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ABSTRACT

CRISPR-Cas systems are bacterial immune systems that target invading nucleic acid. The
hallmark of CRISPR-Cas systems is the CRISPR array, a genetic locus that includes short
sequences known as “ spacers’, that are derived from invading nucleic acid. Upon exposure to an
invading nucleic acid molecule, bacteria/archaea with functional CRISPR-Cas systems can add
new spacers to their CRISPR arrays in a process known as “adaptation”. In type | CRISPR-Cas
systems, which represent the mgjority of CRISPR-Cas systems found in nature, adaptation can
occur by two mechanisms. naive and primed. Here, we show that, for the archetypal type I-E
CRISPR-Cas system from Escherichia coli, primed adaptation occurs at least 1,000 times more
efficiently than naive adaptation. By initiating primed adaptation on the E. coli chromosome, we
show that spacers can be acquired across distances of >100 kb from theinitially targeted site, and
we identify multiple factors that influence the efficiency with which sequences are acquired as

new spacers. Thus, our data provide insight into the mechanism of primed adaptation.
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INTRODUCTION

CRISPR-Cas systems are adaptive immune systems that are widespread throughout the bacterial
and archaeal kingdoms and protect cells from invading nucleic acid molecules. Although the
mechanistic details vary widely across different CRISPR-Cas systems, the basic mechanism is
shared across al systems (Wright et al., 2016). A short RNA, known as a CRISPR RNA
(crRNA) associates with a surveillance CRISPR-associated (Cas) protein, or complex of Cas
proteins. This protein-RNA complex binds to the invading nucleic acid molecule, at least in part
due to base-pairing between the crRNA and complementary sequence in the invading nucleic
acid (the “protospacer”). This leads to cleavage of the invading nucleic acid either by the
surveillance protein-RNA complex, or by an additional protein that is recruited to this complex.
The most abundant type of CRISPR-Cas system in nature is the type | system (Koonin et al.,
2017); the archetypal type | system is the type I-E system of Escherichia coli, which employs a
large complex of five Cas proteins (some proteins present in multiple copies), “ Cascade”, as the

surveillance complex, and recruits a separate nuclease protein, Cas3 (Brouns et al., 2008).

A hallmark of all CRISPR-Cas systems is the CRISPR array, a genetic locus consisting of
multiple units of short (~20-40 nt) “repeat” and “spacer” sequences (Wright et al., 2016). Within
agiven CRISPR array, repeat sequences are identical, and each repeat is separated from the next
by a spacer. Spacer sequences are variable, and are derived from invading nucleic acid
molecules. The CRISPR array is typically transcribed as a single, long RNA, which is then
processed by a Cas protein to yield individual crRNAs. Each crRNA contains a single spacer

flanked by partial repeats, and the spacer sequence provides the base-pairing complementarity to
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a protospacer in the nucleic acid target. For CRISPR-Cas systems targeting DNA, an additional
sequence in the DNA target istypically required for CRISPR-Cas immunity. This short sequence
(typically 2-4 bp), known as the protospacer-adjacent motif (PAM), is located close to the
protospacer, and serves as a binding site for one of the Cas proteins in the surveillance complex

(Leenay and Beisdl, 2017).

A key feature of all CRISPR-Cas systems s their ability to acquire new immunity elements, in a
process known as adaptation (Jackson et al., 2017; Sternberg et al., 2016). During adaptation,
one or more spacer+repeat units are added to the end of a CRISPR array. For type | CRISPR-Cas
systems, there are two mechanisms of adaptation: naive and primed. Naive adaptation occurs
when an organism is invaded by a nucleic acid sequence that is not already matched by an
existing spacer. Naive adaptation typically requires only the Casl and Cas2 proteins, and has
been proposed to occur by Casl-2 acquisition of DNA fragments generated by resection of
double-strand breaks (Levy et al., 2015). By contrast, primed adaptation requires invasion of the
cell by a nucleic acid sequence for which there is aready a partially or completely matching
spacer. The mechanism of primed adaptation is not well understood, but requires all Cas proteins
(Datsenko et al., 2012). Targeting of a protospacer by Cascade with a partially or fully
complementary spacer leads to recruitment of Cas3, which is both a nuclease and a helicase.
Primed adaptation likely involves translocation of Cas3 away from the protospacer-bound
Cascade (Dillard et al., 2018; Redding et al., 2015), with Cas3 generating the substrates for
Casl-2 to integrate new spacers into the CRISPR array (Dillard et al., 2018; Kiinne et al., 2016;
Semenova et al., 2016). However, the mechanism by which Cas3 and/or other proteins generate

subgtrates for Casl-2 is poorly understood (Musharova et al., 2017).
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For the purposes of this study, we refer to the source of a spacer as the “pre-spacer” location, and
we refer to the site of Cascade binding as the protospacer. The sequence context of spacers
acquired during primed adaptation has a large impact on the efficiency with which a given
sequence is acquired (Datsenko et al., 2012; Fineran et a., 2014; Li et a., 2014; Musharova et
a., 2018, 2018; Rao et al., 2017; Richter et al., 2014; Savitskaya et al., 2013; Shmakov et al.,
2014; Staals et al., 2016; Strotskaya et al., 2017; Swarts et al., 2012). Previous studies have
shown that pre-spacers are located predominantly upstream of the protospacer, consistent with
the unidirectional helicase activity of Cas3. For type I-F systems, pre-spacers are equally
abundant on both the target and non-target strands (Richter et al., 2014; Stadls et al., 2016),
whereas for type I-B, I-C, and I-E systems, pre-spacers are located predominantly on the non-
target strand (Datsenko et al., 2012; Fineran et al., 2014; Li et a., 2014; Rao et al., 2017,
Savitskaya et al., 2013; Shmakov et al., 2014; Strotskaya et al., 2017; Swarts et al., 2012). For
type I-F systems, pre-spacers are located over a ~5 kb region upstream of the protospacer (Staals
et a., 2016), whereas for type I-E systems, acquisition has been reported over distances of up to
~10 kb (Strotskaya et al., 2017), although most studies involved plasmids of <10 kbp for which
the distance of primed adaptation cannot be measured since it likely exceeds the size of the
plasmid (Datsenko et al., 2012; Fineran et a., 2014; Savitskaya et al., 2013; Shmakov et a.,
2014). For all type | systems tested to date, most pre-spacers are flanked by an optimal PAM
sequence (Datsenko et al., 2012; Fineran et al., 2014; Li et al., 2014; Rao et al., 2017; Richter et
a., 2014; Savitskaya et al., 2013; Shmakov et al., 2014; Staals et a., 2016; Strotskaya et al.,
2017; Swarts et al., 2012); indeed, pre-spacers that are not immediately flanked by an optimal

PAM sequence are often the result of (i) “dlipping” errors, where an optimal PAM is located one
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100 or two bases away from the expected location, suggesting incorrect processing of the DNA by
101 Casl-2 (Li et a., 2014; Rao et al., 2017; Shmakov et a., 2014; Staals et al., 2016), or (ii)
102  “flipping” errors, where the PAM is on the opposite side and strand of the pre-spacer, suggesting
103 that Casl-2 has incorrectly inserted the spacer into the CRISPR array in the reverse orientation
104 (Lietd., 2014; Raoet a., 2017; Shmakov et al., 2014; Staals et a., 2016).

105

106  Here, we further investigate the process of primed adaptation in the type I-E system of E. coli.
107  Previous studies have shown that primed adaptation is considerably more efficient than naive
108 adaptation in type I-B, I-E and I-F systems (Datsenko et al., 2012; Li et a., 2014; Staals et al.,
109 2016). We quantify this difference for the E. coli system, showing that primed adaptation is at
110 least 1,000 times more efficient than naive adaptation. We observe primed adaptation from the E.
111  coli chromosome over distances >100 kb. Using the rich source of pre-spacers inferred from
112  these data, we identify 7 features of pre-spacers that determine the efficiency with which they are
113  acquired, supporting and extending previous observations. (i) the DNA strand of the pre-spacer
114  relative to the protospacer (i.e. target vs non-target strand), (ii) the postion of the pre-spacer
115 upstream or downstream of the protospacer, (iii) the presence and position of an AAG PAM
116  immediately adjacent to the pre-spacer, (iv) distance of the pre-spacer from the protospacer over
117 a~100 kb region, (v) the presence of an AAG within the pre-spacer, (vi) whether or not the pre-
118  spacer is acquired from within ~200 nt of the protospacer, (vii) the sequence of positions 30-33
119  of the pre-spacer. Based on these factors, we propose a model of primed adaptation in which a
120 Cas3-containing complex travels large distances along the DNA from the protospacer, cutting
121  the DNA at or near every AAG, contributing to the generation of substrates for Casl-2.

122


https://doi.org/10.1101/2020.02.10.942821
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.10.942821; this version posted February 12, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

123 RESULTSAND DISCUSSION

124

125 Primed adaptation is >1,000-fold mor e efficient than naive adaptation in E. coli

126  Studies of naive adaptation in E. coli have involved high-level overexpression of Casl and Cas2
127 (Levy et adl., 2015; Yosef et al., 2013). Hence, it is unclear how the efficiency of naive adaptation
128 compares to that of primed adaptation. We previously used a highly sensitive, fluorescence-
129  based reporter (Amlinger et al., 2017) to precisely quantify primed adaptation in E. coli (Cooper
130 et al., 2018). For protospacers with mismatches in the PAM-proximal “seed” region, or extensive
131  mismatches in the PAM-distal region, we failed to detect adaptation, strongly suggesting that
132 naive adaptation is extremely inefficient in these cells. To directly compare the efficiencies of
133 primed and naive adaptation in genetically similar strains, we used a Acas3 strain of E. coli in
134  which al other cas genes are constitutively expressed from their native locus. This strain also
135 containsaminimal CRISPR array (i.e. one repeat, and a leader sequence) associated with an out-
136  of-frame copy of yfp. Expansion of this artificial array by a single repeat/spacer unit puts yfp in
137  frame, leading to Y FP fluorescence (Figure 1A). We then introduced a plasmid expressing cas3
138 from an arabinose-inducible promoter, or an equivalent empty vector. We also introduced a
139 plasmid expressing a crRNA that targets a protospacer on the same plasmid (“self-targeting
140 plasmid’; stp), or an equivalent empty vector. Thus, we were able to measure the level of
141  adaptation in four different strains: (i) cas3” crRNA", (ii) cas3” crRNA”, (iii) cas3” crRNA’, (iv)
142 cas3 crRNA". We detected robust adaptation in cells expressing cas3 and containing the stp
143  (cas3’ crRNA™). By contrast, we detected background levels of fluorescence in cells lacking
144  cas3 and/or the stp crRNA (Figure 1B; 0-2 YFP" cells from atotal of ~80,000 each). Thus, we

145  detected robust primed adaptation, but no naive adaptation in a genetically similar strain. We
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146  cannot rule out the possibility that naive adaptation occurs at a frequency below detection using
147  thishighly sensitive assay; nonetheless, we can conclude that primed adaptation is at least 1,000-
148 fold more efficient than naive adaptation in cells expressing cas genes at equivalent levels.
149  Studies of other type | systems suggest that naive adaptation is similarly inefficient, with primed
150 adaptation being >500-fold more efficient than naive adaptation in a type I-F system (Staals et
151 al., 2016), and naive adaptation being undetectable in a type I-B system (Li et al., 2014). This
152  suggests that CRISPR immunity is extremely inefficient for prokaryotes with type | systems
153  when encountering an invading DNA molecule that is not already at least a partial match to an
154  existing spacer. Hence, CRISPR immunity in such a situation would likely only be effective in
155 thecontext of alarge, clonal population of bacteria/archaea.

