SCIENCE ADVANCES
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Fig. 6. Characteristics of the CEMs obtained from gene 23 spacers. (A) List of CEM sequences obtained from ger&3 spacers. The spacer sequence and PAM are g
shown in red and green, respectively, and the mutated nucleotides are shown in blue (bold) and underlined. The WT sequences are shown at the top of each aligh-
ment. B to G) Structural analysis of the CEMs of the major capsid protein gp23. (B) Side view of the phage T4 capsid. (C) Top view of the hexameric gp23 capsoiger.
Single (D) and three subunits of gp23 (E) involved in a network of intersubunit interactions. The regions corresponding to the protospacer and PAM sequences&bf
spacers 23-1490 (D to F) and 23-2 (D, E, and G) are shown in magenta color.idéelsins of the mutated residues of the CEM phages corresponding to spac23-1490
(S498) (F) and 23-2 (K465, V470, and G472) (G) are shown in red.
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The time scales of CRISPR-Cas cleavage of phage genomes are Uitre timing of CRISPR-Cas cleavage, thus, might provide a critic%l
known. A recent reportd9 estimates that the association rate ofvindow for fine-tuning the baland&tween defense against phages an@-
CRISPR-Cas9 complex to a PAM site is ~40 ms if there were aboutdwvelution of phages and, in turn, bacteria. It could be accomplished bya
molecules of Cas9 pé. colicell. Because the phage T4 genomariety of mechanisms, both phage-based such as the modificationgof
contains 11,656 PAM sites, it would take about 6 min to scan the entjEnomes ¥4, 33-35), efficiency of initiation of genome replication §
genome. The time taken might be even longer for the ghmC-modifi&s), and inclusion of anti-CRISPR gen&g)and host-based such as §
T4 genome than for the unmodifi€2igenome, although the number ofthe intrinsic catalytic rates of Casiavage and regtion of cleavage g
Cas9 molecules per cell is expected to be more than five. Thereforebit Bccessory Cas proteidd). All of these mechanisms have been de;,
safe to assume that it would take a few minutes for CRISPR-Cas9 tositribed in the literature, and we predict that some of these slow dows
a protospacer sequence in the ghmC-genome. By then, many, ifthetrate of Cas9 cleavage, and tregpny phages thus produced likely
most, of the delivered T4 genomes would have initiated replicatioontain a high frequency of mutations, as has been observed here. The
(21,30). Consistent with this timeline, our data show that about 10 @RISPR-Cas mechanism, thus, migit part of the global evolution-
20% of ghmC-genomes survived Cas9 cleavage, and every one ofdhesystem that provides various degrees of advantages to both the
evolved into a CEM with varying fitness under the continuing pressuracteria and the phages.
of CRISPR-Cas9. Because in nature, this would happen with spaceta conclusion, our results suggést possibility that the defensive
distributed throughout the phage genome, and in both strands of tied counterdefensive systems of the arms race between bacteria and
genome, the CRISPR system can potentially drive large-scale evolptimges such as the CRISPR-Cas mag been selected for the survival
of phage genomes. Some of the mutant phages are expected to beadventages that they provide to both the host and the virus, but not
fit than the parental phage, whereas others, probably most as this stadyely to one or the other, such that both the bacteria and the phages
indicates, may not have a fitness advantage but would neverthelessame€oexist and coevolve, leading to their dominant presence on Earth.
main in the population. Although the specific CRISPR-Cas9 system
used here is not native . colj this phenomenon might explain
why numerous conservative substitutions in phage genes remairvin
the closely related phage families even though they may not cofflrsmids, bacteria, and bacteriophage
any fitness gain3({, 32. At the same time, all the mutant phages byhe spacer plasmids, 20-995, 20-1070, 23-2, and 23-1490 were con-
virtue of their resistance to CRISPR-Cas would be able to contributstrocted in a previous stud¢4). WT T4 phage was propagated®rcoli
bacterial evolution by horizontal gene transfer and other mecharii€ins (P301 éup), as previously describe8840). T4(C) is a mutant phage
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