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Figure 1.1: CRISPR-Cas adaptive immunity consists of three main steps. Step 1 Adaptation; 
Upon infection a small fragment if the invaders DNA is captured and inserted into the CRISPR 
array by the Cas1-2 complex. Step 2 Expression; Expression of the cas genes and transcription 
and processing of the CRISPR arrays into crRNAs enables assembly of effector complexes 
which in Step 3 Interference; find and degrade the invading DNA. 
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Figure 1.2: Classification of Class 1 and Class 2 CRISPR-Cas systems. a, CRISPR-Cas 
systems can be divided into two classes based on the presence of a multi-subunit effector 
complex (Class 1) or a single effector protein (Class 2). Further division into types is then based 
on the presence of signature genes. b, The type I-E CRISPR-Cas system consists of two 
CRISPR arrays and cas gene cluster encoding the Cascade effector complex (light green), the 
Cas3 nuclease-helicase (dark green) and the Cas1-2 adaptation module (light blue). 
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Figure 1.3: Directional formation of the R-loop by Cascade. a, Schematic of the sequence 
elements required for full R-loop formation. The PAM (red) is adjacent to the protospacer 
(highlighted in blue and purple) on the target. The first 8 nt of the protospacer is known as the 
seed sequence (blue). b, The Cascade complex uses the PAM to scan the target DNA efficiently, 
initiating unwinding upon PAM recognition. c, The R-loop is formed directionally from the PAM 
proximal to PAM distal region. The partial R-loop is in an unlocked state and allowing 
proofreading of the target sequence (left). Upon full R-loop formation Cascade undergoes a 
conformational change to a locked state (right). d, If a mismatch or off-target is detected during 
R-loop formation Cascade can rapidly dissociate. 
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Figure 2.1: A roadmap of CRISPR-Cas adaptation and defense. In the example 
illustrated, a bacterial cell is infected by a bacteriophage. The first stage of CRISPR-Cas 
defense is CRISPR adaptation. This involves the incorporation of small fragments of DNA 
from the invader into the host CRISPR array. This forms a genetic “memory” of the infection. 
The memories are stored as spacers (colored squares) between repeat sequences (R) and 
new spacers are added at the leader-proximal (L) end of the array. The Cas1 and Cas2 
proteins, encoded within the cas gene operon, form a Cas1-Cas2 complex (blue) – the 
‘workhorse’ of CRISPR adaptation. In this example, the Cas1-Cas2 complex catalyzes the 
addition of a spacer from the phage genome (purple) into the CRISPR array. The second 
stage of CRISPR-Cas defense involves transcription of the CRISPR array and subsequent 
processing of the precursor transcript to generate CRISPR RNAs (crRNAs). Each crRNA 
contains a single spacer unit that is typically flanked by parts of the adjoining repeat 
sequences (grey). Individual crRNAs assemble with Cas effector proteins (green) to form 
crRNA-effector complexes. The crRNA-effector complexes catalyze the sequence-specific 
recognition and destruction of foreign DNA and / or RNA elements. This process is known 
as interference. 
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Figure 2.2: Target interactions and the PAMs of diverse CRISPR-Cas types. 
Recognition of the invading DNA target by the crRNA-Cas effector complexes of types I, II 
and V, results in the formation of an RNA-DNA hybrid in which the non-target DNA strand 
is displaced. The target strand contains the protospacer (red), which is complementary to 
the spacer sequence (crRNA, orange). The protospacer adjacent motif (PAM, blue) is 
located at either the 3′ end of the protospacer (type I and type V) or the 5′ end (type II). 
Type III and VI recognize RNA targets, with type III exhibiting additional transcription-
dependent DNA targeting. Some type III systems require an RNA-based PAM (rPAM). Type 
VI systems exhibit specificity for a protospacer flanking sequence (PFS) motif, which is 
analogous to a PAM.
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Figure 2.3: Cas1-Cas2-mediated spacer acquisition. a, The Cas1-Cas2 protein complex 
loaded with a pre-spacer substrate (E. coli type I-E structure shown; PDB 5DQZ). b, The 
Cas1 protospacer adjacent motif (PAM) sensing site shows the canonical type I-E PAM 
(CTT, yellow), residue-specific interactions (a residue from the non-catalytic Cas1 monomer 
is annotated with *) and the site of PAM processing (scissors). c, A schematic representation 
of the substrate loaded Cas1-Cas2 protein complex with the active PAM sensing site 
highlighted (light purple) and a partially duplexed DNA pre-spacer substrate (strands are 
purple and pink). The ruler mechanism determining spacer length for the E. coli type I-E 
system uses two conserved tyrosine residues (i.e. the “Cas1 wedge”, grey hexagons). d, 
Spacer integration proceeds as follows: 1) the Cas1-Cas2:pre-spacer complex binds to the 
leader (green) and first repeat (black). For type I and type II systems, respectively, Cas1-
Cas2 docking to the leader is assisted by integration host factor (IHF) or recognition of the 
leader adjacent sequence (LAS). 2) The first nucleophilic attack most likely occurs at the 
leader-repeat junction and gives rise to a half-site intermediate. 3) The second nucleophilic 
attack occurs at the repeat-spacer (orange) boundary, resulting in full site integration. 4) 
Host DNA repair enzymes fill the integration site. (E) The type I-E repeat is magnified (lower 
left) to indicate the inverted repeats within its sequence and highlight the anchoring sites of 
the molecular rulers that determine the point of integration. 
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Figure 2.4: Cas1-Cas2 substrate production pathways. a, Naïve generation of 
substrates by RecBCD activity on DNA ends resulting from DSBs that occur as a result of 
stalled replication forks, innate defenses such as restriction endonuclease activity, or from 
the ends of phage genomes (not shown). b, Primed pre-spacer production in type I systems, 
which requires Cas3 helicase and nuclease activity. c, Cas9-dependent spacer selection in 
type II systems, which for some subtypes is dependent on the activity of accessory proteins, 
such as Csn2 or Cas4. The PAM specificity of the Cas9 protein determines the selection of 
PAMs in pre-spacer substrates. 
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Figure 2.5: Primed CRISPR adaptation from a multi-copy MGE by type I-E and I-F 
CRISPR-Cas systems. a, An existing spacer (purple) with homology to an MGE sequence 
that has escaped interference (the ‘priming’ protospacer denoted with an asterisk) directs 
target recognition. The PAM adjacent to the protospacer is shown in black. The crRNA-
effector complex recruits Cas3 (or Cas1-Cas2-3 for type I-F) and the 3′ to 5′ helicase activity 
(illustrated by the red arrow) results in the acquisition of a new spacer from a site distal to 
the initial priming location. The new spacer maps to an interference-proficient protospacer 
(orange). Spacer acquisition in the type I-E system requires the Cas1-Cas2 complex and 
spacer acquisition in the type I-F system uses a Cas1-Cas2-3 complex. b, The new spacer 
(orange) perfectly matches the MGE sequence at the orange protospacer location and 
facilitates targeting of the MGE and recruitment of Cas3. Hence, subsequent spacers 
(mapping to blue protospacers) typically originate from Cas3 activity (red arrows) beginning 
at this location. 
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Figure 3.1: Overview of the CAPTURE protocol. Outline of the major steps required in 
order to detect spacer acquisition in a population of cells with high sensitivity. Dashed lines 
indicate steps where choices have to be made before proceeding to the next step. 
 