156

157 Mapping newly acquired spacer s suggests primed adaptation can occur from chromosomal
158 dites

159  Previous studies have shown that the mgjority of pre-spacers acquired by primed adaptation in E.
160 coli are located on the non-target strand, and are associated with an AAG PAM (Datsenko et al.,
161 2012; Fineran et al., 2014; Savitskaya et a., 2013; Swarts et a., 2012). To determine whether the
162 same features are true for our experimental set-up, we induced primed adaptation using the stp,
163 and determined the location of pre-spacers by PCR-amplification and sequencing of the
164 expanded CRISPR arrays. As expected, the mgority of acquired spacers mapped to the stp
165 (Figure 2A), and the digtribution of pre-spacers on the stp was independent of the CRISPR array
166 in which the spacer was acquired (E. coli has two CRISPR arrays) (Figure 2B). 75.3% of pre-
167  spacers were located on the same DNA strand as the protospacer, and 94.4% of spacers were

168 associated with an AAG PAM. Thus, our data are consistent with earlier studies of primed
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169  adaptation. Intriguingly, many pre-spacers did not map to the stp, suggesting another source for
170 the acquired spacers. We determined whether any of the unmapped pre-spacers map to the cas3-
171  expressing plasmid or to the chromosome. Many of the reads map uniquely to the cas3-
172  expressing plasmid (Figure 2C), although it isimportant to note that much of the sequence of this
173 plasmid is identical to that of the stp, and reads that match shared regions were mapped to the
174  stp. Unexpectedly, a small proportion of the reads mapped uniquely to the chromosome. We
175  speculated that pre-spacers mapping uniquely to the cas3-expressing plasmid or the chromosome
176  represent a second round of primed adaptation. This is possible because the strain we used
177  contains both the CRISPR-1 and CRISPR-1I arrays. Hence, even though we sequenced the first
178 acquired spacer in each array, this spacer may have been acquired as a result of primed
179  adaptation using a newly acquired spacer in the other array. Consistent with this hypothesis, pre-
180  spacers mapping uniquely to the chromosome were found adjacent to sequences shared with the
181 stp, i.e. the araC gene (Figure 2D), or the transcription terminators of rRNA loci. Thus, our data
182 indicate that primed adaptation from chromosomal pre-spacers can be readily detected using this
183  approach.

184

185 Primed adaptation occursover a distance of >100 kb from the pr otospacer

186  Previous studies suggest that primed adaptation in E. coli occurs over relatively long distances,
187  exceeding the size of atypical plasmid (Strotskaya et al., 2017). Given that we observed primed
188  adaptation from chromosomal sites when targeting the stp with a crRNA, we reasoned that
189 targeting a chromosomal site with a crRNA would lead to extensive primed adaptation from the
190 chromosome, allowing us to infer the distance over which primed adaptation occurs. In two

191 independent experiments, we initiated primed adaptation from protospacers located (i)
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192 immediately upstream of the lacZ gene, with the target strand of the protospacer on the plus
193 strand of the genome (“lacZ+" protospacer), and (ii) ~10 kb from the lacZ gene, inside the mhpT
194  gene, with the target strand of the protospacer on the minus strand of the genome (“mhpT-"
195 protospacer). Both protospacers have an AGG PAM, which can induce both interference and
196 primed adaptation (Cooper et al., 2018; Fineran et al., 2014; Musharova et al., 2019; Xue et al.,
197  2015). Moreover, we previously showed that targeting the lacZ+ protospacer with a crRNA
198 leads to robust association of Cascade (Cooper et al., 2018). Following induction of primed
199 adaptation for each of the two protospacers, we inferred the location of pre-spacers by PCR-
200 amplification and sequencing of the first acquired spacer in the expanded CRISPR-II array.
201 Thus, we observed robust primed adaptation on the chromosome, centered at each of the
202  protospacers (Figure 3). Consistent with primed adaptation studies using plasmids, the majority
203  of pre-spacers were located on the non-target strand, upstream of the protospacer (Figure 3).
204  Remarkably, we detected primed adaptation over a distance of >100 kb upstream of each of the
205  two protospacers, with the extent of primed adaptation decreasing as a function of distance from
206 the protospacer, albeit with considerable local variation (Figure 3). Of note, a recent study
207  described priming on the E. coli chromosome over a similar distance (Shiriaeva et al., 2019). Our
208 data strongly suggest that Cas3 can trandocate >100 kb from the protospacer during primed
209  adaptation. Since the strain we used has both CRISPR arrays intact, it is possible that some
210  spacersacquired in CRISPR-11 represent two rounds of primed adaptation, with the first round of
211  primed adaptation leading to spacer acquisition in CRISPR-1. However, we believe thisis arare
212  occurrence. Thereis an insertion element ~15 kb away from the lacZ+ protospacer that contains
213  many frequently used pre-spacers. This insertion element sequence is duplicated at several other

214  genomic locations, but we observed very few pre-spacers adjacent to the duplicated regions.
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215 Hence, we conclude that very few spacers acquired in CRISPR-1 from this insertion element led
216 to a second round of primed adaptation in CRISPR-II. Nonetheless, even if a substantial
217  proportion of the pre-spacers we observed result from two rounds of primed adaptation, a single
218 round of primed adaptation must still be able to occur over a distance of >50 kb.

219

220 The large distance over which we observed primed adaptation explains why the efficiency of
221  primed adaptation from a plasmid does not appear to decrease as a function of distance from the
222  protospacer; presumably, Cas3 trandocates many times around the circular plasmid. It also
223  suggests that primed adaptation would facilitate acquisition of spacers from any region of even
224 large bacteriophage genomes or plasmid, which may increase the effectiveness of the immune
225 response. The large distance over which primed adaptation occurs on the chromosome also
226  means that there are many more unique pre-spacers than used during primed adaptation from a
227  plasmid. We reasoned that this much larger set of pre-spacers would allow for a more in-depth
228 analysis of the pre-spacer features that influence the efficiency of primed adaptation.

229

230 Off-target Cascade binding sites are not associated with primed adaptation

231  We previously showed that Cascade association with a DNA target requires only limited base-
232 paring between the crRNA spacer and the protospacer. Hence, Cascade binds to many
233 chromosomal sites that typically have between 5 and 10 nt matches to the 5 end of a crRNA
234  gpacer, immediately flanked by an optimal (AAG) PAM (Cooper et al., 2018). When targeting
235 the lacZ+ protospacer with a crRNA, we observed Cascade binding to ~100 off-target sites
236  (Cooper et al., 2018). We determined the level of primed adaptation from the non-target strand in

237  the 10 kb upstream each of the 76 off-target sites associated with a seed sequence resembling
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238 that of the on-target lacZ+ protospacer. The level of Cascade association and the local pre-spacer
239  usage frequency were not significantly correlated (Figure 4; Spearman’s Correlation Test, two-
240 tailed, p = 0.72), with pre-spacer usage near off-target sites typically being due to duplicated
241  sequences with identical copies close to the lacZ+ protospacer. Moreover, the local pre-spacer
242  usage frequency in regions adjacent to off-target Cascade binding sites was not significantly
243 higher than that of 1000 randomly selected genomic locations (Mann-Whitney U Test p = 0.054).
244  Thus, our data suggest that off-target Cascade binding events do not lead to primed adaptation,
245  consistent with our previous observation that extensive PAM-distal mismatches between a
246  crRNA spacer and its cognate protospacer prevent primed adaptation (Cooper et al., 2018).

247

248  Uneven distribution of chromosomal pre-spacersréative to the protospacer

249  The vast mgority of pre-spacers we identified are 33 nt long (98.6% for both the lacZ+ and
250 mhpT- protospacers; note that pre-spacers include the last base of the PAM, which is known to
251 be added to the CRISPR array by Casl-2; (Goren et al., 2012)). Unless specifically stated, the
252  analyses described below focus exclusively on the 33 nt pre-spacers. We also excluded genomic
253  regions covered by insertion eements, repetitive sequences that confound alignment of DNA
254  seguence reads. Lastly, since the independent replicate datasets for each protospacer were highly
255 similar (Figure 5A + B), all analyses described below use datasets where the two replicates were
256  combined.

257

258  Although the maority of pre-spacers were located on the non-target strand, upstream of the
259  protospacers, we also observed alow level of primed adaptation on the target strand, upstream of

260 the protospacer (Figure 3 + 6A). As for pre-spacers on the non-target strand, the frequency of
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261  pre-spacer usage on the target-strand decreased as a function of distance from the protospacer,
262  albeit with considerable local variation. Strikingly, the fraction of pre-spacers on the target
263  strand, upstream of the protospacer, was ~4-fold higher for the mhpT- protospacer than for the
264 lacZ+ protospacer, suggesting that the protospacer sequence context determines the bias in
265 primed adaptation towards the non-target strand (Figure 3 + 6A). Since the two protospacers we
266 used are only ~10 kb apart, and are in opposite DNA orientations, many of the target strand pre-
267  spacers for the mhpT- protospacer are from the same genomic region and orientation as non-
268 target strand pre-spacers for the lacZ+ protospacer (pink box in Figure 3). Indeed, we observed
269  very similar profiles of pre-spacer location and abundance across this region for the two datasets
270  (Figure 6B), indicating that primed adaptation on the target strand likely occurs by the same
271  mechanism as primed adaptation on the non-target strand.

