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Abstract 1 

CRISPR-mediated interference relies on complementarity between a guiding CRISPR RNA 2 

(crRNA) and target nucleic acids to provide defense against bacteriophage. Phages escape 3 

CRISPR-based immunity mainly through mutations in the PAM and seed regions. However, 4 

previous specificity studies of Cas effectors, including the class 2 endonuclease Cas12a, have 5 

revealed a high degree of tolerance of single mismatches. The effect of this mismatch tolerance 6 

has not been extensively studied in the context of phage defense. Here, we tested defense against 7 

lambda phage provided by Cas12a-crRNAs containing pre-existing mismatches against the 8 

genomic targets in phage DNA. We find that most pre-existing crRNA mismatches lead to phage 9 

escape, regardless of whether the mismatches ablate Cas12a cleavage in vitro. We used high-10 

throughput sequencing to examine the target regions of phage genomes following CRISPR 11 

challenge. Mismatches at all locations in the target accelerated emergence of mutant phage, 12 

including mismatches that greatly slowed cleavage in vitro. Unexpectedly, our results reveal that 13 

a pre-existing mismatch in the PAM-distal region results in selection of mutations in the PAM-14 

distal region of the target. In vitro cleavage and phage competition assays show that dual PAM-15 

distal mismatches are significantly more deleterious than combinations of seed and PAM-distal 16 

mismatches, resulting in this selection. However, similar experiments with Cas9 did not result in 17 

emergence of PAM-distal mismatches, suggesting that cut-site location and subsequent DNA 18 

repair may influence the location of escape mutations within target regions. Expression of 19 

multiple mismatched crRNAs prevented new mutations from arising in multiple targeted 20 

locations, allowing Cas12a mismatch tolerance to provide stronger and longer-term protection. 21 

These results demonstrate that Cas effector mismatch tolerance, existing target mismatches, and 22 

cleavage site strongly influence phage evolution. 23 

 24 

Introduction 25 

CRISPR-Cas (clustered regularly interspaced short palindromic repeats-CRISPR associated) 26 

systems are adaptive immune systems found in bacteria and archaea1–3. These systems use 27 

ribonucleoprotein effector complexes to find and destroy foreign nucleic acids that have entered 28 

the cell. CRISPR effector complexes are guided by a CRISPR RNA (crRNA) to a nucleic acid 29 

target that is complementary to a section of the crRNA called the spacer. Bacteria can acquire 30 
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new spacer sequences that allow them to mount an immune response against threats they have 31 

not previously encountered4,5.  32 

 33 

An important function of CRISPR-Cas systems is to prevent infection by bacteriophages, which 34 

can have significant impact on the composition of a bacterial population6–9. As a CRISPR 35 

effector complex requires a match between its crRNA and a target to engage in interference, 36 

selection occurs for phages with mutations in targeted genomic regions10–12. Mutations in 37 

CRISPR targets create mismatches between the target and the crRNA that weaken the base-38 

pairing interaction13–15, slowing or stopping target matching by Cas effectors16 and allowing 39 

phages to safely multiply in the bacterial cell. Different CRISPR-Cas systems have DNA or 40 

RNA as a primary target and prevent infection at the cellular and population level17–22. Target 41 

binding is more stringent in DNA targeting systems, mitigating highly damaging off-target 42 

cleavage of host DNA23. In these systems, a protospacer adjacent motif (PAM) next to the target 43 

is required to initiate base pairing24–27. Complete base pairing is especially important in the 44 

region next to the PAM, called the seed region28–34. Accordingly, mutations that allow phages to 45 

escape CRISPR immunity are often single mutations in the PAM or seed region10–12,35.  46 

 47 

There have been multiple proposed but non-competing mechanisms for this mutagenesis. 48 

Mutants may exist due to natural genetic variation in the population and these could be selected 49 

through CRISPR pressure and become dominant in the population over time11,36. Alternatively, 50 

escape mutations may be generated by Cas effector cleavage and subsequent error prone DNA 51 

repair37. It has been shown that cleavage by Cas effectors causes large deletions to appear in the 52 

genome of T4 phage, resulting in loss of the crRNA target sequence38. Lambda phage encoded 53 

Red recombinase has been implicated in generating mutations in CRISPR targets that allow 54 

escape39. It remains unclear to what degree each of these mutagenesis pathways contribute to 55 

phage escape under different conditions.  56 

 57 

Escape mutations are evident in natural settings as bacterial CRISPRs often contain mismatched 58 

spacers to common mobile genetic elements and the genomes of phages27,40–43 . New spacers are 59 

added at the leader end of CRISPR arrays and these new spacers are more likely to match a 60 

target in a phage genome exactly44,45. Genomic evidence also shows that spacer sequences in a 61 
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CRISPR array do not commonly develop mutations, and are fixed once they are acquired12,46. 62 

Instead, spacers are lost from the array entirely when they lose effectiveness as mutations 63 

accumulate in targeted genomic elements.  64 

 65 

Mismatched spacers may provide some benefit to the host. Spacers against mutated targets drive 66 

some Cas effectors towards primed spacer acquisition, in which new spacers are preferentially 67 

acquired from genomes targeted by the Cas effector11,31,47–50. Mismatched crRNAs may also 68 

provide low level immunity through continued target cleavage. Cas effectors tolerate mismatches 69 

between the crRNA and target, allowing cleavage of mutated targets26,28,29,51–55. This lax 70 

specificity may partially prevent phage escape. The type V-A Cas12a effector has been shown to 71 

tolerate multiple mismatches between its guiding crRNA and the target in vitro53,56,57 leading to 72 

rare off-target genome edits in cells57–61. However, this mismatch tolerance varies depending on 73 

the crRNA sequence and type of mismatch. Multiple Cas12a variants also have the ability to nick 74 

double stranded DNA targets with many (3-4) mismatches53,62. These in vitro observations raise 75 

the question of how the specificity of Cas12a affects its role in preventing infection by phage 76 

with target mutations.  77 

 78 

To test this, we subjected bacteria expressing Cas12a and crRNAs with varying target 79 

mismatches to phage infection. We found unexpected discrepancies between the effect of crRNA 80 

mismatches on target cleavage in vitro and survival of bacteria upon phage infection. This led us 81 

to monitor mutant emergence in phage populations. Using high-throughput sequencing, we 82 

discovered enrichment of a large variety of mutations when the phage was targeted by different 83 

crRNAs with and without mismatches. Single crRNA mismatches, even those outside of the seed 84 

region, had a drastic effect on the ability of bacteria to survive phage exposure, demonstrating 85 

the importance of spacer diversity as mutations in target genomic regions propagate. crRNA 86 

mismatches increased the rate at which mutant phage arose in the population. Mismatches in the 87 

PAM-distal region led to mutations in proximity to the original mismatch, leading to highly 88 

deleterious combinations of PAM-distal mismatches. Although similar mismatches were also 89 

deleterious for Cas9 cleavage, similar mutants did not emerge when phage was challenged with 90 

Cas9-crRNA complexes bearing PAM-distal mutations, suggesting that PAM-distal cleavage by 91 

Cas12a may result in more phage escape via PAM-distal mutations. Overall, we find that phage 92 
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populations evolve in different ways to resist CRISPR interference depending on Cas effector 93 

specificity, existing crRNA-target mismatches, the location of CRISPR targets in the phage 94 

genome, and the cleavage site of the Cas effector.  95 

Results 96 

crRNA mismatches throughout the spacer decrease phage protection provided by Cas12a 97 

To investigate the effect of crRNA mismatches on phage immunity provided by Cas12a, we 98 

developed a heterologous type V-A CRISPR-Cas12a system in Escherichia coli. We expressed 99 

Cas12a from Francisella novicida and various pre-crRNAs from two different plasmids in E. 100 

coli K12 using a strong inducible promoter (PBAD) or a relatively weak constitutive promoter49,63. 101 

We infected these cells with lambda phage to measure the immunity provided by Cas12a (Fig. 102 

1a). We used λvir , a mutant of lambda phage that cannot engage in lysogeny and is locked into 103 

the lytic mode of replication. This eliminates CRISPR self targeting that could occur if a target 104 

phage becomes a lysogen in the bacterial genome. We chose two lambda genomic targets: one 105 

target was in an intergenic region upstream of gene J and the other target was inside the coding 106 

region of gene L (Fig. 1a). Both genes encode essential structural tail tip proteins. The Cas12a 107 

expression system exhibited a high level of protection for both promoters, with targeting crRNAs 108 

showing about 106 fold less phage infection than the non-targeting control (Fig. 1b).  109 

 110 

We designed 4 mutant crRNAs with varying levels of in vitro cleavage defects (Fig. 1c) and 111 

tested their effects on phage defense (Fig. 1b). These mismatches spanned the target with one in 112 

the seed region, one in the mid-target region, and two in the PAM-distal region. We observed a 113 

strong defect for the seed mutant when we used the weaker promoter to express Cas12a. 114 

However, this defect was reduced upon Cas12a overexpression using the stronger promoter (Fig. 115 

1b), consistent with the defect being caused by reduced Cas12a targeting. Mid-target and PAM 116 

distal mismatches caused almost no visible defects in protection for the gene J target and small 117 

defects for the gene L target when Cas12a expression was controlled by the stronger promoter. 118 

These results correlated with the cleavage defects measured in vitro for the corresponding 119 

mismatched crRNAs, where seed mismatches had stronger defects than other mismatches but 120 

still enabled complete cleavage (Fig. 1c, S1 Fig.), consistent with previous results53,54. However, 121 

https://www.zotero.org/google-docs/?yvaiPB
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when Cas12a expression was controlled by the weaker promoter, we observed a large loss of 122 

protection for the mid-target mismatched cRNA targeting gene J, which had no significant loss 123 

of cleavage in our in vitro assay (Fig. 1b,c, S1 Fig.). These results suggest that factors outside of 124 

reduced targeting may affect Cas12a-mediated protection at low expression levels.  125 

 126 

We then tested the effects of mismatched crRNAs in liquid culture when Cas12a was expressed 127 

from the stronger promoter. Cells containing a matching crRNA grew at the same rate as cells 128 

that were uninfected with phage, demonstrating complete Cas12a protection in the time frame 129 

tested (Fig. 1d). In contrast, most mismatched crRNAs caused lysis to occur regardless of the 130 

mismatch location in the target. For the gene J target, a crRNA mismatch in the seed region 131 

caused lysis to begin 1 h after infection, similar to a culture bearing a non-targeting crRNA. This 132 

indicated that the seed mismatch was allowing nearly full phage escape, consistent with this 133 

mismatch causing the largest reduction of target cleavage in vitro (Fig. 1c). 134 

 135 

In contrast, the seed mismatched crRNA against gene L provided protection for several hours 136 

post infection, with lysis beginning 3 h post-infection (Fig. 1d). Mismatches in the mid- or PAM 137 

distal region offered protection until four or five hours following infection. Interestingly, the rate 138 

of cleavage for these crRNAs did not always correlate with the level of protection provided in 139 

liquid culture (Fig. 1c-d). Some crRNA mismatches that caused small decreases or no significant 140 

effect on cleavage rates in vitro led to lysis of the culture (e.g. gene J position 8 and gene L 141 

position 15). These results indicate that loss of cleavage caused by crRNA mismatches did not 142 

completely account for loss of immunity. 143 

Phage target mutations depend on location of existing mismatches 144 

 145 

Our initial results showed that crRNA mismatches have less of an effect on solid media than in 146 

liquid culture when Cas12a is expressed from a strong promoter. We hypothesized that these 147 

differences were caused by phage mutation upon CRISPR immune pressure. Unlike on solid 148 

medium, phage mutants that arise can quickly and uniformly spread throughout the culture in a 149 

liquid medium. Thus, pre-existing mismatches or mismatches that arise through imperfect DNA 150 

repair following Cas12a cleavage may accelerate the selection for escape mutants as they quickly 151 
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spread throughout the population, causing lysis in liquid culture. These results overall suggested 152 

that loss of protection from crRNA mismatches is due in part to emergence of phage mutants that 153 

further disable CRISPR interference. 154 

 155 

To test this hypothesis, we investigated mutations that arose in phage populations in response to 156 

