1E+08 1E+08 1E+07 1E+07 1E+09 1E+09 1E+07 1E+08 1E+09 1E+08 1E+09 1E+09 1E+09 1E+09 1E+08 1E+08 0

V165 1E+08 1E+09 1E+07 1E+07 1E+09 1E+09 1E+07 1E+08 1E+09 1E+08 1E+09 1E+09 1E+09 1E+09 1E+07 1E+08 0

V167 1E+08 1E+09 1E+07 1E+07 1E+09 1E+09 1E+08 1E+08 1E+09 1E+09 1E+08 1E+09 1E+09 1E+09 1E+06 1E+08 0

V171 1E+08 1E+09 1E+06 1E+07 1E+07 1E+08 1E+06 1E+07 1E+09 1E+09 1E+08 1E+09 1E+09 1E+09 1E+07 1E+08 0

V175 0 1E+09 1E+09 1E+07 1E+09 1E+09 1E+08 1E+09 1E+09 1E+09 1E+08 1E+09 1E+09 1E+09 0 0 1E+07

V178 0 1E+09 1E+09 1E+07 1E+09 1E+09 1E+08 1E+09 1E+09 1E+09 1E+08 1E+09 1E+08 1E+09 0 0 1E+07

V181 1E+07 1E+09 1E+07 1E+06 1E+08 1E+08 1E+07 1E+09 1E+09 1E+09 1E+08 1E+09 1E+09 1E+09 0 0 0

V182 1E+08 1E+09 1E+09 1E+06 1E+09 1E+09 1E+07 1E+09 1E+09 1E+09 1E+09 1E+09 1E+09 1E+09 0 0 0

B) Phage B425 B447 B230 B235 B236 B237 B245 B339 B366 B397 B404 B406 B471 B537 B541 B542 B546

FCV‐2 0 0 1 1 1 10 1 0 0 0 0 0 0 0 0 0 0

FCV‐3 0 0 1 1 1 10 1 0 0 0 0 0 0 0 0 0 0

V99 0 0 1 1 1 10 1 0 0 0 0 0 0 0 0 0 0

FCV‐9 0 0 1 1 1 0,1 1 0 0 0 0 0 0 0 0 0 0

FCV‐10 0 0,01 1 1 1 0,1 1 0,01 0 0 0 0 0 0 0 0 0

FCV‐1 0 0,01 1 1 1 10 1 0,01 0 0 0 0 0 0 0 0 0

FCV‐11 0 1 1 1 1 1 1 0 0 1 0 0 0 0 0 0 0

FCV‐20 0 100 1 1 10 10 1 0 0 10 0 0 0 0 0 0 0

FCV‐16 0 10 1 1 1 10 10 0 0 10 0 0 0 0 0 0 0

VK16 0 100 1 1 1 10 10 0 0 100 0 0 0 0 0 0 0

VK20 0 100 1 10 10 10 10 0 0 100 0 0 0 0 0 0 0

VK42 0 1 1 0,1 1 0,1 0,1 10 0 1 10 0 0 0 0 0 0

VK46 0 10 1 0,1 1 0,1 0,1 0 0 10 0 0 0 0 0 0 0

VK48 0 10 1 1 1 1 1 1 0 100 0 0 0 0 0 0 0

VK51 0 1 1 0,1 0,1 1 1 0 1 1 0 0 0 0 0 0 0

VK52 0 1 1 1 1 10 1 1 0 1 10 0 0 0 0 0 0

VK53 0 1 1 0,01 0,1 0,001 0,01 0 0 10 0 0 0 0 0 0 0

VK54 0 0,1 1 0,1 1 1 0,1 0 1 0,1 0 0 0 0 0 0 0

VK58 0 0,1 1 0,1 1 1 0,1 0 10 10 0 0 0 0 0 0 0

V156 1E‐05 1 1 0,1 1 10 1 10 10 10 10 1 10 10 0,01 0 0,1

V157 0 10 1 0,1 1 10 10 100 100 100 100 10 100 100 0 0 10

V158 0 1 1 0,1 10 1 1 10 10 10 10 10 10 10 0,01 0 0,1

V162 10 10 1 1 100 100 1 10 100 10 100 100 100 100 10 10 0

V165 10 100 1 1 100 100 1 10 100 10 100 100 100 100 1 10 0

V167 10 100 1 1 100 100 10 10 100 100 10 100 100 100 0,1 10 0

V171 100 1000 1 10 10 100 1 10 1000 1000 100 1000 1000 1000 10 100 0

V175 0 1 1 0,01 1 1 0,1 1 1 1 0,1 1 1 1 0 0 0,01

V178 0 1 1 0,01 1 1 0,1 1 1 1 0,1 1 0,1 1 0 0 0,01

V181 1 100 1 0,1 10 10 1 100 100 100 10 100 100 100 0 0 0

V182 0,1 1 1 0,001 1 1 0,01 1 1 1 1 1 1 1 0 0 0
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Supplementary Table 4. Conserved domains detected in the predicted phage open reading frames 