272

273 The strong bias in pre-spacer usage to the region on the non-target strand, upstream of the
274  protospacer, presumably reflects a bias in the direction of Cas3 translocation away. We propose
275 that Cas3 trandocation is strongly biased to the non-target strand because of the inherent
276  asymmetry in the Cascade-bound protospacer. In type I-F systems, the only characterized type |
277  systems where Cas3 translocation appears to occur with equal efficiency on both the target and
278  non-target strands, Cas2 is fused to Cas3, such that there are two Cas3 subunits in the Casl-2-3
279 complex (Fagerlund et al., 2017). We suggest that this allows trandlocation of Cas2-3 in either
280 strand with roughly equal efficiency, presumably using a different Cas3 subunit for each of the
281 two strands. However, there are likely to be other factors that influence the degree to which Cas3
282  sdlects strand, since our data show that the ratio of target:non-target strand usage varies between

283  protospacers (Figure 6A).
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284

285  Acquisition of spacerswith non-AAG PAMsisfrequently dueto slipping

286 Weexamined all pre-spacers associated with the lacZ+ and mhpT- protospacers on the non-target
287  strand, in the 10 kb region upstream of the protospacer. 95.0% and 96.0% of pre-spacer usage
288  was associated with an AAG PAM for the lacZ+ and mhpT- protospacers, respectively. While
289 the large majority of pre-spacer usage is associated with an AAG PAM, we were interested to
290 determinethe basisfor selecting pre-spacers with anon-AAG PAM. Previous studies of type I-E,
291 type I-B, type I-C and type I-F CRISPR-Cas systems have shown that pre-spacers with non-
292  canonical PAMs can be acquired due to a phenomenon known as “slipping”, whereby the pre-
293  gpacer with a non-AAG PAM is positioned one or two nucleotides from a canonical, AAG-
294  associated pre-spacer (Li et al., 2017; Rao et al., 2017; Shmakov et al., 2014; Staals et al., 2016).
295  To determine the frequency of slipping in our data, we calculated all pairwise distances for non-
296 AAG pre-spacers to AAG pre-spacers on the non-target strand, in the 10 kb upstream of each of
297  the protospacers. We observed a strong enrichment of pre-spacers that could be assigned to “-1”,
208  “+1”, or “+2" dlips (Figure 7A + B), with +1 slips being the most frequent, accounting for 37%
299 of al non-AAG pre-spacer usage. Our data indicate that together, +1 dlips and -1 dlips represent
300 the magjority (60%) of primed spacer acquisition on the non-target strand for pre-spacers not
301 associated with an AAG PAM. The remaining pre-spacers that lack an AAG PAM and are not
302 associated with dlipping events typicaly have suboptimal PAMs, with the third base of the PAM
303 strongly enriched for G, and the second base moderately enriched for A or C (Figure 7C). Thus,
304 our data suggest that while the specificity for an AAG PAM is high during primed adaptation,
305 there is a hierarchy of selectivity within the PAM, with the third position being the most

306 important, and the first position being the least important.
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307

308 Analysis of dipping in atype I-F CRISPR-Cas system demonstrated that dipped pre-spacers are
309 associated with PAMs that lead to efficient primed adaptation (Jackson et al., 2019). Our data
310 indicate that the most common form of dlipping isa +1 slip, which would lead to an AGN PAM
311  (Figure 7B). The next most common form of slipping is a -1 dip, which would lead to a NAA
312 PAM (Figure 7B). Previous studies of PAM sequences that lead to interference and/or primed
313  adaptation indicate that of all the possble AGN and NAA PAMs, only AGT, and possibly CAA,
314 fail to lead to interference and/or primed adaptation (Musharova et al., 2019; Xue et a., 2015).
315 Thus, dlipping in the E. coli CRISPR-Cas system likely leads to acquisition of a functional
316  spacer in most cases.

317

318 Previous studies of naive adaptation showed only ~25% of pre-spacer usage is associated with
319 AAGPAMs(Levy et al., 2015; Yosef et a., 2013), in contrast to the >95% observed for primed
320 adaptation in our study and other studies (Savitskaya et al., 2013). One possible explanation is
321 that the high level of Casl-2 overexpression required to detect naive adaptation causes a
322 reduction in PAM gpecificity. An aternative hypothesis is that Casl-2 association with the
323 trandocating Cas3-containing complex during priming leads to an increase in specificity for
324  AAG; Cas3 cuts DNA with some sequence specificity (Kinne et a., 2016), although this low
325 level of specificity alone is unlikely to account for the large difference in PAM specificity
326  between naive and primed adaptation. Cas8e, a subunit of Cascade, binds specifically to AAG
327 PAMSs. It ispossible that Cas8e trandocates with Cas3 and facilitates nicking at AAG sequences.
328 In support of this idea, Cas8 is fused to Cas3 in some bacterial species (Westra et a., 2012).

329 Moreover, CasBe associates only weakly with the rest of the Cascade complex, and frequently
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330 dissociates from the complex (Jore et al., 2011), in particular when there are suboptimal bases in
331 the PAM or in the PAM-proximal region of the protospacer (Jung et al., 2017). However, in vitro
332 reconstitution of Cas3 trandocation for the Thermobifida fusca Cas3 suggests that translocating
333  Cas3 does not associate with Cas8e (Dillard et al., 2018).

334

335 Acquisition of spacersfrom thetarget strand isfrequently dueto flipping, often following a
336 dipping event

337 We examined all pre-spacers associated with the lacZ+ and mhpT- protospacers on the target
338 strand, in the 10 kb downstream of the protospacer, i.e. on the opposite strand to where the most
339 frequently used pre-spacers are located. 2.4% and 2.1% of pre-spacer usage within 10 kb of the
340 protospacer, on this side (i.e. upstream of the protospacer on the non-target strand, or
341 downstream of the protospacer on the target strand) is on the target strand for the lacZ+ and
342  mhpT- protospacers, respectively. While the large majority of pre-spacer usage is on the non-
343  target strand, we were interested to determine the basis for selecting pre-spacers from the target
344  strand. Previous studies of type I-E, type I-B, type I-C and type I-F CRISPR-Cas systems have
345  shown that pre-spacers with non-canonical PAMs can be acquired due to a phenomenon known
346 as“flipping”, whereby a pre-spacer is selected from the non-target strand but then inserted into
347 the CRISPR array in the opposte orientation (Figure 8A) (Li et al., 2017; Rao et a., 2017;
348  Shmakov et al., 2014, Staals et al., 2016). To determine the frequency of flipping in our data, we
349 calculated al pairwise distances for target-strand pre-spacers to AAG pre-spacers on the non-
350 target strand, in the 10 kb upstream of each of the protospacers. We reasoned that a distance of
351 32 nt would represent a flipping event involving a canonical pre-spacer with an AAG PAM. We

352  observed an enrichment of distances that support flipping events involving spacers with a-1, +1,
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353 or +2 nt dlip, in addition to flipping events involving canonical (i.e. no dlip) pre-spacers (Figure
354 8B). Thus, relative to the frequency of pre-spacer usage for the canonical pre-spacers, flipped
355  pre-spacers with an additional slip occur more often. We presume that pre-spacers from the non-
356 target strand with an AAG PAM are unlikely to be inserted into the CRISPR array in the
357 incorrect orientation, whereas pre-spacers generated by dipping events are more likely to be
358 flipped because they have a suboptimal PAM.

359

360 Pre-gpacerswith non-canonical lengths ar e often associated with slipping

361  Whilethe large majority of pre-spacers are 33 nt long, we were interested to determine the basis
362 for selecting pre-spacers with non-canonical lengths. 0.3% of both lacZ+ and mhpT- pre-spacer
363  usage was associated with pre-spacers that are 32 nt long, and 1.1% of pre-spacer usage for both
364 lacZ+ and mhpT- pre-spacers was associated with pre-spacers that are 34 nt long. We chose to
365 focus on the region <10 kb upstream of the protospacer, on the non-target strand, where the
366 usage of pre-spacers of non-canonical lengths is highest (89.8% and 82.9% of all non-canonical
367 length pre-spacers for lacZ+ and mhpT- protospacers, respectively). The majority of 32 nt pre-
368  spacer usage for both lacZ+ and mhpT- was associated with AAG PAMSs; hence, these pre-
369 spacers are equivalent to efficiently used 33 nt pre-spacers, but lack the most PAM-distal base.
370 These AAG-associated pre-spacers account for 87.7% (lacZ+) and 95.7% (mhpT-) of all 32 nt
371  pre-spacer usage. Similarly, the maority of 34 nt pre-spacer usage was associated with AAG
372  PAMSs, hence, these pre-spacers are equivalent to efficiently used 33 nt pre-spacers, but with an
373  additional base at the PAM-distal end. These AAG-associated pre-spacers account for 79.7%
374  (lacZ+) and 86.7% (mhpT-) of all 34 nt pre-spacer usage. There is also a significant enrichment

375 for 32 nt pre-spacer usage associated with +1 dlips, and for 34 nt pre-spacer usage associated
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376  with -1 dlips (Figure 9), indicating that slipping sometimes involves maintaining the PAM-distal
377  boundary while either shortening or lengthening the spacer. The equivalent observation has been
378 made for type I-B, type I-C and type |-F CRISPR-Cas systems (Li et al., 2017; Rao et al., 2017;
379 Staalsetal., 2016).

