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            Abstract
Prokaryotic CRISPR-Cas adaptive immune systems insert spacers derived from viruses and other parasitic DNA elements into CRISPR loci to provide sequence-specific immunity1,2. This frequently results in high within-population spacer diversity3,4,5,6, but it is unclear if and why this is important. Here we show that, as a result of this spacer diversity, viruses can no longer evolve to overcome CRISPR-Cas by point mutation, which results in rapid virus extinction. This effect arises from synergy between spacer diversity and the high specificity of infection, which greatly increases overall population resistance. We propose that the resulting short-lived nature of CRISPR-dependent bacteria–virus coevolution has provided strong selection for the evolution of sophisticated virus-encoded anti-CRISPR mechanisms7.
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                    Figure 1: Evolution of CRISPR-mediated immunity leads to rapid extinction of virus.[image: ]


Figure 2: Virus persistence inversely correlates with the level of spacer diversity.[image: ]


Figure 3: The benefit of CRISPR immunity increases with increasing spacer diversity.[image: ]


Figure 4: Evolution of virus infectivity is constrained by spacer diversity.[image: ]
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Extended data figures and tables

Extended Data Figure 1 CRISPR diversity drives virus extinct since virus cannot escape by point mutation.
a, Percentage bacteria (WT or CRISPR KO) from the experiment shown in Fig. 1 that have evolved CRISPR immunity (white bar), surface immunity (black bar) or remained sensitive (sensitive; grey bars) at 5 d.p.i. with virus DMS3vir (n = 6 for both treatments). b, Relative fitness of CRISPR immune monocultures (single spacer; low diversity, n = 48) and polycultures (48 spacers; high diversity, n = 6) at 3 d.p.i. when competing with a surface mutant (sm) in the absence of virus. c, d, Deep sequencing analysis of the frequency of mutations in the seed region and PAM of the target sequence of virus isolated at t = 1 d.p.i. from the experiment shown in Fig. 4. c, Frequency of point mutation in the target sequence of viral populations isolated from monoculture 1–3 × surface mutant competitions. d, Average frequency of point mutation across all target sites in the ancestral virus genome and in the genomes of virus from pooled samples of all biological replicates from a single diversity treatment (monocultures: n = 48; 6-clone: n = 8; 12-clone: n = 8; 24-clone: n = 6; 48-clone: n = 6). e, f, Virus that escapes a single spacer present in a diverse CRISPR population decreases in frequency, despite a fitness benefit over ancestral virus. e, Titres (in plaque-forming units per millilitre) over time upon infection of monocultures (dotted line) or polycultures of 48 clones (solid line) with approximately 108 p.f.u. ancestral (closed circles) or escape (open circles) virus. Escape virus was isolated from monocultures 1–6 × surface mutant competitions shown in Figs 2, 3, 4, at 24 h.p.i. n = 6 for all experiments. The limit of detection is 200 p.f.u. ml−1. f, Relative fitness of escape virus at t = 1 d.p.i. when competing with ancestral virus on CRISPR-resistant monocultures or polycultures consisting of 48 clones. n = 6 for both experiments. g, For each diversity treatment shown in Figs 2, 3, 4 we examined the spacer content of 192 randomly isolated clones at both t = 0 and t = 3 d.p.i. (384 clones in total per diversity treatment). The change in the total number of spacers between t = 0 and t = 3 d.p.i was calculated independently for each replicate experiment (number of biological replicates as indicated in legend of Fig. 2) and divided by the number of clones that were examined. The graph indicates the average across the replicates of the change in spacer content per clone. h, i, Titres (in plaque-forming units per millilitre) over time of virus carrying an anti-CRISPR gene (DMS3vir+acrF1) following infection of a bacterial population consisting of an equal mixture of a surface mutant and a monoculture with CRISPR-mediated immunity (h; n = 48) or a 48-clone polyculture with CRISPR-mediated immunity (i; n = 6). Each clone is equally represented in each treatment. Each line indicates a biological replicate experiment. The limit of detection is 200 p.f.u. ml−1. j, The number of replicate experiments in which the CRISPR immune population went extinct (no detectable white colonies) at 1 and 3 d.p.i. In all cases, n is the number of biological replicates and error bars represent 95% CI.