  
*not in phage genomes VK48, VK58, V156, V157   
**only in phage genomes V156, V157, V175, V181 and V182 
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Supplementary Table 5.  Characterization of CRISPR loci in Flavobacterium columnare strains 

 

  CRISPR1 CRISPR2 

Unique spacers 52 29 

Spacers shared among all isolates 30/52 (~58%) 13/29 (~45%) 

Unique spacers matching phage 
genomes 18/52 (~35%) 15/29 (~52%) 

Phage protospacers (PP) with  C1 
PAM 16/18 (~89%) 8/15 (~53%) 

Change in PP sequence after 
spacer appearance 6/18 (~33%) 9/15 (60%) 

Resurfacing of ancestral PP 
sequence in phage genomes after 
disappearance of spacer 

4/6 (~67%) 3/9 (~33%) 

Unique spacers matching F. 
columnare genome 9/52 (~17%) 2/29 (~7%) 

F. columnare protospacers with 
C1 PAM 6/9 (~67%) 1/2 (50%) 

Spacer target strand (phage) 47% coding 100% coding 

Cas genes Cas9, Cas1, Cas2 (type II-C) Cas13b (type VI-B) 

Repeat sequence GTTGTGGTTTGATTAAAGA
TTAGAAAACACGATATT 

GTTGGGAAAGCCCTTATT 
TTGAAGGGTATCTACAAC 
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Supplementary Table 6. 20 nucleotides long DNA regions upstream (5’ end) and downstream (3’ 

end) of C1 protospacers using the guide-centric approach2. Proposed PAM-sequence marked in bold. 

 

 C1 protospacer surrounding regions 

Spacer 20 nt (5’ end) 20 nt (3’ end) 

C1s33 GTTTCGCTTCTAAGCATTGG AATGCTAAAAATGTTCATGT 

C1s34 TATTTTACGCCGATAGAACA GATTTTAAAAATTATTTATT 

C1s35 TTATCATAAGTTAATACAGA TGTTTTAAAAAAAATTGATG 

C1s36 TTTTCTGGTGGTAAAGATAG AGCTATAAAAAGAGATAGAA 

C1s37 TCTTTGTCGAACTTTTCTTT GTCTTTAAAAACAATTTCTT 

C1s39 AGAAAATCTTCACCACCTAA CTCATTGCATGTACTTTCAC 

C1s40 TTTATAGATGGAATTGCAAG ACGATTCAAAAAATTATACA 

C1s41 TTTACTCATTAACTGTAATA TTAATTAAAAAAGATTCTGG 

C1s42 TGATTCATAATCTTTAATTG AAGTATAAAACAATCCTAAG 

C1s44 GAAAAGTATTAAAAACTTGT GGTTATAAATGGTTAACTAA 

C1s45 AAATAAAGAAAGGTGTCGAA AGCRCTAAAAAATCCTACCT 

C1s46 GCAATGAAAGAACAAATCAA GAGTTTAAAAGTTTATCAAA 

C1s47 ATTTTGATTTGCCTTGGAGT AATTATAAAAATGGCAGAAA 

C1s48 TGTTTTTTATTTAATTTTTT CATTGTAAAATATTAATTAA 

C1s49 GCGTGTATTTAAAAGTTTCA CCTTTTAAAATACTACTTTC 

C1s50 TTTCTATTCATTTTGATAGC AGGACTAAAAACAGTTTCTC 

C1s51 TTCCAAAACCTGTTCTTTAT TATCATAAAAAACAGCAATT 

C1s52 TGTAAAGATTGTATTGATTT GGCATTAAAATTTTTTCCAT 

WebLogo 
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Supplementary Table 7. 20 nucleotide RNA regions (from predicted ORFs) upstream (5’ end) and 

downstream (3’ end) of C2 protospacers using the target-centric approach2. Sequence outside of 

predicted transcript in italic and sequence identical to the proposed C1 PAM in bold. Standard 

IUPAC codes used in cases of polymorphism between phage genomes. 