380

381 The efficiency of primed adaptation is reduced for pre-spacers within 200 bp of the
382  protospacer

383 Todetermineif the pattern of pre-spacer usage is dependent upon the location of the protospacer,
384 we initiated primed adaptation by targeting a location ~10 kb downstream of the lacZ+
385  protospacer, within the codA gene; we refer to this as the codA+ protospacer. Replicate datasets
386 for codA+ were highly correlated (Figure 5C); hence we combined the two datasets for further
387 analysis. As expected, we detected pre-spacer usage over a ~100 kb distance from the codA+
388  protospacer, with the majority of pre-spacer positions overlapping those used when targeting the
389 lacZ+ protospacer (Figure 10A). We compared the frequency of pre-spacer usage for pre-spacers
390 <10 kb upstream of the lacZ+ protospacer on the non-target strand when targeting either the
391 lacZ+ or codA+ protospacer. In amost all cases, the relative usage of pre-spacers was similar for
392 each of the protospacers targeted (Figure 10B), strongly suggesting that pre-spacer usage
393 frequency is an inherent property of the pre-spacer, and is not related to the location of the
394  protospacer. However, the three pre-spacers located within 200 nt of the lacZ+ protospacer were
395  used proportionally less frequently when targeting the lacZ+ protospacer than when targeting the
396 codA+ protospacer (Figure 10B). Thus, our data suggest that pre-spacers very close to the
397  protospacer are used inefficiently. Biochemical studies of Cas3 suggested that Cas3 generates a

398 single-stranded region adjacent to the Cascade-bound protospacer of <300 nt (Redding et al.,
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399 2015) or <500 nt (Dillard et a., 2018), for Cas3 from E. coli or T. fusca, respectively. We
400 propose that Cas3 generates a single-stranded region of a similar length in vivo, and that no
401  spacers can be acquired from the single-stranded DNA. Our data suggest that in the region <200
402  bp from the protospacer, the relative efficiency of pre-spacer usage frequency increases as a
403  function of increasing distance from the protospacer (Figure 10B). Hence, we propose that Cas3
404  trangtions stochastically between a state where it nicks DNA frequently, generating an extended
405 region of single-stranded DNA, and a state where it nicks DNA infrequently, with the average
406 distancetraveled until the transition being 100-200 bp.

407

408 Theefficiency of primed adaptation isreduced for pre-spacerswith an internal AAG

409 It is well established that the frequency of pre-spacer usage varies considerably between pre-
410 spacer sequences (Musharova et al., 2017, 2018; Savitskaya et al., 2013). However, the basis for
411  this variability is poorly understood. As described above, the frequency of pre-spacer usage
412  decreases globally as a function of increasing distance from the protospacer (Figure 3 + 11A+B).
413  We fitted these data to an exponential decay model, relating pre-spacer usage to distance from
414  the protospacer. We then selected “enriched” pre-spacers that have a >4-fold higher usage
415  frequency than predicted by the model, and “de-enriched” pre-spacers that have a >4-fold lower
416  usage frequency than predicted by the model. We determined the frequency of all tetranucleotide
417  and trinucleotide sequences within the sets of enriched and de-enriched pre-spacers (Figure 11C-
418 D). Almost all tetranucleotide and trinucleotide sequences were found at similar frequencies
419  within the enriched and de-enriched pre-spacers. However, AAG-containing pre-spacers were
420 found far less frequently in enriched pre-spacers than in de-enriched pre-spacers. We compared

421  the frequency of pre-spacer usage for AAG-containing and non-AAG-containing pre-spacers
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422  (Figure 11A-B). The frequency was, on average, ~3.5-fold higher for non-AAG-containing pre-
423  spacers than for AAG-containing pre-spacers. We conclude that the presence of an AAG within
424  a pre-spacer substantially reduces the frequency with which that pre-spacer is selected during
425  primed adaptation.

426

427  To experimentally test the effect of an AAG within a pre-spacer, we generated a second self-
428  targeting plasmid, “stp2”, that includes a site for easy introduction of potential pre-spacers
429 flanked by an AAG PAM (see Materials and Methods for a detailed description of the plasmid
430 and assessment of its ability to cause primed adaptation). The introduced pre-spacer in
431 unmodified stp2 has AAA at positions 19-21. We also constructed a derivative of stp2 in which
432  the introduced pre-spacer has been modified to contain AAG rather than AAA at positions 19-
433 21. We refer to this mutant stp2 plasmid as stp2-mutl (Figure 12A). We initiated primed
434  adaptation in cells containing either stp2 or stp2-mutl. We determined the location of pre-
435 spacers for each of the two plasmids by PCR-amplification and sequencing of the expanded
436 CRISPR arrays. We compared the relative usage frequency for each pre-spacer on the non-target
437  strand that is associated with an AAG PAM (these represent the most frequently used pre-
438 spacers;, Figure 2A) for each of the two plasmids. As expected, pre-spacers with the same
439  sequence were used at the same frequencies for each plasmid (Figure 12B). By contrast, the
440 AAG-containing pre-spacer in stp2-mutl was used at a substantially lower frequency than the
441  equivalent AAA-containing pre-spacer in wild-type stp2 (Figure 12B). Thus, our experimental
442  data are consstent with the bioinformatic analysis, and show that pre-spacers with an internal

443 AAG are used at a reduced frequency during primed adaptation. We note also that a recent,
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444 independent study reached a similar conclusion about the impact of AAG sequences within pre-
445  spacers (Musharovaet al., 2018).

446

447 A previous study mapped pre-spacers for naive adaptation in a strain of E. coli that is not able to
448  undergo primed adaptation (Y osef et al., 2013). The authors sequenced 934,202 newly acquired
449  spacers that came from the chromosome, covering 84,951 pre-spacer sites. Although the
450 frequency of pre-spacers with AAG PAMs is considerably lower for naive adaptation than
451  primed adaptation, many pre-spacers are associated with an AAG PAM (Yosef et al., 2013).
452  Using these data, we determined the frequency of usage for all potential chromosomal pre-
453  spacers associated with an AAG PAM. 18,872 sequences were identified as pre-spacers at least
454  once, whereas 108,207 sequences were not. We then compared the number of AAG-containing
455  (i.e. aninternal AAG) pre-spacers within each of these groups to determine whether the impact
456 of aninternal AAG is limited to primed adaptation. Although the proportion of AAG-containing
457  pre-spacers was similar for each group, a significantly larger fraction (38.8%) of the unused pre-
458  spacers had aninternal AAG than the fraction of used pre-spacers (34.4%; Chi Squared Test with
459  Yates Continuity Correction p < 1€”). As a control, we analyzed the proportion of AGA-
460 containing pre-spacers for the same groups and found no significant difference (Chi Squared
461 Test with Yates Continuity Correction p = 0.08). We then divided the 18,872 used pre-spacer
462  seguences into AAG-containing and non-containing groups and compared the usage frequencies
463  for each group. While the distribution of usage frequencies was similar between the two groups
464  (Figure 12C), it was dightly and significantly higher for the AAG-lacking group (Mann Whitney
465 U Test p = 2.5¢®). We saw no significant difference when comparing AGA-containing and

466  AGA-lacking pre-spacers (Mann Whitney U Test p = 0.63). We conclude that AAG-containing
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467  pre-spacers are acquired at a lower efficiency during naive adaptation. However, the magnitude
468  of the effect appears very small, in contrast to the large effect we observed for primed adaptation
469  (Figures1l + 12B). Consistent with this, a previous study did not detect an effect of AAG within
470  pre-spacers on the efficiency of naive adaptation (Musharovaet al., 2018).

471

472  Since AAG isthe PAM associated with >95% of pre-spacer usage during primed adaptation, we
473  presume that the impact of AAGs within pre-spacers is connected to the selection of pre-spacers
474  with AAG PAMs. One possible explanation for the reduced frequency of usage for AAG-
475  containing pre-spacers is that multiple Cas3-containing complexes could translocate from a
476  single Cascade-bound protospacer, such that stable association of a Cas3-containing complex
477  with an AAG PAM sequence prevents association of a second Cas3-containing complex with a
478 nearby AAG PAM. However, thiswould not explain the size of the decrease in pre-spacer usage
479  freguency associated with an internal AAG (3.5-fold), or its impact over a >100 kb region; for
480 theeffect of an internal AAG to be explained by competition within Cas3-continaing complexes,
481 most of the >1,000 AAG sequences within 100 kb of the protospacer would need to be occupied
482  at any giventime. A more likely explanation is that AAG sequences are frequently nicked, which
483  would represent a semi-stable change in the DNA that can be caused by a transiently positioned
484  Cas3-containing complex. Recent studies suggest that pre-spacers are nicked within the PAM
485  during primed adaptation (Musharova et al., 2017; Shiriaeva et al., 2019). We propose that the
486  Cas3-containing complex nicks all AAG sequences that it encounters as it trandocates away
487  from the Cascade-bound protospacer (after transitioning from the highly active state within 200
488 nt of the protospacer), and that pre-spacers with an internal nick cannot be used as substrates for

489  adaptation by Casl-2.
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490

491 Intriguingly, the impact of an AAG within a pre-spacer appears to diminish as the AAG is
492  positioned further from the PAM (Figure 13A) (Musharova et a., 2018). Based on our nicking
493 model, we hypothesized that closely positioned pairs of AAG sequences would lead to closely
494  spaced nicks, and hence single-stranded DNA gaps that may then prevent the ability of these
495  sequences to be integrated into a CRISPR array. To test this hypothesis, we repeated the stp2
496 primed adaptation assay described above (Figure 12B) using a derivative of the stp2-mutl
497  plasmid where the sequence between the PAM and the internal AAG of the modified pre-spacer
498  was changed to a more G/C-rich sequence with a higher melting temperature. We reasoned that
499  this would reduce the propensity for the DNA between the PAM and the internal AAG to
500 become single-stranded in the event that the PAM AAG and the internal AAG were both nicked.
501 Werefer to this plasmid as stp2-mut2 (Figure 12A). We aso constructed an equivalent plasmid,
502  stp2-mut3, where the AAG within the pre-spacer was changed to an AAA (Figure 12A).
503 Although the relative usage frequency of the modified pre-spacer was higher for stp2-mut2 than
504 for stp2-mutl (Figure 13B), it was also higher for stp2-mut3 than for stp2 (Figure 13C),
505 suggesting that this effect is independent of the internal AAG, and arguing against our
506 hypothesis. Moreover, these data suggest that the sequence of the PAM-proximal region of a pre-
507  spacer impacts the frequency with which it is used during primed adaptation.