CRISPR pressure by Cas12a effector complexes with or without pre-existing crRNA mismatches 157 

(Fig. 2a). We isolated phage from liquid cultures of E. coli expressing matching or mismatched 158 

crRNAs and PCR amplified the regions of the phage genome that were being targeted. High-159 

throughput sequencing was then used to identify mutations in the target regions.  160 

 161 

We first quantified the percent of the phage population that had mutations in genomic regions 162 

targeted by Cas12a over time in liquid culture. We observed mutations within the targeted region 163 

of PCR amplicon sequences, but not outside of the target region. Phages targeted by a matching 164 

crRNA gradually developed target mutations over time, with about 20% of the phage population 165 

becoming mutated after the 8 hour time course (Fig. 2b). A crRNA mismatch at any of the 166 

positions we tested led to a large acceleration of mutant emergence causing the phage population 167 

to become almost entirely mutated after 4 hours. Interestingly, phages exposed to bacteria 168 

expressing crRNAs with a seed mismatch also rapidly mutated, even though our in vitro results 169 

showed the original crRNA mismatches were highly deleterious for target cleavage (Fig. 1c). For 170 

most individual replicates of our samples, we did not observe substantial variability in the 171 

distribution of mutations after the phage population became highly mutated (S2a Fig.). We 172 

therefore chose to focus on the longest time point (8 h) for further analysis.  173 

 174 

As previously shown in other CRISPR systems10,35,64, phage populations targeted with a 175 

perfectly matching crRNA developed mutations in the seed region of the target (Fig. 2c). When 176 

the sequences of the crRNA plasmids were changed to create mismatches between the crRNA 177 

and the phage genome target, the position of individual point mutations within the phage target 178 

became substantially more variable. A crRNA mismatch at position 3 for the crRNA targeting 179 

the region upstream of gene J caused 9 different individual point mutations to appear at 8 180 

positions spread across the PAM and seed, none at position 3 as expected given the pre-existing 181 

mismatch (Fig. 2c). For the gene L target, a crRNA mismatch at position 3 only caused 2 182 
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different mutations to appear, with one of them being the predominant mutation seen when 183 

targeting with a matching crRNA. Mismatches in the mid-target region at position 8 also caused 184 

seed mutations to arise. Surprisingly, PAM-distal crRNA mismatches caused enrichment of 185 

PAM-distal mutations and prevented nearly all seed mutations from emerging. Most of the 186 

mutations present in liquid culture were also observed when sequencing phage from spot assays, 187 

although the distribution differed in some cases (S2b Fig.). This indicates that the differences we 188 

observed between our solid media and liquid cultures experiments were caused by the increased 189 

mobility of phages in liquid culture, and were unrelated to the types and location of mutations 190 

that could arise.  191 

 192 

The genomic context of target sequences had a clear effect on the types of mutants that emerged 193 

(Fig. 2d, S2c Fig.). For the matching crRNA targeting the region upstream of gene J, the most 194 

common mutation observed was a single nucleotide deletion at position 6. The most common 195 

mutation for the gene L target was a single nucleotide substitution at position 2 which is a 196 

wobble base position in the codon. Similar to the other mismatched crRNA constructs targeting 197 

gene L, most mutations we observed were either silent or caused amino acid changes from 198 

valine, threonine or serine to alanine or from proline to leucine. No deletions were observed in 199 

the gene L target in any samples with crRNA mismatches, while deletions were observed in the 200 

gene J upstream target in samples with crRNA mismatches at positions 15 and 19. This 201 

difference in mutational variability reflects the more vulnerable target region of gene L where 202 

base substitutions are likely to change the amino acid sequence of the protein and single 203 

deletions will cause frame-shifts. The relatively weak constraints on viable mutations in the 204 

upstream region of gene J may enable more routes for escape from Cas12a targeting, resulting in 205 

the loss of protection at earlier time points (Fig. 1d).  206 

 207 

Phage mutations can arise following exposure to Cas12a 208 

Our results indicate that mutations can arise rapidly in regions targeted by Cas12a when a pre-209 

existing mismatch is present between the crRNA and target. It is possible that Cas12a targeting 210 

selects mutant phages that are present in the population at the time of infection. We investigated 211 

whether the mutated phage we observed in our CRISPR active samples were present in negative 212 

control samples. While many of the single-nucleotide substitutions that were enriched following 213 
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Cas12a targeting were present at very low levels in the control sample, we could not distinguish 214 

actual nucleotide variations from sequencing or PCR error (S3 Fig.). However, we did observe 215 

that two out of three sequences containing single-nucleotide deletions that were consistently 216 

present in control samples were the only two deletion mutants that became highly enriched in the 217 

escaped mutant phage population (S2c Fig., S4 Fig.). These results suggest that deletion mutants 218 

that were enriched upon Cas12a-mediated selection were pre-existing in the population. 219 

 220 

To further test this, we designed crRNAs targeting non-essential regions in the lambda phage 221 

genome (S5 Fig.). Cas12a-mediated defense against lambda phage using these crRNAs caused 222 

large deletions to appear based on recombination at microhomology sites, as has been previously 223 

observed38 (S5a,b Fig.). We used long-read sequencing to determine whether these regions of the 224 

wild-type lambda phage population contained the same deletions. Similar to the single-225 

nucleotide deletions, microhomology-mediated deletions that were enriched upon Cas12a-226 

mediated selection were among the most abundant mutations pre-existing in the wild-type 227 

population (S5c Fig.). Together, these results suggest that mutants that emerge upon Cas12a 228 

targeting may be selected from natural genetic variants in the population.  229 

 230 

Our observation that enriched deletion mutations pre-exist in the wild-type population does not 231 

rule out the possibility that mutations may be actively acquired following Cas12a cleavage. 232 

Previous studies have suggested that DNA cleavage by Cas9 or Cas12a may induce mutation in 233 

the target site through DNA repair35,38. To test this possibility, we deleted the red operon from 234 

the λvir genome, which has previously been implicated in escape mutation enrichment following 235 

targeting by Cas939. We performed liquid culture infection assays using the Δred phage in 236 

cultures expressing Cas12a and panel of crRNAs described above (S6a Fig.). Unlike with wild-237 

type phage, infection with the Δred phage did not cause lysis in most cultures expressing a 238 

perfect or mismatched crRNA.  239 

 240 

We next sequenced phage populations harvested from cultures 8 hr after infection (Fig. 2c, S6b 241 

Fig.). Consistent with the lack of lysis in many cultures, we did not observe mutants arising in 242 

cultures expressing either perfect crRNA, the PAM-distal mismatched crRNAs targeting gene J, 243 

nor the mid-target mismatched crRNA targeting gene L. For most of the remaining crRNAs, we 244 
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observed mutations that were observed in the wild-type phage populations challenged with the 245 

same crRNA, although the number of mutants and distribution of these mutants varied between 246 

phage strains.   247 

   248 

One notable exception where we observed new mutations arising in the Δred strain was for the 249 

phage challenged with the mid-target (position 8) mismatched crRNA targeting gene J (Fig. 2c). 250 

Surprisingly, we observed a range of double mutations in the mid and PAM-distal region in Δred 251 

phage challenged with this crRNA (Fig. 2c, S6b,c Fig.). Importantly, all double mutants 252 

observed in individual replicates contained unique mutations and appeared to originate with a 253 

single point mutation (S6c Fig.). These results strongly suggest an active mechanism of mutant 254 

generation unrelated to the red operon. Overall, our results provide evidence that both pre-255 

existing and actively acquired mutations may be selected during Cas12a-mediated immunity. 256 

Multiple mismatches in the PAM distal region allow phage escape from Cas12a 257 

A striking result from our sequencing of mutant phage populations was the emergence of PAM-258 

distal mutants upon challenge with crRNAs containing PAM-distal mismatches. Given that seed 259 

mutants appeared when other Cas12a crRNAs were used, these results suggested that multiple 260 

PAM-distal mismatches are at least as deleterious for Cas12a cleavage as a seed mismatch 261 

combined with a PAM-distal mismatch. It has been shown that pairs of mismatches are more 262 

deleterious for Cas12a cleavage when they are closer together, including when both are in the 263 

PAM-distal region53,56. Together, these results suggest that double mismatches in the PAM-distal 264 

region can lead to phage escape from Cas12a. 265 

 266 

To test this, we added second PAM-distal crRNA mismatches to crRNAs targeting gene J that 267 

initially contained a single PAM-distal mismatch. We chose the second mismatch position based 268 

on phage mutants that appeared when exposed to the original mismatched crRNA (Fig. 2d, S7a 269 

Fig.). Adding a second mismatch at position 14 to the crRNA that contained a mismatch at 270 

position 15 caused a small defect in phage protection (Fig. 3a). Although this mismatch pair had 271 

small effects on the overall cleavage rate in vitro regardless of the mismatch type at position 14 272 

(Fig. 3b, S7b-c Fig.), we did observe a cleavage defect, in which the DNA was nicked by Cas12a 273 

through cleavage of only one strand (S7b Fig.). This defect in second-strand cleavage may allow 274 
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more phage infection, resulting in partial loss of phage defense on solid media (Fig. 3a). 275 

Consistently, bacteria expressing a crRNA with a position 15 mismatch did not lyse in liquid 276 

culture (Fig. 1d), despite the emergence of the position 14 mutation (Fig. 2c-d). In contrast, 277 

adding any type of second mismatch at position 16 to a crRNA that contained the original 278 

mismatch at position 19 caused nearly complete loss of protection (Fig. 3a) consistent with lysis 279 

observed for the position 19 mismatched crRNA in liquid culture (Fig. 1d) and the dramatic loss 280 

of cleavage activity in vitro (Fig. 3b, S7b-c Fig.).  281 

 282 

We next investigated why PAM-distal mutations may be preferentially selected over PAM or 283 

seed mutations that may be highly deleterious to Cas12a cleavage on their own. Notably, while 284 

PAM and seed mutations were not highly enriched for wild-type phage challenged with PAM-285 

distal mismatched crRNAs in liquid culture (Fig. 2c), we did observe PAM and seed mutants 286 

when we assayed the phage population present in spot assays on solid media (S2b Fig.). This 287 

difference may be due to competition between different mutant phages, in which phages bearing 288 

mutations that are more deleterious to Cas12a cleavage may outcompete less deleterious 289 

mutants. Such competition is more likely to occur in liquid media where phages are mobile. 290 

 291 

To test this hypothesis, we isolated two mutant phages selected upon targeting with the position 292 

15 mismatched crRNA (MM15) targeting gene L (see Methods). The mutant phages contained a 293 

single point mutation in either the seed (A2T) or the PAM-distal region (G17T) of the gene L 294 

target region. As expected, the seed mutant phage caused a far greater loss of protection than the 295 