 C2 protospacer surrounding regions 

Spacer 20 nt (5’ end) 20 nt (3’ end) 

C2s14 CAAAGAGUUGCAGGAUGGAU GUACUUAAAUAUAAAUAAUG 

C2s16 AGUUAGAAACAAAUCCAGAG AGTGGUAAAAAAAAGAGUGA 

C2s17 UUAGGAUUGUUUUAUACUUU CAAUUAAAGAUUAUGAAUCA 

C2s18 GGGUGAAGUUCCUAAACCGM AUAAUUAAAAUGAUAACAUU 

C2s19 GCUCAAGAACAAGCCAAAGU AAAGUAUAAAAAAUGCUUUU 

C2s20 UACAACUAUUACCUUUGAUU GUAUAUAAAAUACAGAAAGC 

C2s21 AAAGUAUUUUUUUAGACCCU AAAACCUUUCAUUGAAUAUA 

C2s22 UUAAGAGCCUGUUGUUUAGU AGUUAUCAAAAAAAUAUCAA 

C2s23 AAAAAUUACAAUGGCUAUAA AAAUAUAAAAAACAUUGAAU 

C2s24 UUAAAACUAGAGUAAAGCCA UGAUUUAAAAAAUGAUGCUG 

C2s25 UUGGCGGGUUUUUAUUGAUU ACUAUUUUUUAACCCAAAGG 

C2s26 AAAUCUAUUCUUUUAAAAAA UAUUUACAAAAAAYUAAAUA 

C2s27 ACCGAAAUUUUGAAAUCAAA AGUAUUAAAAACUUGUUUAG 

C2s28 GAACAUUAGGAAGAAGUAUU UUGGGGUAAAAUAAUGGAGU 

C2s29 AAAAAGAGCGUGCCGAACGU CAAUUUAAAAUUAGAAUAAA 
  

 
WebLogo 
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Supplementary Table 8. Spacers targeting the 11 kbp area (27 352 – 38 174 in the consensus 

sequence) and corresponding changes (“mutations”) in the protospacers. 

Spacer Protospacer 

location 

(consensus) 

Presence of 

spacer in 

bacteria 

Protospacer 

mutations 

Mutated 

protospacer in 

phages 

C2s18 28 361 – 28 390 2007 (B447) and 

2010 (B397) 

1 SNP 2009-2010 

C1s47 29 294 – 29 322  none  

C2s29 30 457 – 30 486 2014 (B546) 12 bp deletion 2014 

C2s28 32 604 – 32 632 2014 (B546) 2 SNPs 2014 

C1s49 33 591 – 33 620  none  

C1s50 35 230 – 35 259  none  

C1s35 37 247 – 37 276  none  

C2s26 37 472 – 37 501  none  

C2s23 37 487 – 37 516 2010 (B366) 1 SNP 2010 - 2011 

 

 

Supplementary Table 9. PCR and sequencing primers for phage genome sequencing and 

amplification of F. columnare CRISPR loci. 
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Supplementary Discussion 
 

Phage genomes. Genome sequencing of phage isolates from 2009 to 2014 resulted in highly similar 

sequences with the GC-content varying from 29.7 to 30.0%. Phage genomes showed significant 

sequence identity to a previously described F. columnare phage FCL-2, suggesting that these phages 

have only recently diverged. Structural proteins were similar to those of marine Cellulophaga 

phages, especially phiSM, as was also reported for FCL-23. 

 

For most of the predicted open reading frames (ORFs) (in phage FCV-3 52 out of 74) no putative 

function was assigned (Supplementary Table 3). Phage isolates from the year 2009, and three out of 

five of the 2010 isolates showed almost 100% sequence identity. These phages were assigned to 

Group 1, as shown in Fig. 2.  In the two other 2010 isolates, VK48 and VK58 (Group 2), only very 

few differences in the nucleotide sequences in seven ORFs (56-62) could be detected, leading to only 

a few actual amino acid changes in ORFs 56-58 and 61-62. No putative function was predicted for 

these ORFs, although ORF 56 showed structural similarity to a primase-helicase of T7 and therefore 

could be involved in the phage replication. ORF 60 was notably different in these phages with only 

14% amino acid-similarity. A homology search of the alignment of ORF 60 in FCV-3 and VK48 

suggested putative function as a DNA-binding protein. The same differences were seen in the seven 

ORFs of the isolates from 2011, but in addition (similar to the most recent isolates from 2014 

assigned to Group 3), these isolates had extra DNA in the terminal regions of the genomes, leading 

to increased genome size (46 448 bp in 2009 to 49 121 bp in 2014). The source of the additional 

DNA is not known but one possibility could be prophages, albeit none were detected during the 

experiments. Interestingly, the above-mentioned seven ORFs (56-62) in the 2014 isolates were 

identical to the 2009 isolates (except for a single nucleotide difference in ORF 61).  