508

509 Theefficiency of primed adaptation is modulated by a PAM-distal motif in the pre-spacer
510 Although the presence of an AAG within the pre-spacer is clearly an important factor in
511 determining the frequency of pre-spacer usage, there is considerable local variability in pre-

512  gpacer usage for pre-spacers that lack an internal AAG (Figure 11A + B). We used the frequency
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513  of pre-spacer usage for AAG-flanked pre-spacers in the 100 kb region upstream of the lacZ+ and
514 mhpT- protospacers to fit exponential decay models, estimating pre-spacer usage as a function of
515 distance from the protospacer. Based on the modeled exponential decay, we estimate that the
516 frequency of pre-spacer usage drops by 50% every ~11,500 — 13,900 kb. Strikingly, an in vitro
517 study of E. coli Cas3 translocation indicated that 50% of Cas3 molecules dissociate from DNA
518 after ~12 kb (Redding et al., 2015), strongly suggesting that the decrease in pre-spacer usage we
519 observe asafunction of distance from the protospacer reflects the extent of Cas3 translocation.
520

521 We compared the frequency of pre-spacer usage to the predicted frequency based on the
522  exponentia decay model. We then selected all pre-spacers for which the frequency of usage was
523 >4-fold greater than that predicted by the model. Alignment of these pre-spacer sequences
524  revedled sequence bias at positions 28, 30, 32 and 33 (Figure 14A). We next selected all pre-
525  spacers for which the frequency of usage was >4-fold lower than that predicted by the modd.
526  Alignment of these pre-spacer sequences revealed sequence bias at positions 30, 31, 32 and 33
527  (Figure 14B). Strikingly, the hierarchy of preferred bases at positions 30, 32 and 33 was
528 precisaly inverted for the enriched and de-enriched pre-spacers. To determine whether the
529 identified sequence biases are meaningful, we determined the information content of the position
530 weight matrices (Schneider et al., 1986) for the enriched and de-enriched pre-spacers. We then
531 determined the information content of the same number of randomly selected pre-spacer
532  seguences, and repeated this analysis 100,000 times. Based on the distribution of information
533 content scores for the randomly selected sequences, the information content scores of the
534  position weight matrices from the enriched and de-enriched pre-spacers were significantly higher

535  than expected by chance (Z = 10.4 and p < 1€ for enriched pre-spacers; Z= 4.9 and p = 5’ for
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536 de-enriched pre-spacers). We conclude that the sequence of base positions at the 3' end of the
537  pre-spacer influences usage frequency, with positions 30, 32 and 33 being the most important.
538

539 To experimentally test the impact of pre-spacer positions 30-33 on primed adaptation, we
540 constructed derivatives of stp2 that contain a pre-spacer where positions 30-31 were modified
541  from TAAA to CCAA (stp2-mutd), or positions 30-33 were modified to CCCG (stp2-mut5;
542  Figure 14C). Based on the enrichment/de-enrichment of pre-spacers in the chromosomal primed
543  adaptation experiment (Figure 14A-B), we reasoned that changing positions 30-33 to CCAA
544 would not have a large effect on the frequency of pre-spacer usage, since our data suggest that
545  only one of the two modified bases (position 30) would generate a sub-optimal pre-spacer. By
546  contrast, we reasoned that changing positions 30-33 to CCCG would have a substantial negative
547  impact on the frequency of pre-spacer usage, since it has the most disfavored base at three PAM-
548 digal positions. Consistent with our expectation, changing positions 30-31 to CC had no effect
549 on pre-spacer usage frequency (Figure 14D), whereas changing positions 30-33 to CCCG
550 substantially reduced pre-spacer usage frequency (Figure 14E).

551

552 A previous study suggested that the sequence of positions 32 and 33 of the pre-spacer influences
553 the efficiency of naive adaptation. Specifically, a C at position 32 or T at position 33 resulted in
554  inefficient adaptation whereas an A at position 32 and or an A at position 33 resulted in efficient
555 adaptation (Yosef et al., 2013). Our data are consistent with the idea that the sequence of
556  positions 28-33 are important, and moreover are consistent with the specific sequence effects
557  observed for naive adaptation. We conclude that the sequence of the PAM-distal portion of the

558 pre-spacer influences both naive and primed adaptation, likely due to effects on Casl-2
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559  association and/or integration of the pre-spacer into the CRISPR array. Our data suggest that the
560 number of important positions at the PAM-distal end of the pre-spacer is larger than previously
561  suggested (Yosef et a., 2013), encompassing perhaps as many as six positions.

562

563 A mode for primed adaptation

564  We propose that once recruited to a protospacer-bound Cascade, Cas3 translocates along the
565 DNA, upstream from the PAM, consistent with in vitro studies (Dillard et al., 2018; Redding et
566 al., 2015). Theinitia trandocating state of Cas3 is likely to be different to its final translocating
567 state; we propose that thisinitial state is associated with frequent, sequence-independent nicking
568 of one strand of the DNA. Our data suggest that the transition from the frequent nicking state to
569 the infrequent nicking state is stochastic, and occurs in all cases within ~200 nt of the
570 protospacer. Biochemical data suggest that translocating Cas3 initially remains associated with
571 Cascade (Dillard et al., 2018; Redding et al., 2015). We propose that the interaction between
572  Cas3 and Cascade causes Cas3 to be in the frequent nicking state, and that it is the dissociation
573 of Cas3 from Cascade as tension builds in the DNA that causes Cas3 to transition to the
574 infrequent nicking state. After the transition, we propose that Cas3, or possibly Casl that is
575  associated with Cas3, cuts DNA at AAG sequences. Given the magnitude of the defect in primed
576  adaptation associated with the presence of an AAG within a spacer, it is likely that this nicking
577  occurs at aimost every AAG encountered by Cas3. It is unclear why the degree to which an AAG
578  within apre-spacer affects primed adaptation is dependent on the position of the AAG relative to
579 the PAM. Given that an AAG within a pre-spacer has a small but significant negative impact on
580 naive adaptation, we suggest that Casl is responsible for the DNA cut at AAG sequences.

581 Presumably, during naive adaptation a second cut by Casl is less likely than during primed
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582  adaptation, because Casl would not be associated with a translocating Cas3, and hence is less
583 likely to be suitably positioned on the DNA.

584

585 Itisunclear how substrates are generated for Casl-2 during primed adaptation, although nicking
586 of at least one DNA strand by Cas3 is required (Datsenko et al., 2012). There is strong evidence
587  for anick between the second and third positions of the PAM (Musharova et al., 2017; Shiriaeva
588 et d., 2019), consstent with our proposa that every AAG is cut by the translocating Cas3-
589 containing complex. However, this would only account for one of the four cuts required for
500 substrate generation. Future work is required to determine whether Cas3, Casl, and/or non-Cas
591 proteins are required for this process. Once substrates have been generated, the efficiency of
592 integration into the array is dependent on the sequence. Our data indicate that the six most PAM-
5903 digtal positions of the pre-spacer contribute to the efficiency of primed adaptation (Figure 14).
504  Given that the importance of the two most PAM-distal positions has been recognized to be
595 important for naive adaptation (Y osef et al., 2013), we propose that the impact of these positions
596 issolely on Casl-2. These positions may be important for stable association of Casl-2, or for the
597  process of integration into the CRISPR array. Our data also suggest that sequences within pre-
598  gpacers, more proximal to the PAM, play an important role in primed adaptation (Figure 13), but
599  the mechanism for thisis unknown.

600

601
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602 MATERIALSAND METHODS

603

604  Strainsand Plasmids

605 Strains, plasmids, and oligonucleotides are listed in Tables 1, 2, and 3, respectively. All strains
606 are derivatives of MG1655 (Blattner et al., 1997). CB386, AMD536 and AMDG688 have been
607  previously described (Cooper et a., 2018; Luo et al., 2014). 1XDNAI, as described previousy
608 (Caliando and Voigt, 2015), contains a chromosomally integrated actuator, pACT-01. AMDG671
609 is a derivative of 1XDNAI that we constructed usng FRUIT recombineering (Stringer et al.,
610 2012). Specifically, thyA was deleted in 1XDNAI, using oligonucleotides IW472 and JW473
611 and strain AMDO052 (MG1655 AthyA) as a template. thyA was inserted downstream of the
612 pACT-01 actuator using FRUIT (Stringer et al., 2012) with oligonucleotides JW9016 and
613 JwW9017. Oligonucleotides IW9009 and JW9010 were used to amplify casl-cas2 from MG1655
614 to replace thyA downstream of pACT-01. Lastly, the lacZ gene was replaced by thyA using
615 FRUIT (Stringer et al., 2012) with oligonucleotides MW9066 and JW9067.

616

617 The self-targeting plasmid (stp; pAMD189), the Cas3-expressing plasmid (pAMD191), and the
618 plasmid that expresses the crRNA targeting the lacZ+ protospacer (pCB380), have been
619  described previously (Cooper et al., 2018; Luo et al., 2014). All other crRNA-expressing
620 plasmids are derivatives of pAMD179 (Cooper et al., 2018). To clone individual spacers, pairs of
621 oligonucleotides were annealed, extended, and cloned using In-Fusion (Clontech) into the Xhol
622 and Sacll sites of pAMD179 to generate pAMD211 (targets codA+ protospacer; with
623  oligonucleotides JW8010 and JW6518), and pAMD212 (targets mhpT- protospacer; with

624  oligonucleotides JW8011 and JW6518).
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625

626  The second self-targeting plasmid (stp2) is a derivative of pSDS009. pSDS009 was generated by
627 cloning a synthesized dsDNA fragment (gBlock JW9076; Integrated DNA Technologies, Inc.;
628 Table 3) using In-Fusion (Clontech) into the Clal and Hindlll sites of pBAD24 amp (Guzman et
629 al., 1995). stp2 and its derivatives were generated by annealing and extending pairs of
630 oligonucleotides, and cloning using In-Fusion (Clontech) into the Hindlll site of pSDS009 to
631 generate pSK014 (stp2; cloned with oligonucleotides IW10011 and JW10012), pSK013 (stp2-
632 mutl; cloned with oligonucleotides IW10009 and JW10010), pSK015 (stp2-mut2; cloned with
633 oligonucleotides JW10013 and JW10014), pSK035 (stp2-mut3; cloned with oligonucleotides
634 JW10015 and JW10016), pSK017 (stp2-mut4; cloned with oligonucleotides JW10021 and
635 JW10022), and pSK016 (stp2-mut5; cloned with oligonucleotides JW10017 and JW10018).

636

637 Quantification of adaptation usnga YFP reporter

638 AMDG688 was transformed with two plasmids: the first plasmid was either pAMD189 or empty
639 pBAD24, while the second was either pAMD191 or empty pBAD33. Cells were grown
640 overnight in LB supplemented with 100 ug/mL ampicillin and 30 ug/mL chloramphenicol and
641  were sub-cultured the next day 1:100 for 6 hours in LB supplemented with 0.2% arabinose and
642 30 ug/mL chloramphenicol. Cells were pelleted by centrifugation and resuspended in M9
643 minima medium in twice the origina volume (ODgy = 1.0). Samples were transferred to 5 mL
644  polystyrene round-bottom tubes and analyzed by flow cytometry for single-cell detection of YFP
645 expression using the BD FACSAria IIU Cell Sorter. We recorded 100,000 events for each
646 sample.