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 58PDF page: 58PDF page: 58PDF page: 58



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 59PDF page: 59PDF page: 59PDF page: 59

 

 



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 60PDF page: 60PDF page: 60PDF page: 60

Table 3.1: Primer sets and their limitations 
Step in 
protocol 

Primer Set Desired 
Outcome 
for Sample 

Limitations Solution 

4 Set 1, Initial 
Primers 

Detection Does not select 
specifically for 
expanded arrays. Can 
only detect expanded 
arrays when 
adaptation occurs in at 
least 10% of the entire 
bacterial population 

Try size selection and 
re-amplification 

17(A) Set 2, 
Internal 
Primers 

Detection Does not specifically 
bind expanded arrays 
and thus does not 
provide an extra level 
of detection 

Try primer set 3 or 4 
for more specific 
binding of expanded 
arrays 

17(A) Set 2, 
Internal 
Primers 

Sequencing Creates a PCR bias in 
deep sequencing 
results and could 
strongly influence the 
prevalence of certain 
spacer sequences 

Remove duplicate 
sequences during 
analysis. Use 
biological replicates 
to confirm observed 
trends 

17(B) Set 3, 
Degenerate 
Primers 

Sequencing Creates a PCR bias 
due to both stronger G-
C annealing at the 3’ 
end and exclusion of 
the primer ending with 
the same 3’ nucleotide 
as the existing leader 
proximal spacer 

Complete a 
normalization during 
analysis that 
accounts for the bias 
introduced by 
omitting a primer 
containing the same 
3’ nucleotide as the 
first spacer21. 