 

Single nucleotide differences resulting to change in one amino acid (glutamic acid to lysine) were 

seen in the 2011 isolates V156 and V157 in ORF 27. This ORF codes for a putative tail protein, 

having also structural similarity to a tail sheath protein. Two amino acid sequence differences were 

detected in the subsequent ORF 28, a putative structural protein (valine to isoleucine in both). 

Changes in both ORFs were identical in these two phages but were missing again in the 2014 

isolates. In the 2014 phages (Group 3, except V175), changes identical between the genomes 
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concentrate on ORF 36 (several differences, including four additional amino acids and one missing) 

and ORF 37 (three amino acid changes alanine to valine, lysine to arginine and asparagine to 

histidine) which follow ORFs that contain predicted putative base plate domain (Blastp E-value 

6.39e-21) and a tail protein domain (Blastp E-value 3.04e-10) (see Supplementary Table 4) and one 

hypothetical protein. As tail genes are in many phages clustered and the genes encoding base plate 

are in many cases by several other tail genes, it is possible that these predicted ORFs are structural. 

This could partly explain the expansion in host range, as mutations in tail fiber genes are typically 

associated changes in phage host range. 

 

CRISPR PAM and PFS sequences. We searched for protospacer adjacent motifs (PAMS) by 

analysing 20 bp long regions surrounding each of the 18 C1 protospacers using the guide-centric 

approach2. Alignment of the results with WebLogo4 revealed a putative 3’ PAM with the sequence 

NNNNNTAAAA (Supplementary Table 6) shared by 15 of the 18 C1 protospacers. This is the 

longest PAM sequence described to date (10 bp) if the 5 bp linker sequence is included2. 

Flavobacterium columnare’s C1 PAM was briefly addressed in a previous study5, in which the 

authors report a similar yet truncated version of the sequence described here. 

 

Analysing protospacer flanking sites (PFSs) associated with the 15 C2 RNA-protospacers revealed a 

preference for U or A in all but one 5’ PFSs (Supplementary Table 7). Also, in the 5’ PFS of spacer 

C2s18, A is replaced by C in some of the 2009-2010 phage genomes. These findings are in line with 

the study by Smargon et al.6, showing that in type VI-B systems a 5’ PFS of A and U enhance 

interference, while C acts as an inhibitor. In the case of 3’ PFSs, either or both previously reported 

patterns (NAN or NNA) were found in 10 of the 15 C2 protospacers. These phage genomes are, 

however, high in AT-content (GC%=29.8), which contributes to making such patterns likely. 

 

As C2 contains no known spacer-acquisition related genes, it is possible that spacers are acquired 

autonomously (possibly by the two transposase-like genes downstream of the repeat-spacer array) or 

in trans by utilizing Cas1 and Cas2 from the C1 locus, as suggested by Smargon et al.6. If C2 spacer 

acquisition was dependent on C1 activity, we would expect to detect protospacer-adjacent sequences 

similar to those found in C1 PAMs, since bias towards specific PAMs is also governed by the 

acquisition machinery7, 8. Surprisingly, almost half (7/15) of the C2 protospacer-adjacent sequences 

were identical to the proposed C1 PAM consensus NNNNNTAAAA, while the rest had more 

variability (see Supplementary Table 7). A possible explanation for this variability could be the lack 
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of selection imposed on these protospacers-adjacent sequences after acquisition. Type VI CRISPR 

systems are considered to be independent on PAM sequences (only relying on PFSs) 9, which would 

indeed not impose these sequences under selection. Our data therefore suggests that in the type VI-B 

CRISPR locus of F. columnare, novel spacers might be acquired by recruiting the acquisition 

machinery from the adjacent C1 locus, although more specific studies are needed to substantiate this. 

 

Sampling. As random field samples, the bacterial isolates in our study may not represent the 

complete CRISPR spacer pool present in the sampled fish farm’s F. columnare population. However, 

the genotype specific infectivity of the phages allows us to dramatically narrow down the possible 

phage-bacterium interactions, increasing the possibility that even a smaller sample size, compared to, 

for example, spacer profiling by deep sequencing, is representative of the spacer pool of the specific 

F. columnare genotype at a given time. 
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