647
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648 PCR and Sequencing to Assess Primed Adaptation

649 To determine the set of pre-spacers acquired during priming, pAMD191 was transformed into
650 AMDS536 aong with either pAMD189, pCB380, pAMD211 or pAMD212. Cells were grown
651 overnight in LB supplemented with 100 ug/mL ampicillin, 30 ug/mL chloramphenicol, and
652 0.2% glucose at 37 °C with aeration, and sub-cultured the next day in LB supplemented with
653 0.2% arabinose at 37 °C with aeration for one hour.

654

655 To experimentally assess the impact of specific sequences on pre-spacer usage, pSKO013,
656 pSKO014, pSK015, pSK035, pSK016, or pSK017 were transformed into AMD671. Cells were
657  grown overnight in LB supplemented with 100 pg/mL ampicillin, and 0.2% glucose at 37°C with
658 aeration, and sub-cultured the next day in LB supplemented with 0.2% arabinose at 37°C with
659  aeration for six hours.

660

661 For both sets of cultures described above, cells were pelleted from 1 mL of culture by
662 centrifugation, and cell pellets were frozen at -20 °C. PCRs were then performed on the cell
663 pellets, amplifying the CRISPR arrays using oligonucleotides IW7816 and JW7817 for CRISPR-
664 | and JW7818 and JW7819 for CRISPR-II. PCR products were visualized on acrylamide gels
665 and the first expansion band was extracted and purified. A second round of amplification was
666 performed using a universal forward oligonucleotide (JW7820 or JW8053), and one of a set of
667 reverse oligonucleotides containing Nextera (Illumina) indices (JW8054, JW8057, JW8062,
668  JW8476, JW8477, IW8478, IW8479, JW8480, JW8481 or JW8485). Samples were purified
669 using a MinElute kit (Qiagen) and pooled. Samples were sequenced using an Illumina MiSeq

670 Instrument (Wadsworth Center Applied Genomic Technologies Core).
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671

672 Plasmids pSK013, pSK014, pSK015, pSK035, pSK016, or pSK017 serendipitously function as
673 sdf-targeting plasmids despite the lack of a cloned spacer. These plasmids are derivatives of
674 pSDS009, which is designed to express crRNAs from a cassette that includes a spacer with afull
675 repeat downstream, but only 8 nt of repeat sequence upstream. pSDS009 does not itself contain a
676 canonical spacer between the partial and complete repeat sequences. Similarly, pSKO013,
677 pSK014, pSK015, pSK035, pSK016, and pSK017 do not include a canonical spacer sequence.
678 Nonetheless, multiple lines of evidence indicate that these plasmids drive efficient primed
679 adaptation in cells expressing cas3: (i) the mgjority of pre-spacer usage is from the plasmid; (ii)
680 96% of pre-spacer usage on the plasmid is associated with an AAG PAM; (iii) for AAG-flanked
681 pre-spacersthat are shared with the stp, are found on the stp non-target strand, and are not shared
682 with pAMD191, pre-spacer usage from pSKO014 correlates well with that from the stp
683  (correlation coefficient of 0.93). We suspect that the downstream repeat sequence in pSDS009
684 and its derivatives also functions as an upstream repeat sequence for a cryptic crRNA. In this
685  scenario, the sequence downstream of this repeat serves as a spacer, with the end of the crRNA
686 presumably being determined by the position of the downstream transcription terminator. We
687 previously showed that the exact same sequence results in expression of a cryptic crRNA from a
688  derivative of pAMD179 (Cooper et al., 2018). The presumed spacer sequence is duplicated in the
689 same orientation, a short distance downstream, which would facilitate interference and primed
690 adaptation.

691

692  Spacer sequence extraction and alignment to reference genomes


https://doi.org/10.1101/2020.02.10.942821
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.10.942821; this version posted February 12, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

693 Newly acquired spacers found directly adjacent to the leader proximal endogenous spacer (the
694  first primed adaptation acquired spacer) were extracted from .fastq files using custom Python
695  scripts for each CRISPR array being analyzed. The scripts first selected sequences that included
696 the first spacer of the unexpanded CRISPR array (spacer #1) and at least one repeat sequence.
697  The script then removed sequences for which the gap between spacer #1 and the next upstream
698 repeat differed from the expected value. The script then extracted the sequence between the first
699 repeat and the repeat immediately upstream of spacer #1. This was presumed to consist of
700 complete spacer sequences, or combinations of spacers and repeats (i.e. the result of >1 spacer
701  being added to the CRISPR array). Sequences were discarded if they were shorter than 30 nt or
702  longer than 36 nt, ensuring that only arrays with a single expansion were analyzed. Spacers were
703  mapped to their respective genomes (stp, pAMD191, or E. coli K-12 MG1566 U00096.3) using
704 CLC Genomics Workbench v10.1.1, requiring perfect matches. For experiments involving
705  mapping reads to multiple genomes, we first mapped to stp, then mapped al unmapped reads to
706 pAMD191, and then mapped all unmapped reads to E. coli K-12 MG1655.

707

708 Analysisof primed adaptation in regions adjacent to off-target Cascade binding sites

709 We previoudy described a set of 76 off-target Cascade binding sites whose sequence is
710 consistent with Cascade binding in association with the crRNA targeting the lacZ+ protospacer
711 (Cooper et a., 2018). We counted the frequency of pre-spacer usage for each of these off-target
712  protospacers, searching on the non-target strand in the 10 kb upstream of the protospacer. We
713  repeated the analysis for 1,000 randomly selected genomic positions equally distributed across
714 theforward and reverse strands.

715
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716  Analysisof dipping for 33 nt pre-spacers

717 We selected all 33 nt pre-spacers on the non-target strand, in the 10 kb regions upstream of the
718 lacZ+ and mhpT- protospacers, for which the PAM was not AAG. We calculated all pairwise
719  distances for these pre-spacers to AAG-associated pre-spacers on the non-target strand, in the 10
720 kb upstream of each of the protospacer. For the analysis represented in Figure 7A, only unique
721  pre-spacer positions were considered, so information on the frequency with which different pre-
722  gpacers are used was lot. Values plotted in Figure 7A represent the number of instances of the
723 indicated dlipping distance divided by the total nhumber of comparisons between pre-spacer
724  positions and AAGs, multiplied by 1000. Values listed in Figure 7B take into account the fact
725  that many pre-spacer positions were detected more than once, and hence these numbers control
726  for the relative use of the different sequences. Pre-spacers with a non-AAG PAM that did not
727  derive from a -1, +1 or +2 dip were selected; pre-spacers that were sequenced multiple times
728 were represented at the frequency with which they were detected. The associated PAM
729  seguences were then converted into the logos shown in Figure 7C using Weblogo (Crooks et al.,
730  2004).

731

732  Analysisof flipping

733  We selected all 33 nt pre-spacers on the target strand, in the 10 kb regions downstream of the
734  lacZ+ and mhpT- protospacers. We calculated al pairwise distances for these pre-spacers to
735 AAG-associated pre-spacers on the non-target strand, in the 10 kb upstream of each of the
736  protospacer. For the analysis represented in Figure 8B, only unique pre-spacer positions were
737  considered, so information on the frequency with which different pre-spacers are used was lot.

738 Values plotted in Figure 8B represent the number of instances of the indicated dlipping distance
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739  divided by the total number of comparisons between pre-spacer positions and AAGs, multiplied
740 by 1000.

741

742  Analysisof dipping for spacers of non-canonical length

743  We sdected all 32 and 34 nt pre-spacers on the non-target strand, in the 10 kb regions upstream
744 of the lacZ+ and mhpT- protospacers. We calculated all pairwise distances for these pre-spacers
745 to AAG-associated pre-spacers on the non-target strand, in the 10 kb upstream of each of the
746  protospacer. For the analysis represented in Figure 9C-D, only unique pre-spacer positions were
747  considered, so information on the frequency with which different pre-spacers are used was lot.
748 Values plotted in Figure 9C-D represent the number of instances of the indicated slipping
749  distance divided by the total number of comparisons between pre-spacer positions and AAGS,
750  multiplied by 1000.

751

752 ldentification of pre-spacers with higher-than-expected or lower-than-expected usage
753  frequency, independent of internal AAG sequences

754  We took the frequency of pre-spacer usage for all AAG-flanked 33 nt pre-spacers in the 100 kb
755  region upstream of the lacZ+ and mhpT- protospacers. We then fit an exponential decay modd to
756  each dataset using Microsoft Excd (“best fit line” function). Using the parameters associated
757  with these models, we determined the expected usage frequency for pre-spacers at every position
758 inthe 100 kb windows, and we then took the ratio of the actual usage frequency to the expected
759  usage frequency. Pre-spacers with ratios >4 or <0.25 were selected for analysis of tetranucleotide
760  and trinucleotide content.

761
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762 ldentification of pre-spacers with higher-than-expected or lower-than-expected usage
763  frequency, independent of internal AAG sequences

764  We took the frequency of pre-spacer usage for all AAG-flanked 33 nt pre-spacers in the 100 kb
765  region upstream of the lacZ+ and mhpT- protospacers, excluding pre-spacers with an internal
766  AAG. We then fit an exponential decay model to each dataset using Microsoft Excd (“best fit
767  lin€” function). Using the parameters associated with these models, we determined the expected
768  usage frequency for pre-spacers at every position in the 100 kb windows, and we then took the
769 ratio of the actual usage frequency to the expected usage frequency. Pre-spacers with ratios >4 or
770  <0.25 were used as input for Weblogo (Crooks et al., 2004) to create the sequence logos shown
771  inFigure 14A-B.

772
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917 Tablel. Strainsused in this study.

Name Description Sour ce

MG1655 | Wild-typeE. coli (Blattner et al., 1997)
CB386 MG1655 [Acas3 Pcsel]::[cat PJ23119] (Luo et a., 2014)
AMD536 | MG1655 [Acas3 Pcsel]::[ PJ23119] (Cooper et al., 2018)
AMD688 | MLS1003 [Acas3 Pcsel]::[ PJ23119] (Cooper €t al., 2018)

1IXDNAI | MG1655 AaraC-araBAD, APlacl:lacl, Acas- (Caliando and Voigt, 2015)
CRISPR::pACT-01 (Kan-)
AMDG671 | MG1655 AaraC-araBAD, APlacl:lacl, Acas- This Study
CRISPR::pACT-01, casl’ cas2’, AlacZ::thyA
AMDO052 | MG1655 AthyA (Stringer et al., 2012)
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Table 2. Plasmids used in thisstudy.

