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            Abstract
Coevolution between bacteriophages (phages) and their bacterial hosts occurs through changes in resistance and counter-resistance mechanisms. To assess phage–host evolution in wild populations, we isolated 195 Vibrio crassostreae strains and 243 vibriophages during a 5-month time series from an oyster farm and combined these isolates with existing V. crassostreae and phage isolates. Cross-infection studies of 81,926 host–phage pairs delineated a modular network where phages are best at infecting co-occurring hosts, indicating local adaptation. Successful propagation of phage is restricted by the ability to adsorb to closely related bacteria and further constrained by strain-specific defence systems. These defences are highly diverse and predominantly located on mobile genetic elements, and multiple defences are active within a single genome. We further show that epigenetic and genomic modifications enable phage to adapt to bacterial defences and alter host range. Our findings reveal that the evolution of bacterial defences and phage counter-defences is underpinned by frequent genetic exchanges with, and between, mobile genetic elements.
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                    Fig. 1: A modular phage–vibrio infection network.


Fig. 2: Phage adsorption and cell death are not the same.


Fig. 3: Patterns of phage adaptation across space and time.


Fig. 4: Distribution of phage-defence systems in V. crassostreae genomes.


Fig. 5: Anti-phage systems identified in V. crassostreae clade V1.


Fig. 6: Bacterial defence and phage counter-defence.
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                Data availability

              
              Sequenced genomes have been deposited under the NCBI BioProject, with accession numbers PRJEB5876 to PRJEB5880, PRJEB5882 to PRJEB5885, PRJNA499864 to PRJNA499870, PRJNA500024 to PRJNA500069, PRJNA538125 to PRJNA538127, PRJNA548064 and PRJNA712984 for vibrios; MW824369 to MW824434, MW865291 to MW865292 and MW865297 to MW865379 for phages. Source data are provided with this paper.
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Extended data

Extended Data Fig. 1 Dynamics of Vibrio crassostreae.
On each sampling date (May 3rd- September 11th 2017, x-axis), vibrios from seawater (size fraction 1-0.2μm, blue) or five oyster tissues (pink) were selected on TCBS and genotyped to identify V. crassostreae isolates. The y-axis indicates the frequency of V. crassostreae (number of positive isolates out of the randomly picked 48 colonies*100). The arrow indicates the period of oyster mortalities, that is May 29th- August 25th.
Source data


Extended Data Fig. 2 Host range matrix for assay of phages on gyrB-sequenced hosts.
Rows represent vibrio strains (n = 299), columns represent phages (n = 243 phages isolated in Brest and ordered by date or “Pools” when phages were isolated from a mix of viruses from 5 consecutive dates; n = 31 phages isolated in Sylt), red marks indicate infection of host. Pink shade discriminate V. crassostreae isolates from representatives of other species.


Extended Data Fig. 3 Non-overlapping distribution of vibrio clades and phage genus across locations.
The all-by-all host range infection assay (Fig.1) reveals that sympatric killing of vibrio by phages is more frequent than allopatric killing (Fig. 3a). The presence of phage of a given cluster is associated with the presence of the corresponding V. crassostreae clade at each location. Upper pie charts show the number of isolates per clade (V1 to V8) or not in clade among 120 and 33 vibrios from Brest and Sylt respectively. Lower pie charts show the number of isolates per phage cluster among 58 and 17 phages from Brest and Sylt respectively. Phage clusters are indicated as Px_y, where P indicates phage, x the vibrio clade they infect (1 to 8 and N when not in clade), and y is the VIRIDIC genus number (1 to 28).


Extended Data Fig. 4 Core phylogenetic tree and genes synteny for phages from the cluster P1_11.
The three pink (but not the three green) phages are able to neutralize the R-M III defence. Core proteins are indicated in grey (with 30% identity and 80% coverage thresholds), large and small terminase subunit in dark grey and accessory proteins in colors. The tree was built using IQ-TREE2 with 1000 bootstraps and the GTR model. Genes encoding putative recombinases (Rad52/22, RdgC, YejK) and methylases (MTases) were identified using dedicated HMM profiles.