PAM-distal mutant when the two mutant phages were used to infect bacteria expressing Cas12a 296 

and the perfectly matching crRNA in phage spotting assays (Fig. 3c). In contrast, both mutants 297 

caused a similar loss of protection in cells expressing the MM15 crRNA. 298 

 299 

We next tested the extent to which these target mutations cause Cas12a cleavage defects using 300 

both the perfect crRNA and the MM15 crRNA (Fig. 3d, S8 Fig.). Cleavage of the A2T seed 301 

mutant target was reduced by 15-20x in comparison to the WT target, and we did not observe a 302 

significant difference in cleavage of this target by Cas12a bearing either the perfect or MM15 303 

crRNA (Fig. 3d). Strikingly, Cas12a cleavage was reduced by ~90x when the G17T target was 304 

cleaved with Cas12a bearing the MM15 crRNA. Importantly, this loss of cleavage upon 305 
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introduction of two PAM-distal mismatches was significantly more deleterious than the cleavage 306 

defect observed when seed and PAM-distal mismatches were combined (MM15/A2T 307 

combination). 308 

 309 

Together, our results strongly suggest that PAM-distal mutants emerge upon challenge with 310 

crRNAs bearing PAM-distal mismatches because two PAM-distal mismatches can be more 311 

deleterious to Cas12a cleavage than a seed and a PAM-distal mismatch. To directly test this, we 312 

performed a competition assay in liquid culture in which cells expressing either a non-targeting 313 

or the MM15 crRNA were co-infected with a mixture of the A2T and G17T mutant phages (Fig. 314 

3e-f). We performed the competition at decreasing phage concentrations, allowing competition 315 

to occur as the phages were propagated in the culture. Lysates were sampled after 8 hr, the target 316 

region was PCR amplified, and the abundance of each mutant was determined by high-317 

throughput sequencing.  318 

 319 

Notably, although both the A2T and G17T substitutions are silent mutations, the A2T mutant 320 

slightly outcompeted the G17T mutant in cultures expressing the non-targeting crRNA (Fig. 3f), 321 

suggesting that the A2T mutant phage may be slightly more fit than the G17T mutant. In 322 

contrast, when co-infection was performed in cultures expressing the MM15 crRNA, the G17T 323 

mutant became dominant in the phage population when cultures were infected with highly 324 

diluted phage mixtures. Overall, our results demonstrate that PAM-distal mutants emerge in 325 

liquid cultures expressing PAM-distal mismatched crRNA because of the highly deleterious 326 

effect of dual-PAM distal mismatches on Cas12a cleavage.  327 

 328 

 329 

Emergence of PAM-distal escape mutants occurs for Cas12a but not Cas9 330 

Our results show that some pairs of PAM-distal mismatches are deleterious enough to cause 331 

escape from CRISPR-Cas12a immunity. We also note that Cas12a cleaves in the PAM-distal 332 

region of the target26, and that our and previous results suggest that mutations may arise during 333 

repair of DNA breaks induced by Cas endonuclease cleavage38,39. Thus, it is possible that Cas12a 334 

is uniquely prone to emergence of escape mutations in the PAM-distal region. 335 

 336 
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To test this hypothesis, we performed similar experiments for Streptococcus pyogenes Cas9 337 

(SpCas9), which cleaves targets in the PAM-proximal region55,65 and therefore may be more 338 

prone to emergence of mutations in the PAM and seed region. Similar to FnCas12a, in vitro 339 

cleavage assays using SpCas9 revealed that two PAM-distal mismatches cause a significantly 340 

larger defect than a seed and PAM-distal mismatch (Fig. 4a). Surprisingly, for the target tested in 341 

our in vitro cleavage assays, the PAM-distal mutation was more deleterious than the seed 342 

mutation even when targeted by the perfect crRNA. These results suggest that PAM-distal 343 

mutations should be sufficient to cause escape from SpCas9-mediated immunity.   344 

 345 

To test whether such mutants emerge, we performed liquid culture phage challenge assays in E. 346 

coli expressing SpCas9 programmed with single guide RNA (sgRNA) containing mismatches at 347 

the same positions relative to the PAM as those tested for FnCas12a (Fig. 4b, S10a Fig.). Similar 348 

to FnCas12a, mismatches caused minimal defects in SpCas9-mediated phage defense on solid 349 

media (S10a Fig.). In liquid media, delayed lysis occurred in all cultures, including those 350 

expressing perfect crRNAs (Fig. 4b). To determine whether lysis occurred due to the emergence 351 

of phage mutants, we PCR amplified the target regions of phage collected from these lysates and 352 

sequenced the amplicons by high-throughput sequencing. Mutants emerged in all samples and 353 

target mutations were confined to the PAM and seed, although the positions of these mutations 354 

varied (Fig. 4c, S10b Fig.). Seed and mid-target crRNA mismatches caused a shift away from the 355 

PAM and into the seed region. Unlike Cas12a, no PAM-distal mutants emerged for either target 356 

when challenged by Cas9 bearing PAM-distal mismatched sgRNAs. These results suggest that 357 

both Cas effector specificity and cut site may impact the location within targets at which escape 358 

mutations may emerge. 359 

Phage targeted with mismatched spacers develop conditional escape mutations 360 

Our results suggest that individual mismatches are often not sufficiently deleterious to allow 361 

phages to escape Cas12a targeting. Instead, the combination of the pre-existing mismatch and an 362 

additional mutation in the target is necessary for escape to occur. It remains unclear to what 363 

extent these new mutations contribute to phage escape in the presence of a pre-existing 364 

mismatch. We chose to pursue further experiments using the crRNA with a seed mismatch 365 

targeting gene J because although it was highly deleterious for cleavage in vitro (Fig. 1c), it 366 
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caused rapid phage mutation in liquid culture (Fig. 2b). In addition, this mismatch caused the 367 

largest variety of mutants to arise for all the crRNAs we tested with mutations at nearly all 368 

positions in the seed region (Fig. 2c, S2 Fig.). We hypothesized that this target in an intergenic 369 

region was less restrictive of mutation, exacerbating the defect of this crRNA mismatch in vivo. 370 

 371 

To test this hypothesis, we generated mutated phage populations using the seed mismatched 372 

crRNA targeting gene J. We first infected E. coli cells expressing the mismatched crRNA with 373 

lambda phage in liquid culture at a wide range of MOIs (Fig. 5a). The phages were able to clear 374 

the culture at MOIs greater than 1.5 x 10-3 (S11a Fig.). We then analyzed the genomic diversity 375 

of the phage population in the targeted region using high-throughput sequencing. The phage 376 

population retained the wild-type sequence of the target region at the two highest MOIs tested 377 

(0.15 and 0.075 MOI), indicating that the wild-type phage can overcome Cas12a-mediated 378 

immunity when the bacteria are exposed to enough phage particles (Fig. 5b). At the lowest MOIs 379 

tested, 1.5 x 10-4  and 1.5 x 10-5, 99% of the phage population contained a single mutation at the 380 

first position of the protospacer. Mutations that arose were most varied at intermediate MOIs. 381 

These mutations were in the seed region or mid target region near the existing crRNA mismatch. 382 

The number of different mutations observed was also higher compared to the bacterial strain 383 

with a matching crRNA to the WT phage target.  384 

 385 

Next, we harvested phage from the cultures at all of the MOIs tested and compared protection 386 

against this mutant phage population by a crRNA that perfectly matched the wild-type target and 387 

a crRNA bearing the original seed mismatch used to generate the mutant population. Visible 388 

infection using these new phage lysates was first observed when using phage that was 48% 389 

mutated (Fig. 5c, S11b Fig.). While the perfect crRNA still offered some level of protection 390 

against the mutated phage, the crRNA containing the mismatch resulted in complete loss of 391 

protection (Fig. 5d-e). These results indicate that some mutations that emerge in the phage 392 

population are only significantly deleterious to Cas12a interference in the presence of the pre-393 

existing mismatch, revealing the importance of combined mismatches for phage escape.  394 
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Combining mismatched spacers increases level of protection 395 

Our results indicated that loss of protection by Cas12a due to crRNA mismatches was only 396 

partially caused by loss of Cas12a cleavage due to the pre-existing mismatch, and that mutant 397 

emergence generating a second mismatch also contributed substantially to this loss of protection. 398 

These results imply that Cas12a mismatch tolerance should enable stronger and longer term 399 

protection under conditions where phage mutants are less likely to emerge. To further test this, 400 

we introduced both the gene J and L crRNAs into a CRISPR array for co-expression of both 401 

crRNAs (Fig. 6a). It has been demonstrated previously that bacterial populations with diverse 402 

spacer content in their CRISPR arrays show robust immunity against phage at the population 403 

level as phage are unable to develop escape mutations in all of their targeted genomic 404 

regions66,67. Cas12a expressed along with multiple different cRNAs shows increased phage 405 

resistance compared to when a single crRNA is present, but the mechanism of this increased 406 

resistance is not clear64. We investigated this mechanism further in the context of our previous 407 

experiments with mismatched crRNAs. If the loss of protection due to a crRNA mismatch is 408 

caused only by a slowing of the rate of cleavage, then two different mismatched spacers should 409 

not provide more protection than one spacer repeated twice. Alternatively, if phage mutant 410 

emergence significantly contributes to loss of protection in the presence of a crRNA mismatch, 411 

two different mismatched spacers should provide better protection than a single mismatched 412 

spacer repeated twice. 413 

 414 

Consistent with the second possibility, the CRISPR construct with two unique mismatched 415 

spacers (hereafter referred to as double spacer construct) showed a significantly higher level of 416 

protection than either of the crRNA constructs with two copies of a single mismatched spacer 417 

(hereafter referred to as single spacer construct) when measured by plaque assay (Fig. 6b). 418 

Similar to liquid cultures with bacteria expressing a single copy of the crRNA, we observed 419 

faster lysis of the gene J targeting crRNA in comparison to the gene L targeting crRNA, 420 

consistent with the higher chance of escape mutant emergence against the gene J crRNA. 421 

Bacteria expressing the double spacer construct showed slowed growth between 1 and 2 hours 422 

but recovered quickly and did not lyse over the time course tested (Fig. 6c). Phage from these 423 

cultures was harvested over time and used to infect CRISPR inactive bacteria to determine the 424 

relative titers. Phage titers decreased over time in cultures expressing the double spacer 425 

https://www.zotero.org/google-docs/?JaSTG4
https://www.zotero.org/google-docs/?JaSTG4
https://www.zotero.org/google-docs/?KEvdXX
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construct, while the phage titer increased over time in cultures with cells expressing the single 426 

spacer constructs (Fig. 6d).  427 

 428 

Spotting these same phage lysates on CRISPR active cells showed no noticeable infection by 429 

lysate harvested from the double spacer culture, but moderate infection by the single spacer 430 

lysate (S12a Fig.), suggesting that escape mutants did not emerge from bacteria expressing two 431 

different mismatched crRNAs. Consistently, sequencing of both target regions in individual 432 

plaques revealed mutations in only one of the two target regions (Fig. 6e, S12b Fig.). Together 433 

with our previous results, these results suggest that loss of protection due to a crRNA mismatch 434 

is caused by a combination of loss of Cas12a targeting and the emergence of mutant phages that 435 

further block CRISPR interference.  436 

Pre-existing target mutations cause different CRISPR escape outcomes  437 

We have shown that target mismatches artificially introduced by changing crRNA sequences 438 

accelerate phage escape and increase the diversity of mutations that appear. We wanted to 439 

determine if the same effect would appear if the crRNA-target mismatch was instead caused by a 440 

phage genome mutation. We first generated clonal phage populations with single target 441 

mutations by isolating individual plaques of mutant phage that emerged following exposure to 442 

Cas12a bearing various crRNAs (Fig. 7a). Using a crRNA containing a seed mismatch, we 443 

isolated phages with mutations in the PAM (T-2C) or seed (C2A) (S13a,b Fig.), while a crRNA 444 

containing a mismatch at position 19 allowed us to isolate two separate plaques containing phage 445 

with a mutation at position 16 (G16T) (S13c,d Fig.). After propagating phage from these 446 

plaques, we challenged the mutant phages to CRISPR pressure by bacteria expressing crRNAs 447 

with a spacer matching the wild-type phage genome target. We observed that the phage with a 448 

seed region mutation caused rapid lysis of CRISPR active bacteria (Fig. 7b). This indicated that 449 

the C2A mutation was a complete escape mutation. However, phage mutations in the PAM or 450 