17(C) Set 4, 
Repeat 
Primers 

Sequencing Cannot be used for all 
systems due to the 
differing repeats 
sequences. The 
primers designed need 
to bind in opposite 
directions specifically 
within the repeat 
sequence. 
Subsequently these 
primers may be very 
short and if the repeat 
region for a system is 
AT-rich it may be 
difficult to design 
primers with an 
appropriate annealing 
temperature. 

Try Set 3, degenerate 
primers 
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Figure 3.3: Primer design for amplifying the CRISPR arrays within a population. 
Schematic of the CRISPR array consisting of a leader sequence (L) and repeats (R) 
interspaced by short DNA sequences termed spacers (coloured squares). When acquisition 
occurs an additional spacer (+1) is added at the leader proximal end (orange) of the array. 
Primers indicated by black arrows (numbered 1 and 2) are designed to allow PCR 
amplification of both expanded and unexpanded arrays within the population. 



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 63PDF page: 63PDF page: 63PDF page: 63

 

 

 
 
 



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 64PDF page: 64PDF page: 64PDF page: 64

Figure 3.4: Gel Electrophoresis images of CRISPR arrays before (Step 5) and after 
(Step 15) size selection. The proportion of expanded CRISPR arrays (indicated by the 
black arrow labelled +1) in the sample (10-1) is greatly increased after size selection (right) 
compared to the control (C). 
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Figure 3.5: Primer design options for re-amplification of expanded CRISPR arrays. 
Schematic of the three possible primer options for the second PCR amplification step. The 
internal primers (left) bind in spacer 1 (primer #2) and the leader sequence (#3) internally of 
primer #1 used in the first PCR step before size selection. The degenerate primers (middle) 
consist of 3 forward primers (DP) that anneal their 3’ nucleotide only with new spacers 
(orange) starting with a nucleotide different from the original spacer (blue), in combination 
with #2. The repeat primers (right) bind within the repeat (#7 and #8) orientated such that a 
product is only amplified when two repeats are present i.e. the array is expanded. 
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Figure 3.6. Anticipated 
Detection Results after Re-
amplification. Populations 
containing between 1:10 (10-1) 
and 1:106 (10-6) 
expanded:unexpanded CRISPR 
arrays plus an unexpanded 
control (0) were compared and 
visualized on a 2% agarose gel 
after completion of Step 15, Re-
amplification after size selection. 
a, Re-amplification using internal 
primers option A, b, re-
amplification with degenerate 
primers option B, c, re-
amplification with repeat binding 
primers option C. The black arrow 
labelled +1 indicates the 
expected fragments size when 
the array has expanded. Here it is 
shown that while the internal 
primers (a) have a low sensitivity 
to detect acquisition, occurring in 
at least 1% of the entire bacterial 
population, CAPTURE with the 
more specific degenerate primers 
(b) and repeat primers (c) is able 
to detect acquisition events that 
occurred in just 0.01% of the 
population.  
 



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 67PDF page: 67PDF page: 67PDF page: 67

 

 

-

-



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 68PDF page: 68PDF page: 68PDF page: 68

μ μ

https://3.ja/


567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 69PDF page: 69PDF page: 69PDF page: 69

 

 



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 70PDF page: 70PDF page: 70PDF page: 70



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 71PDF page: 71PDF page: 71PDF page: 71

 

 



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 72PDF page: 72PDF page: 72PDF page: 72

μ



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 73PDF page: 73PDF page: 73PDF page: 73

 

 



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 74PDF page: 74PDF page: 74PDF page: 74



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 75PDF page: 75PDF page: 75PDF page: 75

 

 



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 76PDF page: 76PDF page: 76PDF page: 76