Name Description Sour ce

pBAD24 amp | Empty pBAD24 amp (Guzman et al., 1995)
pBAD33 cam | Empty pBAD33 cam (Guzman et al., 1995)
pPAMD179 Parent vector for cloning crRNAs (Cooper et al., 2018)
pPAMD189 stp; PAMD179 expressing a self-targeting crRNA | (Cooper et a., 2018)
pAMD191 pBAD33-cas3 (Cooper et al., 2018)
pCB380 pcrRNA.con-lacZ (Luo et al., 2014)
pAMD211 PAMD179 expressing a crRNA targeting mhpT This Study
pAMD212 PAMD179 expressing a crRNA targeting codA This Study

pSDS009 Parent vector for cloning pre-spacers This Study

pSK013 pSDS009 stp2-mutl pre-spacer This Study

pSK014 stp2; pAMD179 with an added pre-spacer This Study

pSK015 pSDS009 stp2-mut2 pre-spacer This Study

pSK035 pSDS009 stp2-mut3 pre-spacer This Study

pSK016 pSDS009 stp2-mut5 pre-spacer This Study

psK017 pSDS009 stp2-mut4 pre-spacer This Study
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923 Table 3. Oligonucleotides and synthesized dsDNA used in this study.

Name Sequence

JWA472 CCGACGCGCAGTTTA

JW473 CACGTTGTGTTTTCATGC

JW6518 CAGCGGGGATAAACC

JW7816 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAAGGTTGGTGGGTTG
TTTTTATGGG

Jw7817 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTTATCAATTACAAC
CGACAGGGAGCC

Jw7818 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAAAGTTGGTAGATTG
TGACTGGC

JwW7819 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCAACAGCAGCACCC
ATGAC

Jw7820 AATGATACGGCGACCACCGAGATCTACACGCGTAAGATCGTCGGCAGC
GTC

Jw8010 GCGCGGGGAACTCGAGCAGTCGCGCTTTGTCGAAACCGTTGCTGCCGG
TTTATCCCCGC

Jwg011 GCGCGGGGAACTCGAGGTGCCAGGGCATACAAAACGCTTTGCCCACGG
TTTATCCCCGC

Jw8053 AATGATACGGCGACCACCGAGATCTACACTCCAGGTATCGTCGGCAGC
GTCAGATGTG

Jw8054 CAAGCAGAAGACGGCATACGAGATGGATTCACGTCTCGTGGGCTCGGA
GATGTG

JwW8057 CAAGCAGAAGACGGCATACGAGATCGCATTAGGTCTCGTGGGCTCGGA
GATGTG

Jw8062 CAAGCAGAAGACGGCATACGAGATATGGACTCGTCTCGTGGGCTCGGA
GATGTG

Jw8476 CAAGCAGAAGACGGCATACGAGATTAAGGCGAGTCTCGTGGGCTCGGA
GATGTG

Jws4r7 CAAGCAGAAGACGGCATACGAGATCGTACTAGGTCTCGTGGGCTCGGA
GATGTG

Jwg478 CAAGCAGAAGACGGCATACGAGATAGGCAGAAGTCTCGTGGGCTCGG
AGATGTG

Jwg479 CAAGCAGAAGACGGCATACGAGATTCCTGAGCGTCTCGTGGGCTCGGA
GATGTG

Jw8480 CAAGCAGAAGACGGCATACGAGATGGACTCCTGTCTCGTGGGCTCGGA
GATGTG

Jwg481 CAAGCAGAAGACGGCATACGAGATTAGGCATGGTCTCGTGGGCTCGGA
GATGTG

Jwg485 CAAGCAGAAGACGGCATACGAGATCGAGGCTGGTCTCGTGGGCTCGGA
GATGTG

JW9009 ATTGGGCCAGCTAAATCG

JW9010 GGCTCATTATACCAGTCAGGACGTTGGGAAGAGGCCGCTCAAACAGGT
AAAAAAGACACC
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Jw9o016 GCTAAATCGATGGGATGTGGCTTGCTATCTTTGGCTCCACTGTGATAGA
CAGCTGCATGCAT

Jwo017 AGAACTGGCTCATTATACCAGTCAGGACGTTGGGAAGAGGCCGCGTGT
AGGCTGGAGCTG

JW9066 TGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTTAGAC
AGCTGCATGCAT

Jw9o067 TTCCTTACGCGAAATACGGGCAGACATGGCCTGCCCGGTTATTAGTGTA
GGCTGGAGCTG

JwW9o076 TGTTTGACAGCTTATCATCGATTTGACAGCTAGCTCAGTCCTAGGTATA
(dsDNA) ATGCTAGCATAAACCGCGGTACTTAGCTCCTCAGATTAGGATTGCGGA
GAATAACAACCGCCGTTCTCATCGAGTAATCTCCGGATATCGACCCATA
ACGGGCAATGATAAAAGGAGTAACCTGTGAAAAAGATGCAATCTATCG
TACTCGCACTTTCCCTGGTTCTGGTCGCTCCCATGGCAGCACAGGCTGC
GGAAATTACGTTAGTCCCGTCAGTAAAATTACAGATAGGGAGGAGCGA
TCCTGCAGTGTTCCCCGCGCCAGCGGGGATAAACCGAGGGAACTGCCA
GGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTT
TTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAGCTTGGC

TGTTTTGGCGGA

JW10009 | TGAGTAGGACAAGCTTACTAATTATAATAGAAGCCAGATACTAAAAAG
CTITGGCTGITTTT

JW10010 | AAAACAGCCAAGCTTTTTAGTATCTGGCTTCTATTATAATTAGTAAGCT
TGTCCTACTCA

JW10011 | TGAGTAGGACAAGCTTACTAATTATAATAGAAACCAGATACTAAAAAG
CTITGGCTGITTTT

JW10012 | AAAACAGCCAAGCTTTTTAGTATCTGGTTTCTATTATAATTAGTAAGCT
TGTCCTACTCA

JW10013 | TGAGTAGGACAAGCTTGCCGGCTGCAGCAGAAGCCAGATACTAAAAAG
CTTGGCTGTTTT

JW10014 | AAAACAGCCAAGCTTTTTAGTATCTGGCTTCTATTATATATAGTAAGCT
TGTCCTACTCA

JW10015 | TGAGTAGGACAAGCTTGCCGGCTGCAGCAGAAACCAGATACTAAAAAG
CTTGGCTGTTTT

JW10016 | AAAACAGCCAAGCTTTTTAGTATCTGGCTTCTATTATATATAGTAAGCT
TGTCCTACTCA

JW10017 | TGAGTAGGACAAGCTTACTAATTATAATAGAAACCAGATACCCCGAAG
CTTGGCTGTTTT

JW10018 | AAAACAGCCAAGCTTCGGGGTATCTGGTTTCTATTATAATTAGTAAGCT
TGTCCTACTCA

Jw10021 | TGAGTAGGACAAGCTTACTAATTATAATAGAAACCAGATACCCAAAAG
CTTGGCTGTTTT

Jw10022 | AAAACAGCCAAGCTTTTGGGTATCTGGTTTCTATTATAATTAGTAAGCT
TGTCCTACTCA

924
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925 FIGURE LEGENDS

926

927 Figure 1. Primed adaptation is >1000-fold more efficient than naive adaptation. (A)
928  Schematic showing the yfp reporter construct of strain AMD688 used to quantify adaptation. The
929 genome of the parent strain has a single CRISPR repeat embedded within a yfp open reading
930 frame such that the repeat causes a frame-shift, preventing trandation of YFP. Expansion of the
931 CRISPR array by a single repeat and spacer restores the frame, permitting trandation of YFP,
932 leading to detectable fluorescence. (B) Percentage of YFP' cells for an E. coli strain containing
933 the yfp reporter (AMDG688), either the stp (pPAMD189; “crRNA +”) or an equivalent empty
934  vector (pBAD24; “crRNA -"), and either a cas3-expressing plasmid (P AMD191; “cas3 +”) or an
935 equivalent empty vector (b BAD33; “cas3 -”), following addition of arabinose to the cultures.

936

937 Figure 2. Primed adaptation from a plasmid results in primed adaptation from shared
938 chromosomal locations. (A) Frequency of pre-spacer usage across the stp (pAMD189) during
939  primed adaptation in AMD536 cells containing pAMD189 and pAMD191. Values represent the
940 number of sequenced instances of each pre-spacer, plotted as a function of position on the
941 plasmid. Positive values indicate pre-spacers on the forward strand; negative values indicate pre-
942  gpacers on the reverse strand. (B) Frequency of pre-spacer usage on the stp compared for spacers
943  acquired in the CRISPR-I and CRISPR-II arrays. Data are only plotted for 33 nt pre-spacers that
944  were sequenced at least once in both datasets. (C) Frequency of pre-spacer usage across
945 pAMD191 during primed adaptation in AMD536 cells containing pAMD189 and pAMD191.
946  Only pre-spacers unique to pAM D191 are shown; grey shaded regions indicate shared sequence

947  with pAMD189. (D) Frequency of pre-spacer usage across a chromosomal region encompassing
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948 the araC gene during primed adaptation in AM D536 cells containing pAMD189 and pAMD191.
949  Values are plotted as a function of genome position. Only pre-spacers unique to the chromosome
950 areshown; the grey shaded region indicates shared sequence with pAMD189.

951

952  Figure 3. Primed adaptation on the chromosome occurs over regions of >100 kb. Frequency
953 of pre-spacer usage across a chromosomal region encompassing the lacZ+ and mhpT-
954  protospacers for AMD536 cells containing pAMD191 (encodes Cas3), and either pCB380
955  (encodes crRNA targeting lacZ+; data shown in black) or pAMD212 (encodes crRNA targeting
956 mhpT-; data shown in blue). Values represent the relative number of sequenced instances of each
957  pre-spacer, plotted as a function of genome position. Positive values indicate pre-spacers on the
958 forward strand; negative values indicate pre-spacers on the reverse strand. Green boxes indicate
959  positions of repetitive insertion element sequences. The pink box indicates the region analyzed in
960 Figure6B.