PAM-distal region caused delayed lysis to occur. In particular, of the two G16T isolates, only 451 

one caused lysis to occur in some of the experimental replicates (Fig. 7b).  452 

 453 

We harvested phage from the previous cultures and sequenced PCR amplicons of the phage 454 

genome targets using Sanger sequencing. In the seed mutant (C2A) phage cultures, the phage 455 
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retained the same seed mutation and did not develop additional mutations (Fig. 7c, S13b Fig.), 456 

further indicating that C2A is a bona fide escape mutation on its own. In phage with pre-existing 457 

mutations in the PAM, mutations appeared at the edge of the seed region (Fig. 7c, S13a Fig.). In 458 

phage with a pre-existing mutation in the PAM-distal region at position 16, mutations appeared 459 

at positions 14 or 18 for phage harvested from cultures that lysed. Repeating the same 460 

experiment with PAM-distal mutants in the gene L target similarly caused further mutations to 461 

occur in the mid-target and PAM-distal regions (S13e-h Fig.).  462 

 463 

We proceeded with further experiments using only replicates in which a clonal phage population 464 

was generated based on an unambiguous Sanger sequencing chromatogram (S13a,b,d Fig.). 465 

Using these phage, we sought to verify that these second mutations were allowing CRISPR 466 

escape. We compared infection of bacteria expressing the matching crRNA by purified phage 467 

containing a single target mutation and phage with two target mutations. As expected, phage 468 

with the seed target mutation infected bacteria expressing the perfect crRNA at the same level as 469 

bacteria expressing a non-targeting crRNA (Fig. 7d). Phage with single target mutations in the 470 

PAM or PAM distal region infected bacteria expressing the perfect crRNA at a level close to 471 

wild-type phage, while phage with a second mutation infected 104 to 105 times more (Fig. 7d). 472 

We conclude that target mutations that do not lead to significant CRISPR escape can accelerate 473 

the appearance of second mutations that allow complete escape.  474 

Discussion  475 

In order for Cas12a to be an effective immune effector, it must provide immunity from 476 

bacteriophage in diverse conditions. The physical environment controls which bacteria are 477 

exposed to which phages, and the dispersal of new phage particles after infection and lysis9,68. 478 

We found that Cas12a overall provided more robust immunity on solid media than in liquid 479 

culture. The effect of seed crRNA mismatches using either media correlated with the deleterious 480 

effect of the crRNA mismatch on rate of cleavage in vitro. Mid-target and PAM-distal 481 

mismatches, however, showed a much more drastic effect in liquid culture than defects observed 482 

in vitro or on solid media when Cas12a was expressed from a strong promoter, causing eventual 483 

lysis of the bacterial population, sometimes at a rate similar to seed mismatches. These results 484 

https://www.zotero.org/google-docs/?0D8QUz
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strongly indicate that the effect of crRNA mismatches varies depending on the environment 485 

where phage exposure may occur. 486 

 487 

Although phage can escape CRISPR interference with a single mutation in the seed region10,35, 488 

our results indicate that a seed mutant is sometimes not deleterious enough to allow complete 489 

escape. Instead, the mechanism of phage escape occurs through the emergence of mutations that 490 

further weaken CRISPR interference when a mismatch is present. This is supported by the rapid 491 

emergence of mutant phage we observed even when a highly deleterious seed crRNA mismatch 492 

was present. In addition, the number of different mutations that appeared increased when a 493 

crRNA mismatch was present, and the distribution of these mutations greatly varied depending 494 

on the location of the mismatch. These results suggest that mismatches between the crRNA and 495 

target decrease phage protection by broadening the range of mutations that allow escape. This 496 

mechanism also explains the deleterious effect of mismatches at some positions outside of the 497 

seed region on immunity in liquid culture that does not appear during in vitro cleavage.  498 

 499 

In natural settings, spacer-target mismatches are caused by phage genome mutation rather than 500 

CRISPR spacer mutation that would change the sequence of the crRNA12,69. Phages with a single 501 

target mutation might not be able to completely escape from certain CRISPR spacers, requiring 502 

selection of a second target mutation for full evasion of CRISPR interference36. This scenario 503 

may become more likely if the seed region, where mutations would normally arise, is located in a 504 

critical part of the genome where mutations are highly deleterious. Supporting this, we isolated 505 

phage with single mutations in both intergenic (gene J) and coding (gene L) regions that did not 506 

cause significant CRISPR escape that then developed second mutations that allowed full escape 507 

when exposed to the matching crRNA.  In addition, CRISPR spacers with multiple mismatches 508 

become more abundant over time in natural populations46. Thus, the presence of mutations may 509 

drive further mutation in CRISPR targets over time.  510 

 511 

When a PAM-distal crRNA mismatch or a PAM-distal target mutation was present, mutations 512 

arose in close proximity to the pre-existing mismatch for Cas12a, but not for Cas9. Our in vitro 513 

cleavage results suggest that two PAM-distal mismatches may be more deleterious than 514 

individual seed mismatches, or even combinations of seed and PAM-distal mismatches. Thus, 515 

https://www.zotero.org/google-docs/?pyLAPu
https://www.zotero.org/google-docs/?pyLAPu
https://www.zotero.org/google-docs/?hvnrVf
https://www.zotero.org/google-docs/?ZMbcio
https://www.zotero.org/google-docs/?GBGKR5
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phage mutations that result in multiple PAM-distal mismatches are more likely to be selected 516 

than PAM or seed mutants when a PAM-distal mismatch already exists.  517 

 518 

The enrichment of PAM-distal mutations after exposure to Cas12a and not Cas9 may be 519 

influenced by their cut sites, which are in the PAM-distal region and downstream of the target 520 

for Cas12a and in the seed region for Cas926,55,65. Mutations may be more likely to arise around 521 

the cleavage site due to DNA repair that occurs after cleavage by Cas12a or Cas9. Notably, many 522 

of the crRNAs used in our study caused initial nicking, rather than complete double-strand 523 

cleavage, in in vitro cleavage assays (S1b Fig., S7b Fig., S8b Fig., S9b Fig.). Such nicking 524 

events may result in recombination or other DNA repair mechanisms that result in alteration of 525 

the sequence around the cleavage site. Indeed, there is evidence that phage escape mutation is 526 

accelerated by error prone repair after cleavage by Cas effectors and mediated by phage 527 

recombinases, especially when a crRNA provides a low level of protection38,39. Lambda phage 528 

recombination enzymes in particular have been shown to increase the appearance of mutated 529 

phage in populations under CRISPR pressure39. Our results suggest that some mutants that arose 530 

upon Cas12a challenge pre-existed in the population, especially for mutants involving single 531 

nucleotide or long deletions. However, we also observed strong evidence that mutants arose 532 

following Cas effector targeting, including in phage strains lacking Red recombination 533 

machinery. We speculate that pre-existing mutations may be propagated in the phage population 534 

by lambda encoded recombinases, but that error prone repair following Cas effector cleavage is 535 

not dependent on Red recombination. Phage with target mutations in their genome that initially 536 

survive interference could be used as recombination substrates to pass along that mutation to 537 

other phages in the cell. This could account for the rapid increase in mutant phages we observe 538 

and the deleterious effect of phage recombination enzyme knockouts39.  539 

 540 

Overall, our results reveal that mismatches throughout the crRNA-target duplex can drastically 541 

decrease protection provided by Cas12a. However, there are fundamental differences between 542 

our heterologous system and natural CRISPR-Cas systems. Adaptation is an important part of 543 

CRISPR immunity. As phage mutate and become immune to targeting by existing spacers, new 544 

spacers from the phage genome can be added to the CRISPR array11,70. It remains to be 545 

https://www.zotero.org/google-docs/?cGwt1t
https://www.zotero.org/google-docs/?cGwt1t
https://www.zotero.org/google-docs/?bjtxzm
https://www.zotero.org/google-docs/?w419BQ
https://www.zotero.org/google-docs/?u0VhJt


19 

 

investigated how mismatched spacers contribute to acquisition of new spacers in type V systems, 546 

especially using a primed mechanism as occurs in type I and type II systems.  547 

Materials and Methods 548 

Expression plasmid construction 549 

All primers and plasmids used in this study are listed in S1 Table. Cas12a and Cas9 expression 550 

plasmids were constructed using pACYCDuet-1. A gene expressing FnCas12a or SpCas9 was 551 

inserted downstream of a pBAD promoter in pACYCDuet-1 using Gibson assembly. Promoters 552 

were replaced with a previously described low copy P4 promoter49 using one piece Gibson 553 

assembly. crRNA expression plasmids were constructed using pUC19. A pBAD promoter was 554 

inserted into pUC19 in the multiple cloning site with Gibson assembly. “Round the horn” PCR 555 

and ligation was used to add a mini CRISPR array with one or two spacers downstream of the 556 

pBAD promoter. The same method was used to replace mini CRISPR arrays with Cas9 sgRNA 557 

expression constructs. 558 

 559 

Bacterial and phage strains 560 

E. coli strain BW25113, a K12 derivative71 was used for all experiments along with a modified 561 

lambda phage strain (λvir)72 that is locked into the lytic lifestyle.  562 

 563 

For all CRISPR interference assays, bacteria were transformed with Cas12a and crRNA 564 

expression plasmids by heat shock. Transformants were plated on LB plates containing 565 

ampicillin at 100 µg/mL and chloramphenicol at 25 µg/mL to select for plasmids pUC19 and 566 

pACYCDuet-1, respectively.  567 

 568 

The red operon deletion strain was generated by using 20 µL of 1:10 diluted λvir stock to 569 

infect E. coli BW25113 cells harboring pUC19 plasmid with a ~800 bp section of the lambda 570 

genome inserted in the multiple cloning site with the lambda red operon removed. The culture 571 

was grown in 2 mL LB media containing 25 µg/mL ampicillin and 10 mM MgSO4. After lysis, 572 

cell debris was removed by centrifugation and supernatant containing phage was isolated. Phages 573 

were then passaged twice through cultures containing E. coli harboring a pACYCDuet-1 574 

FnCas12a expression plasmid and separate pUC19 plasmid allowing expression of a pre-crRNA 575 

https://www.zotero.org/google-docs/?mwVyZW
https://www.zotero.org/google-docs/?9sllTY
https://www.zotero.org/google-docs/?d3ZsLv
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with two spacers targeting different locations in the lambda red operon to select for phage with 576 

the operon deleted. 20 µL of previously isolated phage lysate was added to each subsequent 577 

culture. These 2 mL LB media cultures contained 100 µg/mL ampicillin, 25 µg/mL 578 

chloramphenicol, 20 mM arabinose, and 10 mM MgSO4. Phage lysates were harvested, and 579 

deletions were confirmed with PCR amplification of the lambda red operon flanking region and 580 

Sanger sequencing of the PCR product. 581 

 582 

Phage spot assays 583 

Overnight cultures were started using E. coli transformed with Cas12a and crRNA expression 584 

plasmids in LB media with ampicillin and chloramphenicol for selection. The next day, 20 μL of 585 

these overnight cultures were used to inoculate 2 mL cultures in LB media containing 100 586 

µg/mL ampicillin, 25 µg/mL chloramphenicol, 20 mM arabinose, and 10 mM MgSO4. The 587 

cultures were grown in a shaking incubator at 200 rpm 37 oC until OD600 0.4 was reached. 300 588 

µL of cell culture was added to 3 mL 0.7% soft agar containing the same concentrations of 589 

ampicillin, chloramphenicol, arabinose and MgSO4. The cell-soft agar mixture was vortexed for 590 