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 77PDF page: 77PDF page: 77PDF page: 77

 

 

 
Table 3.2. Troubleshooting 

Step Problem Possible Reason Solution 
5 Multiple bands seen after 

PCR amplification 
Primers are binding to 
multiple regions 

Annealing temperature 
of primers must be 
adjusted (increased) to 
be as specific as 
possible 

5 No PCR products Primers were not 
optimized to specific 
conditions 

Consider a gradient 
PCR or decreased 
annealing temperature 

16 Low DNA yield after size 
selection 

Up to 50% of DNA can 
be lost during the 
extraction procedure 

A Blue Pippin cassette 
in which your DNA 
fragment size is in the 
middle of the selection 
range should be chosen 
 
Programming a wider 
selection range should 
also increase your yield 
 
Increase the 
concentration of DNA 
loaded into the blue 
pippin cassette by 
pooling multiple PCRs 
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15 A large proportion of 

unexpanded arrays are 
present in the extracted 
sample 

Selection range was too 
close to the unexpanded 
array fragment size 

Increase the size of the 
collection starting point 
to as close to the 
expanded array size as 
possible  
 
To widen the overall 
range and increase the 
yield as mentioned 
previously you can 
instead increase the end 
collection size 

18 A large proportion of 
unexpanded arrays are 
present after internal 
primer re-amplification

The acquisition rate may 
be very low 

Try using the 
degenerate or repeat 
primers to re-amplify the 
extracted fragment pool 

18 No PCR product can be 
visualized after re-
amplification of size 
extracted fragments 

Low DNA yield from the 
extraction step 

Run the extracted 
fragment pool directly on 
a gel to ensure product 
was extracted 

18 No or low PCR yield Not enough template 
used for PCR 
 
 
 
Primers were not 
optimized to specific 
conditions 

The template DNA 
concentration as 
indicated in the protocol 
can be increased 
 
Consider a gradient 
PCR or lower annealing 
temperature  

18 High levels of the 
expanded band can be 
seen in the control after 
re-amplification 

There may be carryover 
of longer products 
amplified in PCR 1 from 
the entire array. 
 
There could be a 
contamination or an 
amplification artefact, 
caused by repeats 
binding to each other, 
present in the sample 

Increase the annealing 
temperature to increase 
the primer binding 
specificity in PCR 1 
 
Increase the annealing 
temperature in PCR 2 
 
Lower the number of 
cycles and template 
used for the re-
amplification PCR and 
check control levels  

18 High levels of the 
unexpanded array band 
can be seen in the control 
after re-amplification 

A large proportion of 
unexpanded or control 
arrays are still present 
after size extraction 

Lower the number of 
cycles and template 
used for the re-
amplification PCR and 
check control levels 
 
Increase the annealing 
temperature to increase 
the primer binding 
specificity 
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Consider changing 
primer set for the re-
amplification 
 
If this does not work 
repeat the size extraction 
using the previously 
extracted sample pool 
 
Or alternatively use the 
size extracted DNA 
directly for deep 
sequencing 
 
 
 
 

18 Bands are not clearly 
distinguishable enough 
on the agarose gel to 
determine expanded: 
unexpanded array ratio 

Gel was not run long 
enough or DNA yield is 
low and hard to visualize 

Increase the percentage 
of your gel and run the 
products for longer 
 
If this does not work 
consider staining with 
SYBR Gold for clearer 
bands 
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Supplementary Table 3.1: Oligonucleotide sets used for this protoco 

Primer Set Step 
Primers 
are 
used in 

Primer 
name (in 
this 
protocol) 

Sequence 5’ – 3’ Description 

Set 1 
(Initial 
Primers) 

4 1  GGATGTGTTGTTTGTGTGATAC  FWD 
Anneals in 
the leader 
sequence of 
CRISPR2.3 
 

2  ACGCCTTTTTGCGATTGC REV Anneals 
in Spacer 1 
of CRISPR 
2.3 
 

Set 2  
(Internal 
Primers) 

17 (A) 3  GTTGGTAGATTGTGACTGGC FWD 
Anneals in 
the leader 
sequence of 
CRISPR2.3 
(Internal) 