Extended Data Figure 2 Virus persistence inversely correlates with the level of CRISPR spacer diversity in CRISPR immune populations of S. thermophilus.
a, b, Virus titres (in plaque-forming units per millilitre) over time upon infection of a bacterial population consisting of a monoculture with CRISPR-mediated immunity (a; n = 44 biological replicates) or 44-clone polycultures with CRISPR-mediated immunity (b; n = 28 biological replicates). Each clone is equally represented in each treatment. Each line indicates a biological replicate experiment. The limit of detection is 200 p.f.u. ml−1. c, Absorbance at 600 nm of monocultures and polycultures at 16 and 40 h.p.i. Error bars, 95% CI. d, Emergence of virus mutants that overcome CRISPR-mediated immunity after 0, 16, 24, 40 and 48 h.p.i. Green indicates no escape virus. Red indicates emergence of escape virus. Escape virus emerged in none of the 28 biological replicates of the polyculture experiments.


Extended Data Figure 3 Sensitive bacteria are unable to invade bacterial populations with CRISPR-mediated immunity in the presence of virus.
a–e, Virus titres (in plaque-forming units per millilitre) over time upon infection of a bacterial population consisting of an equal mixture of a sensitive CRISPR KO clone and a monoculture with CRISPR-mediated immunity (a; n = 48), or polycultures with CRISPR-mediated immunity consisting of 6 clones (b; n = 8), 12 clones (c; n = 8), 24 clones (d; n = 6) and 48 clones (e; n = 6). The number of replicates is chosen such that all clones are equally represented in each treatment. Each line indicates a biological replicate experiment. The limit of detection is 200 p.f.u. ml−1. f, Relative fitness of CRISPR populations at 3 d.p.i. during the competitions with the sensitive CRISPR KO described in a–e. Relative fitness of CRISPR populations decreases with increasing spacer diversity due to the rapid virus extinction, which benefits sensitive bacteria, but is higher than 1 in all cases. Error bars, 95% CI. g, Relative fitness of monoculture (single spacer; low diversity, n = 48) and polyculture (48 spacers; high diversity, n = 6) at 3 d.p.i. when competing with the CRISPR KO strain in the absence of virus. Error bars, 95% CI. In all cases n is the number of biological replicates.


Extended Data Figure 4 Evolution of virus infectivity is constrained by CRISPR diversity when CRISPR immune populations compete with sensitive CRISPR KO bacteria.
Emergence of virus mutants that overcome CRISPR-mediated immunity during the experiment shown in Extended Data Fig. 3. Each column in a table represents a time point (0, 16, 24, 40, 48, 64 and 72 h.p.i., as indicated below the table (in days post-infection)) where virus was isolated. Green indicates no escape virus. Red indicates emergence of escape virus. Panels a–e correspond to each of the experiments shown in Extended Data Fig. 3a–e. Bold numbers indicate each of the individual biological replicates, as detailed in the legend of Extended Data Fig. 3. In b–e, individual replicates are separated by bold lines. Numbers between parentheses indicate the identity of clones that are present in a population with CRISPR-mediated immunity. Asterisks indicate replicate experiments where virus went extinct during the experiment.


Extended Data Table 1 Tukey’s honest significant difference test of all pairwise comparisons of the data in Fig. 3Full size table
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        Editorial Summary
Diversity in CRISPR-Cas immunity
The CRISPR-Cas adaptive immune system of prokaryotes uses spacer sequences derived from viruses and other invading mobile genetic elements to target and destroy these elements in a sequence-specific manner. As a result, spacer diversity is often high in bacterial populations, but its importance has been unclear as it has been proposed that viruses overcome spacer diversity by evolving escape mutations. Using experimental evolution to track the co-evolution of a Pseudomonas aeruginosa bacteriophage with its host bacterium, Edze Westra and colleagues demonstrate that a high level of spacer diversity actually drives the virus population to extinction, as a result of the synergy between spacer diversity and the high specificity of viral infection. These data reveal that high spacer diversity is key to the success of CRISPR-Cas immunity as it limits the ability of viruses to escape.
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