5 seconds and spread onto an LB plate containing ampicillin and chloramphenicol. The plate was 591 

dried for 5 minutes. Lambda phage suspended in LB media with 10 mM MgSO4 was serially 592 

diluted in seven steps with a 1:10 dilution each step. 2 μL of each phage dilution was then 593 

spotted on top of the soft agar layer and the plate was dried for 10 minutes. Plates were incubated 594 

overnight at 30oC. 595 

 596 

Liquid culture phage assays and growth curves 597 

Overnight cultures were started using a single colony of E. coli with Cas12a and crRNA 598 

expression plasmids in LB media with ampicillin and chloramphenicol added for selection. The 599 

next day, these overnight cultures were used to inoculate cultures 1 to 100 in LB media 600 

containing 100 µg/mL ampicillin, 25 µg/mL chloramphenicol, 20 mM arabinose, and 10 mM 601 

MgSO4. The cultures were grown in a shaking incubator at 200 rpm and 37 oC for 1.5 hours until 602 

OD600 ~0.25 was reached.  603 

 604 

Lambda phage was added at MOI 0.02, or as indicated in figure legends. For growth curves, OD 605 

readings were immediately taken after addition of the phage and this value represented the “0 606 
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hour” time point. For growth curves shown in Fig. 1d, Fig. 5a, and S5a, OD was measured at 600 607 

nm wavelength every 1 hour in a WPA Biowave CD8000 Cell Density Meter if growing in 608 

culture tubes. For growth curves shown in Fig. 6b and S4b, 150 μL cultures were grown in a 609 

TECAN infinite M Nano+ 96 well plate reader at 280 rpm and 37 oC and OD measurements at 610 

600 nm wavelength were measured every 10 minutes. 611 

 612 

Phage plaque assays 613 

E. coli bacterial cultures were prepared and induced the same way as in the phage spot assays. 50 614 

µL of phage diluted between 1:1 and 1:106 in LB media was added to 300 µL of induced cell 615 

culture at OD600 0.4. This mixture was then added to 3 mL 0.7% soft agar containing ampicillin, 616 

chloramphenicol, arabinose and MgSO4
 as in the phage spot assays and the mixture was vortexed 617 

for 5 seconds and spread onto an LB plate containing ampicillin and chloramphenicol. The plate 618 

was dried for 10 minutes and left to incubate at 37 oC overnight. Plaques were counted the next 619 

morning.  620 

 621 

Cas9 and Cas12a expression and purification 622 

Cas9 and Cas12a proteins were expressed in E. coli (DE3) cells. LB broth supplemented with 50 623 

μg/mL kanamycin was inoculated with overnight culture of the cells carrying the expression 624 

plasmid in 1:100 ratio. Protein expression was induced by adding 0.5 mM IPTG when the culture 625 

reached an OD600 of 0.5-0.6. The culture was incubated at 18 °C overnight (about 16 hours) 626 

with shaking.  627 

 628 

Cas9 and Cas12a were purified by the following protocol, adapted from previous methods with 629 

modifications53,73. After harvesting, the cell pellets were resuspended in Lysis Buffer (20 mM 630 

Tris-HCl, pH 8.0, 500 mM NaCl, 5 mM imidazole and 5% glycerol) supplemented with 1 mM 631 

PMSF. The resuspended cells were lysed by sonication and the lysate then was centrifuged to 632 

remove insoluble material. The clarified supernatant was transferred to a HisPur™ Ni-NTA resin 633 

(Thermo Fisher Scientific) column pre-equilibrated with Lysis Buffer without disturbing the 634 

pellets. The column was washed with 50 column volumes of Lysis Buffer, then washed again 635 

with 50 column volumes of Wash Buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 15 mM 636 

imidazole and 5% glycerol). Elution Buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 250 mM 637 
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imidazole and 5% glycerol) was applied to elute bound protein which was collected and cleaved 638 

with TEV protease in a 1:100 (w/w) ratio to remove MBP. TEV cleavage reaction was incubated 639 

overnight at 4oC during dialysis in Dialysis Buffer (10 mM HEPES-KOH, pH 7.5, 200 mM KCl, 640 

1 mM DTT and 5% glycerol). The protein was concentrated and then diluted with Dilution 641 

Buffer (20 mM HEPES-KOH, pH 7.5 and 5% glycerol) to a final concentration of 100 mM KCl. 642 

The protein was loaded on a HiTrap Heparin HP (GE Healthcare) column pre-equilibrated with 643 

Buffer A (20 mM HEPES-KOH, pH 7.5, 100 mM KCl and 5% glycerol). The column was 644 

washed with 20% of Buffer B (20 mM HEPES-KOH, pH 7.5, 1 M KCl, and 5% glycerol). The 645 

protein was eluted with Buffer B by applying a gradient from 20 % to 100% over a total volume 646 

of 60 ml. Peak fractions were collected and analyzed by SDS-PAGE. Fractions containing 647 

interested protein were combined and concentrated to 1 mL volume. The upper concentrator 648 

chamber was refilled with SEC buffer (20 mM HEPES-KOH, pH 7.5, 200 mM KCl and 1 mM 649 

DTT) and then centrifuged to 1 mL volume (repeated this step 3 times) in order to exchange 650 

buffer. Finally, the concentrated proteins were aliquoted, flash-frozen in liquid nitrogen and 651 

stored at −80 °C.  652 

 653 

crRNA and tracrRNA preparation 654 

All crRNAs were in vitro transcribed using short oligonucleotides (IDT) consisting of a T7 655 

promoter region and a template sequence. The oligonucleotides first pre-annealed T7 promoter 656 

sequence at 90 °C for 2 min and then incubated a room temperate for 10 min. The 500 µL 657 

transcription reaction was performed in transcription buffer (40 mM Tris, pH 8.0, 38 mM 658 

MgCl2, 1 mM Spermidine, pH 8.0, 0.01% Triton X-100, 5 mM ATP, 5 mM CTP, 5 mM GTP, 5 659 

mM UTP, 5 mM DTT) with 0.5 μM pre-annealed DNA and excess of T7 RNA polymerase at 37 660 

°C for 4 hours.  2X RNA dye was added into the reaction, heated for 5 min at 95oC and then 661 

kept on ice. The reaction was run on 10% denaturing acrylamide gel for 3 h with 1X TBE buffer. 662 

The crRNA band was visualized under UV-light and was excised from the gel. The gel was 663 

crushed and soaked overnight in 1 mL nuclease-free water at 4 °C with rocking. The gel tube 664 

was centrifuged 5 min at 2000 X g and the supernatant was transferred to Costar Spin-X 665 

centrifuge tube filters (Sigma Aldrich). The tube filter was centrifuged at highest speed for 2 min 666 

to collect crRNA solution at the collection chamber. Ethanol precipitation was performed to 667 

concentrate crRNA.  668 
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   669 

tracrRNA were also in vitro synthesized as described above, however, the tracrRNA template 670 

was cloned into pUC19 plasmid with an EcoRI restriction site at the end of the template 671 

sequence. The tracrRNA plasmid was first linearized with EcoRI and then used as template for in 672 

vitro transcription without pre-annealing step. 673 

In vitro cleavage assays 674 

Cleavage assays were prepared in reaction buffer (20 mM HEPES, pH 7.5, 100 mM KCl, 1 mM 675 

MgCl2, 1 mM DTT and 5% glycerol) with a final concentration of 50 nM FnCas12a or SpCas9. 676 

FnCas12a RNP complex was formed by incubating FnCas12a and crRNA at a 1:1.5 ratio at 37 677 

oC for 10 min. Cas9 RNP complex was formed by incubating Cas9:crRNA:tracRNA at a 678 

1:1.5:1.5 ratio at 37 °C for 10 min. To initiate cleavage, target plasmid was added to a final 679 

concentration of 15 ng/µl and a final reaction volume of 100 µl. The reaction was incubated at 37 680 

oC. Aliquots (10 µl) were quenched at 7, 15, 30, 60, 300, 900 and 1800 s by adding 10 µl phenol-681 

chloroform-isoamyl alcohol (25:24:1 v/v, Invitrogen). After phenol-chloroform extraction, DNA 682 

products were separated by electrophoresis on a 1% agarose gel, and visualized with SYBR Safe 683 

(Invitrogen) staining. The densitometry of individual DNA bands was measured in ImageJ 684 

(https://imagej.nih.gov/ij/). The fraction cleaved was determined by dividing the total cleaved 685 

DNA (nicked and linearized DNA) by total DNA (nicked, linearized and supercoiled DNA). 686 

Fraction cleaved was plotted versus time and fit to a first-order rate equation to determine an 687 

observed rate constant for cleavage (kobs). Rates were measured in triplicate. 688 

 689 

High-throughput sequencing sample preparation 690 

Phage samples were isolated from spots in spot assays at the highest phage dilution in which a 691 

cleared spot was observed to ensure a diverse population of mutant phages would be sampled. A 692 

1 mL pipette tip was poked through a phage spot and the agar in the tip is suspended in 30 µL 693 

deionized H2O in a 1.5 mL microcentrifuge tube and incubated in a 48oC water bath for 20 694 

minutes to melt the agar and dissolve the phage particles. The tubes were vortexed briefly and 695 

incubated in the water bath for another 10 minutes. The water/melted agar mixture that contains 696 

the phage was removed.  697 

 698 

https://imagej.nih.gov/ij/
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For phage samples from liquid culture, 50 µL of each culture was transferred to a 1.5 mL tube 699 

and bacteria were pelleted from the liquid culture by centrifuging at 15,000 rpm for 5 minutes. 700 

The supernatant containing phage particles was then removed. 701 

 702 

5 µL of phage solution was used as the template for a 25 cycle PCR reaction with primers 703 

containing Nextera adapters. These PCR products were cleaned up using the Promega Wizard 704 

PCR purification kit and used as a template for an 8 cycle PCR reaction to add barcodes for 705 

sample identification. Q5 DNA polymerase (New England Biolabs) was used for all adapter and 706 

barcode PCR reactions. Samples were pooled and gel purified using the Promega Wizard PCR 707 

purification kit. Gel purified samples were then submitted for MiSeq high-throughput 708 

sequencing. Conditions for MiSeq runs were Nextera DNA MiSEQ 150-Cycle which included 709 

two 75 base pair paired end reads. Adapter PCR primers were designed so both of the paired R1 710 

and R2 reads overlapped in the entire protospacer region including the PAM. 711 

 712 

Samples were prepared for PacBio sequencing by 35 cycle PCR amplification of phage samples 713 

isolated from liquid culture. PCR products were purified using the Promega Wizard PCR 714 

purification kit and submitted for Pacbio sequencing. 715 

 716 

High-throughput sequencing data processing 717 

A script written in Python 3.8 was used to process fastq data files received from a MiSeq run. 718 

The script extracts target region sequences and determines if the target region contains a 719 

mutation relative to the wild-type target sequence. Base substitutions and deletions were 720 

classified along with the location of the substitution or deletion relative to the PAM sequence of 721 

the target. Mutations were also classified based on the type of mutation (A to C for example). A 722 

Microsoft Excel sheet was then created with the data using the “Xlsxwriter” Python package74. 723 

Z-score calculations and heat maps for each sample were created using Microsoft Excel. Z-724 

scores for each position in the phage target regions were calculated using the average proportion 725 

of reads with mutations at each position in experimental samples x and control samples μ and the 726 

standard deviation of the proportion of mutations at all positions in all  727 

Samples σ.  728 

𝑍 =  
𝑥 − 𝜇

𝜎
                       (𝐸𝑞. 1 )  729 
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A separate script written in Python 3.8 was used to process data files received from PacBio high-730 

throughput sequencing and find deletions in the lambda phage genome. Sequences were 731 

extracted from fastq files and matched piecewise to the WT sequence of the genome region that 732 

was PCR amplified. Deletions are output as coordinates in the PCR amplified region and these 733 

coordinates were translated to the lambda phage genome to create the bar graph in Fig. 7b.  734 