961

962 Figure 4. Off-target Cascade binding sites are not associated with detectable primed
963 adaptation. Frequency of pre-spacer usage in the 10 kb upstream of the on-target lacZ+
964  protospacer (orange datapoint), or off-target protospacers identified by (Cooper et al., 2018), on
965 the non-target strand, only counting 33 nt pre-spacers. Relative Cascade association with each
966 target sequence, as determined by ChiP-seq (Cooper et al., 2018), is shown on the x-axis.

967

968 Figure 5. Replicate primed adaptation datasets for chromosomal protospacers are highly
969 reproducible. Frequency of pre-spacer usage across the chromosome for each of two replicates

970 for AMD536 cdls containing pAMD191 (encodes Cas3), and (A) pCB380 (encodes crRNA
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971 targeting lacZt), (B) pAMD212 (encodes crRNA targeting mhpT-), or (C) pAMD211 (encodes
972  crRNA targeting codA+). Values represent the number of sequenced instances of each pre-
973  gpacer, for every 33 nt pre-spacer that mapped to the chromosome.

974

975 Figure 6. The majority of primed adaptation occurs on the non-target strand, upstream of
976 the protospacer. (A) Distribution of pre-spacer usage for lacZ+ (black) and mhpT- (blue)
977  between the non-target (positive values) and target (negative values) strands, and between the
978  upstream (dark colors) and downstream (light colors) directions. (B) Frequency of pre-spacer
979 usage in the 10 kb upstream of the mhpT- protospacer on the target strand for AMD536 cells
980 containing pAMD191 (encodes Cas3), and pCB380 (encodes crRNA targeting lacZ+; x-axis) or
981 pAMD212 (encodes crRNA targeting mhpT-; y-axis). Values represent the number of sequenced
982 instances of each pre-spacer, for every 33 nt pre-spacer associated with an AAG PAM.

983

984  Figure 7. Slipping accounts for the majority of pre-spacers on the non-target strand that
985 are not associated with an AAG PAM. (A) Normalized frequency of distances (*“dlipping
986 digtance’; x-axis) between uniquely positioned protospacers with an AAG PAM and uniquely
987 positioned protospacers with a non-AAG PAM, for the 10 kb upstream of the lacZ+ (black
988 datapoints) and mhpT- (blue datapoints) protospacers, on the non-target strand. Values were
989 normalized to the total number of pairwise comparisons. (B) Distribution of pre-spacer usage for
990 all pre-spacers with a non-AAG PAM, for the 10 kb upstream of the protospacer on the non-
991 target strand. Values represent averages from the lacZ+ and mhpT- experiments, with error
992  values representing one standard deviation from the mean. (C) DNA sequence logos for PAMs

993  from pre-spacers with a non-AAG PAM, for the 10 kb upstream of each of the lacZ+ and mhpT-
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994  protospacers on the non-target strand, excluding pre-spacers associated with -2, -1, +1 or +2
995 dlipping events. Logos were generated from all pre-spacer usage (i.e. not just unique pre-
996 spacerse).
997
998 Figure 8. Flipping often occurs following a slipping event. (A) Schematic showing different
999 possible flipping events. The yellow highlighted sequences indicate the AAG PAM associated
1000  with the non-flipped pre-spacer. (B) Normalized frequency of distances (“dipping distance’; x-
1001  axis) between uniquely positioned protospacers with an AAG PAM on the non-target strand, and
1002  uniquely positioned protospacers on the target strand, for the 10 kb upstream of the lacZ+ (black
1003 datapoints) and mhpT- (blue datapoints) protospacers on the non-target strand (i.e. 10 kb
1004 downstream of the protospacers on the target strand). Values were normalized to the total
1005  number of pairwise comparisons.
1006
1007 Figure 9. Pre-spacers with non-canonical lengths are often associated with dlipping. (A)
1008  Schematic showing pre-spacers of non-canonical lengths associated with an AAG PAM in either
1009 a dipped or non-dipped configuration. (B) Normalized frequency of distances (“dlipping
1010 distance’; x-axis) between uniquely positioned, 33 nt protospacers with an AAG PAM and
1011  uniquely positioned 32 nt protospacers, or (C) 33 nt protospacers, for the 10 kb upstream of the
1012 lacZ+ (black datapoints) and mhpT- (blue datapoints) protospacers, on the non-target strand.
1013  Vaueswere normalized to the total number of pairwise comparisons.
1014
1015 Figure 10. Pre-spacers with 200 nt of the protospacer are used less frequently. (A)

1016  Frequency of pre-spacer usage across a chromosomal region encompassing the lacZ+ and codA+
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1017  protospacers for AMD536 cells containing pAMD191 (encodes Cas3), and either pCB380
1018 (encodes crRNA targeting lacZ+; data shown in black) or pAMD211 (encodes crRNA targeting
1019 codA+; data shown in purple). Values represent the relative number of sequenced instances of
1020 each pre-spacer, plotted as a function of genome position. Data are only plotted for pre-spacers
1021 on the reverse strand. The blue box indicates the 10 kb region analyzed in panel B. (B)
1022  Frequency of pre-spacer usage in the 10 kb upstream of the lacZ+ protospacer on the non-target
1023  strand for AMD536 cells containing pAM D191 (encodes Cas3), and pAM D211 (encodes crRNA
1024  targeting codA+; x-axis) or pCB380 (encodes crRNA targeting lacZ+; y-axis). Values represent
1025 the number of sequenced instances of each pre-spacer, for every 33 nt pre-spacer associated with
1026 an AAG PAM. Data for pre-spacers within 200 nt of the lacZ+ protospacer are circled, and the
1027  distance from the lacZ+ protospacer is indicated.

1028

1029 Figure 11. Pre-spacers that contain an AAG are used less frequently. Frequency of pre-
1030 spacer usage across the 100 kb upstream of the (A) lacZ+ and (B) mhpT- protospacers for
1031 AMD536 cels containing pAMD191 (encodes Cas3), and either pCB380 (encodes crRNA
1032 targeting lacZ+) or pAMD212 (encodes crRNA targeting mhpT-). One was added to all
1033  frequency values to allow visualization of zero-scoring datapoints. Data are only shown for 33 nt
1034  protospacers on the non-targets strand, associated with an AAG PAM. Orange datapoints
1035 represent pre-spacers with an interna AAG. (C) Frequency of tetranucleotide sequence usage
1036 within pre-spacers that were de-enriched (x-axis) or de-enriched (y-axis) relative to an
1037  exponential decay model. Values represent the percentage of all tetranucleotides, averaged for

1038 datafrom the lacZ+ and mhpT- protospacer datasets. Error bars represent one standard deviation
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1039 from the mean. Tetranucleotide sequences containing AAG are plotted in orange. (D) Same as
1040 (C), but for trinucleotide sequences.

1041

1042 Figure 12. Experimental evidence that pre-spacers containing an AAG are used less
1043 frequently in primed adaptation, and to a lesser degree in naive adaptation. (A) Schematic
1044  showing the unmodified and modified pre-spacer sequences for the stp2, stp2-mutl, stp2-mut2
1045 and stp2-mut3 plasmids. The PAM is indicated by a dashed box. Grey highlighting indicates
1046 changes relative to the unmodified pre-spacer. (B) Frequency of pre-spacer usage for all pre-
1047  spacers on the unmodified and mutl stp2 plasmids, for pre-spacers on the non-target strand with
1048 an AAG PAM. The single modified pre-spacer that differs between the stp2 and stp2-mutl is
1049 shown in orange. The frequency of pre-spacer usage from the stp2 and stp2-mutl plasmids are
1050 shown on the x-axis and y-axis, respectively. (C) Tukey boxplot showing the distribution of pre-
1051  spacers usage or all chromosomal sequences with an AAG PAM that were detected at least once
1052 in an assay of naive adaptation (Yosef et al., 2013). Pre-spacers are separated depending on the
1053  presence or absence of an internal AAG sequence.

1054

1055 Figure 13. The impact of an AAG within a pre-spacer on primed adaptation efficiency is
1056 dependent on position of the AAG relative to the PAM. (A) Ratio of actual pre-spacer usage
1057  frequency to the frequency predicted by an exponential decay mode for all pre-spacers with an
1058 internal AAG. Dataare only shown for pre-spacers with an AAG PAM, on the non-target strand,
1059 <100 kb upstream of the lacZ+ (black datapoints) or mhpT- (blue datapoints) protospacer. Ratios
1060 are shown as a function of the position of the internal AAG sequence within the pre-spacer. (B)

1061  Frequency of pre-spacer usage for all pre-spacers on the stp2-mutl and stp2-mut2 plasmids, for
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1062  pre-spacers on the non-target strand with an AAG PAM. The single modified pre-spacer that
1063  differs between stp2-mutl and stp2-mut2 is shown in orange. The frequency of pre-spacer usage
1064  from the stp2-mutl and stp2-mut2 plasmids are shown on the x-axis and y-axis, respectively. (C)
1065 Asfor (B) but for the stp2 and stp2-mut3 plasmids.

1066

1067 Figure 14. Sequences at the PAM-distal end of the pre-spacer impact the efficiency of
1068 primed adaptation. (A) DNA sequence logo for the 133 “enriched” pre-spacers without an
1069 internal AAG that are used >4-fold more frequently than expected based on the exponential
1070 decay model. Note that the y-axis maximum is set to 0.5 bits. (B) DNA sequence logo for the
1071 195 “de-enriched” pre-spacers without an internal AAG that are used >4-fold less frequently
1072  than expected based on the exponential decay model. Note that the y-axis maximum is set to 0.5
1073  hits. (C) Schematic showing the unmodified and modified pre-spacer sequences for the stp2,
1074  stp2-mut4, and stp2-mut5 plasmids. The PAM is indicated by a dashed box. Grey highlighting
1075 indicates changes relative to the unmodified pre-spacer. (D) Frequency of pre-spacer usage for
1076  all pre-spacers on the stp2 and stp2-mut3 plasmids, for pre-spacers on the non-target strand with
1077 an AAG PAM. The single modified pre-spacer that differs between stp2 and stp2-mut4 is shown
1078 in orange. The frequency of pre-spacer usage from the stp2 and stp2-mut4 plasmids are shown
1079 onthe x-axisand y-axis, respectively. (E) Asfor (D) but for the stp2 and stp2-mut5 plasmids.

1080
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