2 ACGCCTTTTTGCGATTGC REV Anneals 
in Spacer 1 
of CRISPR 
2.3 
 

Set 3 
(Degenerate 
Primers) 

17 (B) 4  AGCGGGGATAAACCGC FWD 
Anneals in 
the type I-E 
repeat with C 
at the 3’ end 
 

5  AGCGGGGATAAACCGA FWD 
Anneals in 
the type I-E 
repeat with A 
at the 3’ end 
 

6  AGCGGGGATAAACCGT FWD 
Anneals in 
the type I-E 
repeat with T 
at the 3’ end 
 

2 ACGCCTTTTTGCGATTGC REV Anneals 
in Spacer 1 
of CRISPR 
2.3 

Set 4 17 (C) 7  GCTGGCGCGGGGAACAC FWD 
Anneals in 
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(Repeat 
Primers) 

type I-E 
repeat 
 
 

8  GCCAGCGGGGATAAACC REV Anneals 
in type I-E 
repeat 
 
 

*Underlined character indicates a unique spacer binding nucleotide 
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Figure 4.1: Cascade copy number vs CRISPR protection. a, Chromosomal locus of the 
Cascade subunits and integration site of the photoactivatable fluorescent protein upstream 
of cas8e. b, pTarget establishment, calculated from the ratio of transformation of 
pTarget/pGFPuv, is a measure for the interference level of the CRISPR system. To test 
whether tagged Cascade complexes were able to function normally, we compared the 
tagged strain to the untagged and the Δcas3 strain. pTarget (bottom right) contains 
protospacers for all spacers in the K12 genome (colored, not all depicted) and are flanked 
by a 5’-CTT-3’ PAM (black bars). c, Overlay of brightfield image of cells (grey) and single 
molecule signal (red) from a single representative frame for different induction levels. d, 
Number of fluorescent particles measured in each cell plotted for different levels of Cascade 
expression (left). The mean number of fluorescent particles (± standard deviation; table left 
column) was converted to a Cascade copy number (table right column, Methods). e, pTarget 
establishment plotted for different copy numbers of Cascade. The data points were fitted 
with an exponential decay function. , where n equals Cascade 
copy number and a the fitted coefficient. In our model . f, The fitted exponential 
decay on the left converted into an interference level (