 735 

Nucleotide diversity was calculated using the proportion of all pairs of sequences xi and xj in 736 

each sample and the number of nucleotide differences between each pair of sequences πij divided 737 

by the length of the PAM and protospacer region (24). 738 

𝐷𝑖𝑣𝑒𝑟𝑠𝑖𝑡𝑦 =
1

24
∑ ∑ 2𝑥𝑖𝑥𝑗𝜋𝑖𝑗 

𝑖−1
𝑗=1

𝑛
𝑖=2  (𝐸𝑞. 2)                    739 

Find the scripts at https://github.com/alexsq2/lambda-phage-CRISPR-mutants 740 

 741 

Generation and purification of mutant phage 742 

The gene L A2T mutant phage reported in Fig. 3 was generated on solid media by isolation of 743 

single plaques. In this case, 300 µL of E. coli BW25113 transformed with the FnCas12a and 744 

MM15 crRNA expression plasmids at OD600 ~0.4 was added to 3 mL 0.7% agar containing 100 745 

µg/mL ampicillin, 25 µg/mL chloramphenicol, 20 mM arabinose, and 10 mM MgSO4, and 20 746 

µL of undiluted WT phage lysate. Soft agar was vortexed for 5 s and poured onto LB agar plates 747 

containing the same concentrations of ampicillin and chloramphenicol. Plates were incubated at 748 

37 °C overnight. Phage was isolated from a single plaque by poking into the plaque with a 1 mL 749 

pipette tip and the agar was suspended in 20 µL deionized H2O in a 1.5 mL microcentrifuge tube 750 

and incubated in a 48 °C water bath for ~20 minutes. Soft agar containing phage was transferred 751 

to a fresh 1.5 mL tube. 752 

 753 

For mutants reported in Fig. 7, overnight cultures were started using a single colony of E. coli 754 

with Cas12a and indicated crRNA expression plasmids in LB media with ampicillin and 755 

chloramphenicol added for selection. The next day, these overnight cultures were used to 756 

inoculate cultures 1 to 100 in LB media containing 100 µg/mL ampicillin, 25 µg/mL 757 

chloramphenicol, 20 mM arabinose, and 10 mM MgSO4. The cultures were grown in a shaking 758 

incubator at 200 rpm 37 oC for 1.5 hours until OD600 ~0.4 was reached. Lambda phage was 759 

added at MOI 0.02. Cultures continued to grow in the shaking incubator for 5 hours. Cultures 760 

https://github.com/alexsq2/lambda-phage-CRISPR-mutants
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were transferred to 1.5ml tubes and centrifuged at 5000 rpm for 5 minutes. Supernatant 761 

containing phage was transferred to a fresh 1.5 mL tube. 762 

 763 

In both cases, phage was then diluted and used for phage plaque assays on lawns of bacteria 764 

expressing the same crRNA as in the previous infection to select against remaining WT phage. 765 

Single plaques were isolated and used to infect bacterial cultures again expressing the same 766 

crRNA under the same conditions as described above. Cultures were grown in a shaking 767 

incubator at 200 rpm 37 oC for 5 hours. 5 µL of phage solution was then used as a template for a 768 

35 cycle PCR reaction with Phusion polymerase to amplify the target region. Sanger sequencing 769 

was used to confirm the presence and purity of mutations in the target region.  770 

 771 

Mutant Phage Competition Assay 772 

Single mutant phages were purified as in “Generation and purification of mutant phage”. Two 773 

different mutant phage lysates were mixed in 1:2 and 2:1 ratios by titer and these mixes were 774 

serially diluted 1:10 in seven dilution steps in LB media containing 10 mM MgSO4. 3 µL of each 775 

dilution was added to 150 µL E. coli BW25113 cultures at OD600 0.4 with cells harboring a 776 

pACYCDuet-1 FnCas12a expression plasmid and separate pUC19 plasmid allowing expression 777 

of a pre-crRNA targeting the region of the lambda phage genome containing the mutation. These 778 

150 µL LB media cultures contained 100 µg/mL ampicillin, 25 µg/mL chloramphenicol, 20 mM 779 

arabinose, and 10 mM MgSO4. Complete lysis was observed for all cultures at 8 h after infection 780 

and phage lysates were isolated by centrifugation and removal of the supernatant. Sequencing 781 

samples were prepared as in “High-throughput sequencing sample preparation” to determine the 782 

proportion of each mutant phage in each sample. Ratio of seed:PAM-distal mutants in the 783 

population were determined by dividing the number of reads for the seed mutant by the number 784 

of reads for the PAM-distal mutant for each sample. 785 

 786 

Sanger sequencing of phage plaques or phage lysate 787 

Phage was isolated from a single plaque by poking into the plaque with a 1 mL pipette tip and 788 

the agar was suspended in 20 µL deionized H2O in a 1.5 mL microcentrifuge tube and incubated 789 

in a 48oC water bath for ~20 minutes. Melted agar and H2O mixture containing phages was 790 

transferred to a 1.5 mL microcentrifuge tube. 791 
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 792 

Phage was also isolated from liquid cultures by transferring 1ml of liquid culture to a 1.5 mL 793 

microcentrifuge tube and centrifuging at 15,000 rpm for 5 minutes. Supernatant containing 794 

phages was transferred to a clean 1.5 mL microcentrifuge tube. 795 

 796 

5 μL of phage solution was used as a template for a PCR reaction that amplifies the target region 797 

in the middle of a ~800 base pair PCR product. One of the primers used for the PCR reaction 798 

was used for sequencing of the PCR product.  799 
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Figures and Figure Legends979 
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Figure 1 - Effects of mismatched crRNAs on Cas12a-mediated phage defense 981 

(A) Schematic of crRNA expression and processing by FnCas12a and crRNA phage target 982 

locations. crRNA mismatches were introduced by mutating individual nucleotides in the spacer 983 

sequence. After expression of the pre-crRNA, Cas12a processes it into a guiding crRNA that 984 

partially matches the lambda phage genome targets upstream of gene J and in the coding region 985 

of gene L. See S1a for target and crRNA spacer sequences. 986 

(B) Measurement of phage protection provided by crRNAs with and without target mismatches. 987 

Spot assays were performed with bacteria expressing FnCas12a and a crRNA construct that 988 

either perfectly matches the lambda phage genome (perfect) or has a crRNA mismatch (MM) at 989 

a position in the spacer (position x, sequences shown in S1a Fig.). A non-targeting crRNA 990 

construct (NT) was used as a negative control. Lambda phage was spotted on cells with 10-fold 991 

decreasing concentration at each spot going from left to right. Expression of FnCas12a and pre-992 

crRNAs were controlled by a stronger inducible PBAD promoter or a weaker constitutive 993 

promoter.  994 

(C) Observed rate constants for in vitro cleavage by Cas12a armed with crRNAs containing 995 

target mismatches. Plasmids bearing target sequences for gene J or L were used to measure 996 

Cas12a cleavage. Mismatch positions or perfect crRNAs (P) are indicated on the horizontal axis. 997 

Data from three replicates are plotted. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, ns = no significant 998 

difference compared to the perfect crRNA based on unpaired two-tailed t-test. See S1b-c for gels 999 

and quantification. See S1 Fig. for crRNA and target sequences, representative gels, and fit data.  1000 

(D) Growth curves for E. coli expressing mismatched crRNAs following phage infection. 1001 

Bacteria containing the PBAD FnCas12a expression plasmid and various crRNA expression 1002 

plasmids were inoculated in liquid culture and induced immediately. Lambda phage was added 1003 

1.5 hours after inoculation and OD600 measurements were taken every hour. Bacteria expressed 1004 

no cRNA, a crRNA with no mismatches to the target (perfect) or a crRNA with a mismatch at 1005 

the indicated position (position x). A no phage condition was performed as a negative control. 1006 

The average of two replicates is plotted, with error bars representing standard deviation.  1007 
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Figure 2 - crRNA mismatches cause emergence of diverse lambda phage mutations 1009 

(A) Schematic of workflow for determining the genetic diversity of phage exposed to 1010 

interference by Cas12a. Phage samples were collected from liquid cultures at various time points 1011 

and the target region was PCR amplified. Mutations were observed using MiSeq high-throughput 1012 

sequencing of these amplicons.  1013 

(B) Line graph tracking the fraction of phage with mutated target sequences over time. Samples 1014 

were taken from liquid cultures at time points after phage infection. The “0 h” samples were 1015 

taken directly after addition of phage to the culture tubes. The average of two replicates are 1016 

plotted with error bars representing standard deviation. 1017 

(C) Heat maps showing the location of enriched phage mutations in target regions at the 8 h time 1018 

point for gene J or L targets. Z-scores for abundance of single-nucleotide variants, including 1019 

nucleotide identity changes or deletions, were determined for each sample relative to the non-1020 

targeted control phage population. Experiments were performed using λvir phage (WT) and λvir 1021 

phage with the red operon deleted (Δred). Enriched sequences indicate high Z-scores. Z-scores 1022 

range from 0 (white) to 10.3 (darkest red). Single nucleotide deletions are shown at adjacent 1023 

position to the 3′ side. Positions with crRNA mismatches are labeled with solid black boxes in 1024 

the heat map. A thin outline indicates that the majority of sequences contain single point 1025 

mutations at these positions while a thick outline indicates that the majority of sequences contain 1026 

multiple point mutations at these positions. 1027 
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 1028 

Figure 3 - Two PAM distal mismatches are more deleterious than seed mismatches 1029 

(A) Spot assays performed using E. coli expressing FnCas12a and a crRNA that perfectly 1030 

matches the lambda phage gene J target (perfect) or has mismatches at the indicated positions. 1031 

Three types of second mismatches were added and the type of the mismatch is indicated in 1032 

parenthesis next to the position number. See S7a Fig. for crRNA spacer sequences. 1033 

(B) Observed rate constants for in vitro cleavage by Cas12a armed with crRNAs containing two 1034 

target mismatches. Cleavage was measured for plasmid DNA containing a gene J target. The 1035 

types of mismatches for the second mismatch are indicated. * P ≤ 0.05, **** P ≤ 0.0001, ns P > 1036 

0.05 compared to the perfectly matching crRNA based on unpaired two-tailed t-test. See S7b-c 1037 

Fig. for gels and fit data. 1038 
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(C) Phage spot assays for target mutant phages isolated upon challenge with Cas12a 1039 

programmed with a position 15 mismatched crRNA targeting gene L. Spot assays were 1040 

performed with E. coli expressing a non-targeting crRNA (NT), a crRNA that perfectly matched 1041 

wild-type phage (Perfect), or the crRNA with a mismatch at position 15 (MM15). Phage 1042 

mutations were in the seed (A2T) or PAM-distal (G17T) region. 1043 

(D) Observed rate constants for in vitro Cas12a cleavage of plasmids bearing wild-type (WT), 1044 

seed mutant (A2T), or PAM-distal mutant (G17T) gene L target sequences. Cas12a cleavage was 1045 

measured for both the perfectly matched crRNA (P) or the MM15 crRNA (15). Significance was 1046 

tested pairwise for all crRNA/target combination by unpaired two-tailed t-test. * P ≤ 0.05, ** P ≤ 1047 

0.01, *** P ≤ 0.001, ns P > 0.05. Pairwise comparisons for which P value are not indicated had a 1048 

P < 0.0001. See S8 Fig. for crRNA and target sequences, gels, and fit data.  1049 

(E) Schematic of competition assay. Two mutant phages, A2T and G17T, were mixed at 1050 

approximately equal titers. E. coli expressing Cas12a and the position 15 mismatched crRNA 1051 

were infected with a dilution series of the mutant phage mix. Lysates were harvested and the 1052 

proportion of each mutant phage was determined by high-throughput sequencing. 1053 

(F) Ratio of seed mutant (A2T) to PAM-distal mutant (G17T) following lysis of cultures infected 1054 

with a dilution series of the mixed phage. E. coli expressed Cas12a and either a non-targeting 1055 