Extended Data Fig. 5 Host-dependent epigenetic modification allows P1_11 podoviruses to neutralize a R-M III system.
Three green and three pink phages were produced in their original host (the strain used to isolate phage from seawater flocculate) or in the strain 46_O_330 (name here 330) that is sensitive to all P1_11 phages. The green phages were 234P8, 219E41.1, 219E41.2 and original hosts were vibrio V1 strains 40_O_234 (234) and 38_P_219 (219). The pink phages were 431E45.1, 431E46.1, 431E48.2 all isolated from 48_O_431 (431). Tenfold dilutions of each progeny were spotted on the strain 7F1_18 wild type and derivatives DR1, DR2 and DR1DR2.


Extended Data Fig. 6 Changes in susceptibility to phage killing observed for V5red specific region deletions.
Single and double deletions of the six regions found in all V5red and absent in all V5blue strains were performed in one strain (29_O_45) of vibrio clade V5. Lawns of bacterial hosts with drop spots of a 1:10 dilution series of phages from cluster P5_14, red (red triangle; phage) and blue (blue triangle). The red phages were 36E38.1, 41E34.2, 44E38.1 and 44E38.2. The blue phages were 24E30.2, 24E35.2, 64E30.1 and 66E30.1.


Extended Data Fig. 7 The Ec48 retron system from V5red strain causes abortive Infection.
Infection dynamics in liquid of the V5red (29_O_45) lacking Dnd (ΔDnd) or both Dnd and the Ec48 retron systems (ΔDndΔRetron) infected by blue P5_14 phage (66E30.1) at MOI 0.2 and 2. Infections were performed in technical triplicate (± SD from three replicates). Data are representative of two independent experiments.
Source data


Extended Data Fig. 8 Core genome phylogenetic tree and gene synteny representation for phage from the cluster P5_14.
Core proteins are indicated in grey (blue/red pairwise identities indicated by a yellow gradiant) large and small terminase subunit in dark grey. P5_14 red (p0020 and p0021 in phage 44E38.1) and blue (p0020 to 23 in phage 66E30.1) specific genes are indicated by red and blue gradient respectively. The tree was built using IQ-TREE2 with 1000 bootstraps and the GTR model. Genes encoding putative recombinases (NinG, Exo/SSPAP) and methylases (MTases) were identified using dedicated HMM profiles.


Extended Data Fig. 9 Gene synteny of P5_14 phages and derivative Blue-PAPS-retron escapers.
Core proteins are indicated in grey, large and small terminase subunit in dark grey, specific P5_14 red proteins in red gradient and specific P5_14 blue proteins in blue gradient and retron-escaping exonuclease in yellow. The number of SNPs and presence of deletion between phages are indicated in white and black circles respectively. SNPs were labeled using HGVS nomenclature.


Extended Data Fig. 10 Genetic mechanisms driving the specificity of the interaction between a natural population of vibrio and their viral predators.
A successful infection requires the phage to adsorb on specific receptor(s) at the surface of the bacterial cell and then bypass the host’s intracellular defences. In Vibrio crassostreae, adsorption governs a first level of specificity of the interaction between a phage cluster and a clade within this bacterial species (1). Defence systems, mostly transmitted by mobile genetic elements, constitute a second barrier to infection (2). The phage can escape these defences by epigenetic or genetic modifications (3). Facing this new threat, a bacterium that has acquired a new defence system can be selected (4) and in the same way, the phage can adapt by acquiring new counter-defences (5). Recombination can allow the exchange of counter-defence systems and generate a genetically diverse progeny (6).
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Source data
Source Data Fig. 3
Cross-infection matrix of 299 vibrio and 274 phages.


Source Data Fig. 4
All data of defence finder with number of infecting phages and genome size for each V. crassostreae strain (all strains and clade-by-clade).


Source Data Fig. 4
Results of statistical analysis in c).


Source Data Fig. 5
Results of two distinct experiments used for statistical analysis.


Source Data Fig. 6
Results of two distinct experiments used for statistical analysis.


Source Data Extended Data Fig. 1
Dynamics of Vibrio crassostreae.


Source Data Extended Data Fig. 7
Results of two distinct experiments used for statistical analysis.
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