
 

Figure S1. Naturally occurring indels preserve the phase of leader motifs, Related to Figures 2-4 and Table 1. (A) 
Tally of the midpoints of motifs found in I-C, II-C, I-F, I-EIHF, I-ENon-IHF leaders. Phased motifs are fit to gaussian curves. 
(B) Autocorrelation plots of the midpoints of motifs found in I-C, II-C, I-F, I-EIHF, I-ENon-IHF leaders. Common indels 
appear as peaks in the autocorrelation function. Motifs that are frequently shifted by 10-11 bp relative to the LRJ are 
retained in phase with the DNA helical repeat. (C) Schematics of observed leader motif architectures within each CRISPR 
subtype (Data S2). IHF binding sites (IHF) are shown as red rectangles, upstream motifs (UMs) are shown in as blue 
ovals. The UM motif is often repeated, as a direct repeat (DR) and/or an inverted repeat (IR). The sequences of the UMs 
and the relative distances between leader motifs varies between leader subtypes. Many I-F leaders possess all four motifs, 
whereas most I-E leaders possess only the proximal UM and IHF site. I-C and II-C leaders with the full complement of 
leader motifs are rare, and not among the top five most prevalent leader architectures (below dotted line). 

  



 

Figure S2. DNA-interacting residues are conserved between E. coli and P. aeruginosa IHF proteins. Related to 
Figure 3. (A) Pairwise alignments of E. coli and P. aeruginosa IHFα (top), and IHFβ (bottom). Identical residues (green) 
and non-identical residues (orange) are indicated. (B) Cartoon representations of E. coli IHF bound to cognate DNAS1 
(PDB:1IHF). DNA consensus sites (purple) are labelled. Non-consensus DNA regions are shown in light grey. Both IHF 
monomers are shown in green. Residues that are not identical in P. aeruginosa IHF monomers are shown (orange), none 
of which are expected to affect clamping of the A-tract, clamping of the TTR motif, kinking of DNA, or recognition of the 
TT and WATCAR motifs. 

  



 

Figure S3. High-throughput sequencing and quantification of prespacer integration events. Related to Figures 3 and 
4. (A) Graphical representation of Cas1-2/3-mediated integration events of a 40 bp dsDNA prespacer into a wildtype 
fragment of the CRISPR2 locus from P. aeruginosa PA14, in the absence of IHF (WT, No IHF protein), or in the presence 
of IHF (WT). Integration into variants containing leader mutations was also analyzed. “-5D” signifies deletion of 5 bp 
downstream of IHF proximal site. “+5D” signifies the addition of 5 bp downstream of IHF proximal site. “+10D” signifies 
the addition of 10 bp downstream of IHF proximal site “+10D,+10U” signifies the addition of 10 bp both downstream and 
upstream of the IHF proximal site. “Mut. UM prox” is used to describe a CRISPR containing a scrambled proximal upstream 
motif. Prespacers with confirmed integration positions (blue) represent the minority of mapped reads, since most integration 
positions cover two to three nucleotides that could have come from either the prespacer or the CRISPR substrate (red boxes). 
Based on this uncertainty, we refer to these insertions as “ambiguous”. (B) Data from panel A is quantified (right). Reads 
were counted as “ambiguous” insertion events at leader-repeat or spacer-repeat boundaries if the window of possible 
integration positions for that read covers one of the boundaries shown (left). (C) Ambiguous integration events arise because 
prespacers can be trimmed by Cas1-2/3 or contaminating nucleases prior to integrationS2,S3. An example of an ambiguous 
integration event at the leader-repeat1 boundary is shown. (D) Quantification of trimming events in prespacers confirmed 
integration positions into WT CRISPR substrate. Half of the prespacers analyzed are trimmed (49.8%), but there is no 
preference for cleavage at a PAM-spacer boundary (position shown in blue) indicating that under the conditions tested, 
prespacer maturation may be stochastic. 
  



  

Figure S4. IHF binds I-F leaders to recruit an upstream motif needed for efficient prespacer integration. Related to 
Figure 3. Uncropped images of denaturing gel electrophoresis of integration reactions into a 32P-labelled CRISPR 
fragment substrate. Reactions were performed in the absence of Cas1-2/3 (left), in the presence of all components 
(middle), or in the absence of IHF (right). Each row of gels depicts a replicate. 



  
Figure S5. Summary of differential evolution rates between co-existing CRISPR loci. Related to Figure 3. (A) 
CRISPR loci found in P. aeruginosa PA14S4,S5 and P. atrosepticum SCRI1043S6 fall into three categories based on the 
number of spacers, and rates of evolution. These categories correspond with three different CRISPR architectures. 
Rapidly evolving CRISPRs from these bacteria possess leaders with a proximal IHF site (midpoint 28 bp from the L-R 
junction), and a conserved upstream motif (midpoint 63 bp from the L-R junction) (top). IHF folds the leaders of these 
loci, to recruit an upstream motif to a specific surface of Cas1-2/3, facilitating efficient integration. Slower evolving 
CRISPRs do not have recognizable IHF binding sites in their leaders but do retain a correctly positioned upstream motif 
(middle). Integration at these loci is less efficient, and proceeds via an IHF-independent pathway. The slowest evolving 
CRISPR between these model organisms has the correct motifs in its leader, but integration may be blocked by a rare 
mutation within the inverted repeat of the first CRISPR repeat (bottom). Mutations in these regions of the CRISPR repeat 
are known to strongly inhibit integrationS7–S9. (B) Inverted repeat within I-F CRISPR repeat is highly conserved. Sequence 
logo of the first repeat in I-F CRISPRs. The highly conserved inverted repeats, necessary for efficient spacer integration, 
are boxed. The position of the C18T mutation that occurs in the first repeat of the P. atrosepticum CRISPR3 locus is 
indicated with an asterisk. 
  



 
Figure S6. Leader motifs involved in CRISPR evolution are phase sensitive. Related to Figure 4. Uncropped images 
of denaturing gel electrophoresis of integration reactions into a 32P-labelled CRISPR fragment substrate. Reactions were 
performed in the absence of Cas1-2/3 (left), in the absence of IHF (middle), or in the presence of all components (right). 



“X” marks lanes containing reactions that were not examined further and are not discussed in this paper. Each row of gels 
depicts a replicate.  
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