(NT, red) or position 15 mismatched (MM15, blue) crRNA. “Mix” indicates the initial mixture 1056 

of phage. The average of three replicates is shown, with error bars indicating standard deviation.  1057 
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    1058 

Figure 4 – Cas9 challenge does not cause emergence of PAM-distal mutants 1059 

(A) Observed rate constants for cleavage of a target plasmid bearing a wild type (WT), seed 1060 

mutant (G2T) and PAM-distal mutant (A17T) gene L target sequence. Cas9 cleavage was 1061 

measured for both the perfectly matched crRNA (P) or the MM15 crRNA (15). Significance was 1062 

tested pairwise for all crRNA/target combination by unpaired two-tailed t-test. * P ≤ 0.05, *** P 1063 

≤ 0.001, ns P > 0.05. Pairwise comparisons for which P value are not indicated had a P < 0.0001. 1064 

See S9 Fig. for crRNA and target sequences, gels, and fit data. 1065 

(B) Growth curves of E. coli expressing Cas9 and sgRNAs bearing either a non-targeting 1066 

sequence, the perfectly matching spacer sequence (perfect), or a spacer containing mismatch at 1067 

the indicated position with respect to the PAM. Phage was added when the cells reached mid log 1068 

phase at ~2 hours after inoculation. The average of three replicates is plotted for each condition, 1069 

with error bars representing standard deviation. 1070 

(C) Heat maps showing the location of enriched phage mutations in target regions at the 8 h time 1071 

point for gene J or L targets after Cas9-mediated selection. Z-scores for abundance of single-1072 

nucleotide variants, including nucleotide identity changes or deletions, were determined for each 1073 
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sample relative to the non-targeted control phage population. Enriched sequences indicate high 1074 

Z-scores. Z-scores range from 0 (white) to 7.0 (darkest red).  1075 
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  1076 

1077 

Figure 5 - Combined mismatches are necessary for complete phage escape 1078 

(A) Schematic for experiment to test the impact of MOI on escape phage diversity. Cultures 1079 

expressing Cas12a and the position 3 mismatched crRNA targeting gene J were infected with 1080 

lambda phage at varied MOIs. Mutant phages in lysates were detected by high-throughput 1081 

sequencing.  1082 

(B) Heat map showing the position of phage mutations that arose when infecting bacteria 1083 

expressing seed mismatch crRNA at different MOIs. Phage was harvested from liquid cultures 1084 
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containing bacteria expressing FnCas12a and a crRNA with a C-T mismatch at position 3. Phage 1085 

was added to the culture at mid-log phase at a range of MOIs starting at 0.15 and serial 2-fold 1086 

dilutions from 1/2 to 1/32 and an additional sample at an MOI of 1.5 x 10-3. Phage was harvested 1087 

5 hours after infection. High-throughput sequencing was used to determine the percent of phages 1088 

in each that had a mutation in the target region. The heat map shows the positions in the target 1089 

that were enriched with mutations. These positions are colored darker red according to their Z-1090 

score relative to the control phage population. Z-scores range from 0 (white) to 10.1 (darkest 1091 

red). The position of the initial crRNA mismatch is indicated in solid black  1092 

(C) Spot assays using phage isolated from liquid cultures as described in (A) on bacteria 1093 

expressing a matching crRNA. Phage harvested in (A) was 10-fold serial diluted and spotted on 1094 

bacteria with a crRNA matching the wild-type lambda phage genome target (matching crRNA) 1095 

or bacteria without a crRNA guiding Cas12a (no crRNA). Wild-type phage controls were spotted 1096 

on these same bacterial strains. Phages harvested from the lowest MOI cultures were omitted due 1097 

to their low titer which prevented visible plaque formation on the CRISPR active E. coli strain. 1098 

See S11b Fig. for full plates. 1099 

(D) Schematic for experiment shown in panel (E). Wild-type or mutant phage populations were 1100 

used for spot assays on plates with lawns of E. coli expressing Cas12a and either the perfect or 1101 

the seed mismatched crRNA to determine whether the combination of the pre-existing mismatch 1102 

and newly acquired target mutations are necessary for complete escape from Cas12a targeting. 1103 

(E) Spot assays using mutationally diverse phage on bacteria expressing crRNAs with and 1104 

without mismatches. Phage was isolated from the liquid culture as described in (A) that was 1105 

initially infected with phage diluted 1:8. Mutated phage and unmutated control phage (WT) were 1106 

then used for spot assays on bacterial lawns expressing FnCas12a and a matching crRNA 1107 

(perfect), a crRNA with the original seed mismatch, or no crRNA as negative control.  1108 
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1109 

Figure 6 - Multiple mismatched crRNAs provide more protection than individual 1110 

mismatched crRNAs 1111 

(A) Schematic of experiment in which two crRNAs bearing mismatches at position 3 are 1112 

expressed from a CRISPR plasmid. The CRISPRs either have two identical spacers targeting 1113 

gene J (J+J) or gene L (L+L), or have two different spacers targeting gene J and L (J+L).  1114 
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(B) Number of plaques formed on lawns of bacteria expressing multiple mismatched crRNAs. 1115 

Plaque assays were performed using bacteria containing a plasmid expressing FnCas12a along 1116 

with different crRNA expression plasmids. Plasmid expressed either the perfect crRNA (P) or 1117 

the position 3 mismatched crRNA (3). For the perfect crRNAs, plasmids expressed either one 1118 

(gene J or gene L alone) or two (J+L) spacers. For the position 3 mismatched crRNAs, each 1119 

crRNA expression plasmid contains two spacers: both targeting gene J both targeting gene L and 1120 

one spacer targeting each of gene J and gene L (J+L). (-) indicates a negative control in which no 1121 

crRNA was expressed. Plaque forming units (pfu) was calculated using the number of plaques on 1122 

each plate and the volume of phage lysate added. The average of multiple replicates (n = 2 to 4) 1123 

is plotted with error bars representing standard deviation. Unpaired, two-tailed t-tests were used 1124 

to determine the statistical significance of each of the single spacer constructs compared to the 1125 

double spacer construct, *** P ≤ 0.001, **** P ≤ 0.0001. 1126 

(C) Growth curves using the same bacterial strains described in (A). Phage was added when the 1127 

cells reached mid log phase at ~2 hours after inoculation. The average of three replicates is 1128 

plotted for each condition, with error bars representing standard deviation. 1129 

(D) Spot assays used to measure the titer of phage over time in phage infection cultures. Spot 1130 

assays were performed using 10-fold serial dilutions of phage harvested from cultures in (B) that 1131 

infected bacterial strains with two mismatched spacers at different time points on lawns of 1132 

CRISPR-inactive E. coli.  1133 

(E) Sequences of both CRISPR targets in single phage plaques for phage harvested from E. coli 1134 

cultures expressing a double spacer construct. The two crRNAs contained mismatches at 1135 

positions highlighted in black. Target regions for the gene J and gene L target were sequenced 1136 

for six individual plaques using Sanger sequencing. Target sequences are aligned to the WT 1137 

sequence (top row) and mutations are underlined. See S12b Fig. for chromatograms. 1138 
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Figure 7 - Generation of double mutant phage is driven by insufficiently deleterious 1140 

mutations 1141 

(A) Schematic of the process for generating and purifying single mutant phage populations. 1142 

Wild-type phage was used to challenge E. coli expressing a crRNA with a mismatch to the target 1143 

in the phage genome in liquid culture. The resulting phage were isolated and used for a plaque 1144 

assay on lawns of bacteria expressing the same mismatched crRNA. Single plaques were isolated 1145 

and again used to challenge bacteria expressing a mismatched crRNA in liquid culture, further 1146 

purifying and propagating single mutants. Finally, single mutant phages were used to challenge 1147 

bacteria expressing a perfectly matching crRNA in liquid culture to determine whether second 1148 

mutations would appear.  1149 

(B) Growth curves of bacteria expressing a perfectly matching crRNA challenged with wild type 1150 

phage and phage with various single target mutations. Locations of the single mutations in the 1151 

target are labeled (PAM mutant, Seed mutant, and PAM distal mutant). Position and type of 1152 

mutations are indicated in parenthesis. Three biological replicates are shown separately for each 1153 

experimental condition. 1154 

(C) Diagram of initial and selected mutations that appeared when a single mutant phage was 1155 

used to challenge bacteria expressing a perfectly matching crRNA. Initial mutants are single 1156 

mutants that were generated and purified as described in (A). Sequences below arrows show 1157 

phage mutants that appeared in different biological replicates (rep 1, 2 or 3) after initial mutant 1158 

phage lysates were used to infect bacteria expressing a perfectly matching crRNA in liquid 1159 

culture. Positions with ambiguous base calls are indicated with two bases (X/Y) at that position. 1160 

Target sequences were interpreted from Sanger sequencing chromatograms (see S13 Fig.).  1161 

(D) Spot assays challenging bacteria expressing a perfectly matching crRNA with various single 1162 

and double mutant phage lysates. WT phage or phages with the indicated target mutations were 1163 

spotted on bacteria expressing a non-targeting crRNA (left column) and a perfectly matching 1164 

crRNA (right column).  1165 
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Supporting Figures 1166 
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S1 Figure - Cleavage assays by FnCas12a with single mismatch crRNAs 1168 

(A) Sequence of the target DNAs, perfectly matching crRNAs and single-mismatched crRNAs. 1169 

(B) Representative agarose gels showing time course cleavage of negatively supercoiled plasmid 1170 

(nSC) using perfectly matching crRNA or single-mismatched crRNA by FnCas12a, resulting in 1171 

linear (li) and/or nicked (n) products. Time points at which the samples were collected were 7 s, 1172 

15 s, 30 s, 1 min, 2 min, 5 min, 15 min, and 30 min. All controls were performed under the same 1173 

conditions as the longest time point for the experimental samples.  1174 

(C) Quantification of cleaved products (linear and nicked fractions) from the time course 1175 

cleavage. Averages of the cleaved fraction values were plotted versus time and fit to a first-order 1176 

rate equation with error bars; n = 3 replicates. For values reported in Figure 1c, each individual 1177 

replicate was fit, and kobs was reported as the average value for the three replicates.1178 
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S2 Figure - Analysis of phage mutations that emerge following exposure to Cas12a-1180 

mediated interference with mismatched crRNAs 1181 

(A) Line graphs showing the nucleotide diversity of phage target regions over time after 1182 

exposure to bacteria cells expressing crRNAs with and without mismatches. Target regions are 1183 

gene J or gene L and crRNAs either match the target region (perfect) or contain mismatches at 1184 

position x. Nucleotide diversity is calculated using the proportion of each sequence in the sample 1185 

and the number of nucleotide differences between each pair of sequences. Two individual 1186 

replicates are shown for each condition. 1187 

(B) Heat maps showing location of target mutations that arose due to CRISPR targeting by 1188 

FnCas12a on a solid medium. Z-scores for abundance of single-nucleotide variants, including 1189 

nucleotide identity changes or deletions, were determined for each sample relative to the non-1190 

targeted control phage population. Enriched sequences indicate high Z-scores. Z-scores range 1191 

from 0 (white) to 7.7 (darkest red). Single nucleotide deletions are shown at adjacent position to 1192 

the 3’ side. Positions with crRNA mismatches are labeled with solid black boxes in the heat map.  1193 

(C) Graphs showing single-nucleotide variations for mutated phage target sequences present at 1194 

the 8 h time point for two individual replicates. Bar graph height shows the proportion of 1195 

sequences in each sample with the mutation type at each position in the target. Deletions (Δ) are 1196 

plotted at the first position where a mismatch occurs between the crRNA and the target.  1197 
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 1198 

S3 Figure - MiSeq sample counts and R1/R2 file overlap 1199 

(A) Table showing absolute counts from MiSeq for each replicate of the 8 h time point for each 1200 

experimental condition for E. coli infected with wild-type phage. Each count represents an 1201 

extracted sequence in which R1 and R2 reads matched. The negative control (non-targeting 1202 

crRNA) samples were run in a separate MiSeq run to maximize the number of reads and 1203 

minimize barcode overlap with mutated samples, allowing for analysis of pre-existing mutants in 1204 

the wild-type population.  1205 

(B) Bar charts showing mutated sequences at each position in the high-throughput sequencing 1206 

reads of the negative control lambda phage population for the gene J and gene L region. The 1207 

target region is highlighted with a red box. R1 and R2 reads do not overlap in the target region 1208 
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(no overlap) or overlap in the target region (target overlap). R1 reads are used for the target 1209 

region in the no overlap condition. When R1 and R2 reads overlap, sequences in which the target 1210 

region sequence does not agree for both the R1 and R2 reads are removed from analysis and are 1211 

not shown in this figure. This measure was taken to ensure that variations observed in negative 1212 

control samples arose solely from PCR errors or the natural variation of the population. While 1213 

some variations were still observed with stringent R1/R2 overlap enforced, it is not possible to 1214 

distinguish PCR errors from natural variation. No mutations were substantially enriched outside 1215 

of the target region for any of the samples tested in this study.   1216 
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 1217 

S4 Figure - Single deletions enriched by CRISPR exposure 1218 

Bar charts showing single nucleotide deletions from the lambda phage gene J target (A) and gene 1219 

L target (B) in phage that were exposed to cells expressing a non-targeting crRNA (CRISPR 1220 

inactive) and cells expressing crRNAs with and without mismatches to the lambda phage gene J 1221 

target (C). (A-B) Deletions are mapped along the target sequences for all time points and both 1222 

biological replicates for the negative control samples. (C) CRISPR active samples shown for 1223 

gene J target that contained deletion sequences that represented more than 1% of all reads. No 1224 

such deletions were observed in the gene L target. Deletions were observed in the gene L coding 1225 

region in phage in the wild-type population. The deletions could remain in genomes in the 1226 

population as these genomes are packaged along with functional structural proteins in 1227 

successfully infected cells.   1228 
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 1229 

S5 Figure - Deletions in non-essential genomic regions that are selected following Cas12a 1230 

targeting pre-exist in the phage population 1231 

(A) PCR amplification of regions surrounding essential and non-essential genes targeted by 1232 

Cas12a. Spot assays were performed using E. coli expressing crRNAs that match two non-1233 

essential (nin204 and nin146) and two essential regions (gene J and gene L) of the lambda phage 1234 

genome. Controls were performed with a plasmid not encoding a crRNA. Phages were isolated 1235 
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from the phage spots and target and flanking regions of the phage genome were PCR amplified 1236 

and run on an agarose gel. 1237 

(B) Sanger sequencing chromatograms of phage genome deletions in non-essential regions 1238 

targeted by Cas12a. Non-essential regions in the lambda phage genome were targeted with 1239 

matching crRNAs on solid media. Phages were isolated and the target regions were PCR 1240 

amplified. Single bands were gel purified and PCR amplified in a second round. These second 1241 

PCR products were sequenced and the chromatograms were aligned to the WT lambda phage 1242 

genome. Homology at each end of the deletions was identified and highlighted in blue. 1243 

(C) Map of genomic deletions observed by PacBio sequencing of PCR amplicons from phage 1244 

unexposed to CRISPR targeting. DNA from lambda phage unexposed to CRISPR targeting was 1245 

used as a template for PCR reactions that amplified the same non-essential regions as in (a). This 1246 

PCR product was sequenced with PacBio long-read sequencing and the obtained sequences were 1247 

matched with the wild-type lambda genome sequence to identify any deletions present. These 1248 

deletions are plotted on the chart relative to their position in the genome. The quantity of each 1249 

deletion is identified by a color code. Deletions found by Sanger sequencing in CRISPR active 1250 

samples are indicated with an asterisk (*).  1251 
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 1252 

S6 Figure – Growth curves and mutant emergence for Δred phage infection 1253 

(A) Growth curves of E. coli expressing FnCas12a and crRNAs bearing non-targeting, perfectly 1254 

matching, or mismatched crRNAs infected with Δred phage. Phage was added when the cells 1255 

reached mid log phase at ~2 hours after inoculation. The average of three replicates is plotted for 1256 
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each condition, with error bars representing standard deviation. Large error bars indicate that not 1257 

all replicate cultures lysed.  1258 

(B) Graphs showing mutation type in Δred phage target sequences present at the 8 h time point. 1259 

Bar graph height shows the proportion of sequences in each sample with the mutation type at 1260 

each position in the target. Deletions (Δ) and multiple mutations are plotted at the first position 1261 

where a mismatch occurs between the crRNA and the target. The average of three replicates is 1262 

shown, with error bars representing standard deviation. 1263 

(C) Comparison of target sequences of phage isolated from cultures in (A) containing cells 1264 

expressing a crRNA targeting gene J with a mismatch at position 8. The WT target sequence is 1265 

underlined. Three individual replicates are shown and the percent of each mutant sequence in the 1266 

sample is listed. Mutated positions relative to the WT sequence are highlighted in orange. 1267 
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1268 

S7 Figure - Cleavage assays by FnCas12a with double mismatch crRNAs 1269 

(A) Sequence of the gene J target DNA, perfectly matching crRNA and double-mismatched 1270 

crRNAs. 1271 

(B) Representative agarose gels showing time course cleavage of negatively supercoiled plasmid 1272 

(nSC) using perfectly matching crRNA or double-mismatched crRNA by FnCas12a, resulting in 1273 

linear (li) and/or nicked (n) products. Time points at which the samples were collected were 7 s, 1274 

15 s, 30 s, 1 min, 2 min, 5 min, 15 min, and 30 min. All controls were performed under the same 1275 

conditions as the longest time point for the experimental samples. 1276 
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 (C) Quantification of cleaved products from the time course cleavage. The average cleaved 1277 

fraction was plotted versus time and fit to a first-order rate equation with error bars representing 1278 

standard deviation; n = 3 replicates. For values reported in Figure 3b, each individual replicate 1279 

was fit, and kobs was reported as the average value for the three replicates.  1280 
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 1281 

S8 Figure - Cleavage assays by FnCas12a of wild-type and mutant target sequences 1282 

(A) Sequences the perfectly matching crRNA, position 15 mismatched crRNA, and three gene L 1283 

target sequences used for cleavage assays. 1284 

(B) Representative agarose gels showing time course cleavage of negatively supercoiled plasmid 1285 

(nSC) bearing a wild-type (WT), A2T, or G17T-containing gene L sequence using perfectly 1286 

matching crRNA or position 15 mismatched crRNA by FnCas12a, resulting in linear (li) and/or 1287 
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nicked (n) products. Time points at which the samples were collected were 7 s, 15 s, 30 s, 1 min, 1288 

2 min, 5 min, 15 min, and 30 min. All controls were performed under the same conditions as the 1289 

longest time point for the experimental samples. 1290 

 (C) Quantification of cleaved products from the time course cleavage. The average cleaved 1291 

fraction was plotted versus time and fit to a first-order rate equation with error bars representing 1292 

standard deviation; n = 3 replicates. For values reported in Figure 3d, each individual replicate 1293 

was fit, and kobs was reported as the average value for the three replicates.   1294 
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 1295 

S9 Figure - Cleavage assays by SpCas9 of wild-type and mutant target sequences 1296 

(A) Sequences the perfectly matching crRNA, position 15 mismatched crRNA, and three gene L 1297 

target sequences used for cleavage assays. Cleavage was performed using a crRNA-tracrRNA 1298 

pair. 1299 

(B) Representative agarose gels showing time course cleavage of negatively supercoiled plasmid 1300 

(nSC) bearing a wild-type (WT), G2T, or A17T-containing gene L sequence using perfectly 1301 

matching crRNA or position 15 mismatched crRNA by SpCas9, resulting in linear (li) and/or 1302 
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nicked (n) products. Time points at which the samples were collected were 7 s, 15 s, 30 s, 1 min, 1303 

2 min, 5 min, 15 min, and 30 min. All controls were performed under the same conditions as the 1304 

longest time point for the experimental samples. 1305 

 (C) Quantification of cleaved products from the time course cleavage. The average cleaved 1306 

fraction was plotted versus time and fit to a first-order rate equation with error bars representing 1307 

standard deviation; n = 3 replicates. For values reported in Figure 4a, each individual replicate 1308 

was fit, and kobs was reported as the average value for the three replicates.  1309 
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 1310 

S10 Figure - Phage protection by and mutant emergence from SpCas9 with sgRNA 1311 

mismatches 1312 

(A) Spot assays using lambda phage on lawns of bacteria expressing SpCas9 along with sgRNAs 1313 

with and without mismatches. SgRNAs target gene J or gene L and contain mismatches at 1314 

position X or match the target (perfect).  1315 

(B) Graphs showing single nucleotide variants in phage target sequences present at the 8 h time 1316 

point following challenge by Cas9 bearing different sgRNAs. Bar graph height shows the 1317 

proportion of sequences in each sample with the mutation type at each position in the target. 1318 

Deletions (Δ) are plotted at the first position where a mismatch occurs between the crRNA and 1319 

the target. The average of three replicates is shown, with error bars representing standard 1320 

deviation.  1321 
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1322 

S11 Figure - Mutant emergence at varied MOIs 1323 

(A) Growth curves using cells expressing a crRNA targeting gene J with a mismatch in the seed 1324 

region and infected with phage at different MOIs. Phage was added at the indicated MOIs when 1325 

cells reached mid log phase and the OD600 of the culture was measured over time. Cultures at 1326 

lower MOIs did not lyse and are omitted from the graph. 1327 

(B) Spot assays estimating the titer of phage lysates exposed to interference by Cas12a armed 1328 

with a seed mismatched crRNA. Full plates from Fig. 4b, including lowest MOI samples which 1329 

produced phages with low titers. 1330 
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S12 Figure - Phage targeted by multiple spacers develop mutations in one or more targeted 1332 

regions 1333 

(A) Spot assays performed using lambda phage that previously infected E. coli in liquid culture 1334 

expressing FnCas12a and two different crRNAs targeting gene J and L (lysate spacers J+L) or 1335 

two of the same crRNA targeting gene L (lysate spacers L+L) both with mismatches in the seed 1336 

region. Phage was harvested at different time points of the liquid culture (0,1,2,3 and 5 hours 1337 

after infection). The previous phage lysates were spotted on cells expressing a crRNA that 1338 

matches the gene L target in the lambda genome (gene L perfect) 1339 

(B) Sanger sequencing chromatograms showing sequences of target regions of the genome in 1340 

phage exposed to cells expressing two mismatched crRNAs targeting gene J and gene L 1341 

respectively. Phage from single plaques were isolated and both target regions were sequenced. 1342 

Mutated bases are highlighted.   1343 
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1344 

S13 Figure - Purified single mutant and double mutant chromatograms 1345 

(A-H) Sanger sequencing chromatograms of single and double mutant phage lysates. Single 1346 

mutant phages were generated by exposure to crRNAs with mismatches (MM crRNA) at 1347 

different positions (position X) and purified as shown in Fig. 7a. Mutants were generated in the 1348 

gene J and gene L CRISPR target. Purified single mutant phage were used to challenge bacteria 1349 

expressing a perfect crRNA and target regions were sequenced by Sanger sequencing to 1350 

determine if second mutations appeared. Both mixed and clonal double mutant populations were 1351 

generated after this step. Mutated bases are highlighted. 1352 

 1353 

S1 Table – Lists of plasmids, primers and oligonucleotides used in this study 1354 