. Indicated in red (dashed) is the amount of Cascade copies 
required for 50% interference.  
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Figure 4.2: Diffusion behavior of Cas8e and Cascade. a, Tracks with small (blue), 
intermediate (orange) and large (yellow) displacements from a single cell of the WT strain 
(left). The most likely state for three tracks is indicated, although, due to limited track length 
and fast transitions, states cannot be assigned confidently to every individual track. The D* 
distribution (middle), from a large population of tracks, enables reliable extraction of DNA 
interaction kinetic parameters (pseudo-first order on-rate ( ), off-rate ( ) and the 
apparent free diffusion coefficient ( )) by using analytical diffusion distribution analysis 
(DDA;  right). These parameters further allow the calculation of the fraction DNA bound 
( ). b-d, D* distributions for b, Cas8e, c, Cascade and d, ΔCRISPR strain. Total 
(black), Cas8e (blue) and Cascade (green) fractions fits are indicated by lines. Parameters 
(right) of Cas8e (b) were used to fit the Cas8e fraction in Cascade (c-d). Error estimation is 
based on bootstrapping (± standard deviation). See also Figure S1, S2 and S3. 
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Figure 4.3: Cascade localization inside the cell. a, Localization of Cascade in the cell. 
Left: Distribution of Cascade over the cell width (n = 33 cells; 15428 localizations): in orange 
is indicated the expected distribution in case of a homogeneous localization within the cell. 
Right: same localizations plotted within dimensions of single cell in which the cell length and 
cell width of each cell was normalized. b, Overlay of DAPI fluorescence and brightfield 
image (left) with Cascade localizations (right) in cephalexin treated cells. c, The nucleoid 
enrichment in the WT strain (27 subregions in 18 cells). The average ratio is indicated with 
a black bar. The expected ratio if Cascade has no interaction with DNA is indicated in red 
(dashed). d, Relation between DNA bound fraction and nucleoid enrichment. Left: A 
theoretical relation between nucleoid enrichment and DNA bound fraction was derived 
(Methods) and compared to simulated values for different amounts of fonDNA. Right: 
Localizations of simulated Cascade proteins (n =50.000) diffusing through part of an 
elongated cell are plotted on top of long cell axis. A DNA-free region (black bar) is visible 
due to enrichment of Cascade binding to DNA in nucleoid regions. Simulations of particles 
were performed with off-rate of 38 s-1 and an on-rate of 26 s-1 to reach a nucleoid enrichment 
of 1.8, similar to the average that was found for Cascade.   
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Figure 4.4: PAM-dependent and PAM-independent DNA probing. a, D* distributions for 
Cascade and Cas8e with a mutation (G160A) deficient in PAM binding. To compare kinetic 
rates, we assumed that the relative Cas8e-Cascade fractions and the diffusion of free 
Cascade and Cas8e were not altered by the mutation and those values were fixed. b,
Depiction of persistence analysis.  Increasing the integration time while keeping exposure 
time constant and counting the number of localizations within a certain radius allow the 
calculation of the persistence of binding events. c, The relative amount of long binding 
events (6 consecutive localizations within rmax: 1 pixel (0.128 μm) of the mean position) for 
WT and PAM binding mutant Cascade normalized to 50 ms integration time. Error 
estimation in (a) and (c) is based on bootstrapping (± standard deviation).  
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Figure 4.5: Cascade - DNA interactions in the presence of targets. (a-b), D* distribution 
for the Δcas3 strain carrying pTarget (a) and pTarget-RNAP (b). pTarget contains 
protospacers for all spacers in the K12 genome (colored, not all depicted) and are flanked 
by a 5’-CTT-3’ PAM (black bars). Cascade (probing) (green) and Cas8e (blue) fractions 
were fitted with parameters from Figure 1C and 1D, and a new target-bound fraction 
(Cascade (bound)) was introduced as a single diffusion state (D* = 0.06 μm2/s (+σ2/t); red). 
c, The abundance of sustained binding events as in Figure 3C, but for WT and pTarget-
carrying cells. (d-e), D* distribution for the Δcas3 strain carrying pCRISPR1 (d) and 
pCRISPR1-RNAP (e). pCRISPR1 contains the same protospacers as pTarget that are now 
flanked by repeat PAMs. f, In vivo KD estimates based on the ratio between Probing/Bound 
Cascade and the plasmid copy number (Figure S5; Methods). g, pTarget establishment for 
Δcas3 (blue), WT (high induction; green), an empty high copy plasmid (pControl; pink), and 
low or high copy plasmids carrying CRISPR arrays (pCRISPR2_LC/pCRISPR2; 
grey/purple). Each dot represents an independent biological replicate. h, pTarget 
establishment plotted for different copy numbers of Cascade. Same as Figure 1E but with 
addition of pCRISPR2. The Cascade copy number of the pCRISPR2 strain was estimated 
from the relative abundance of the Cascade (probing) fraction in the WT (high induction; 
Figure 2c) and pCRISPR2 (Figure S4) strain. Each dot represents an independent biological 
replicate. Error estimation in (a-f) is based on bootstrapping (± standard deviation).  
See also Figure S4, S5 and S6.  
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Figure 6.6: Model of how Cascade protects the cell. Successful protection against an 
invader requires Cascade target search to circumvent several potential diversions (red). 
After Cascade is assembled, the complex probes the host DNA by rapidly binding and 
dissociating. It uses PAM-dependent and PAM-independent DNA interactions and scans 
the entire nucleoid region. If it binds to a CRISPR array (S: spacer; R: Repeat), the complex 
disintegrates. When it has found its target, it depends on the search time ( ) and the 
critical time ( ) whether the invader is cleared and the cell protected, or the invader 
can replicate and establish itself in the cell. Moreover, transcription by RNA polymerase 
(RNAP) can still remove bound complexes, compromising CRISPR protection. 
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Supplementary Figure 4.1: Static D* fitting, Related to Figure 4.2. a, D* distribution (left) 
of the Cas8e strain (Fig. 4.2b) fitted with two static states with extracted D* value of each 
fraction on the right (relative abundance). The slowest state (D1; brown) was fixed to 0 
μm2/s. b, Same as (a) but then for three static states. c, D* distribution (left) of the WT strain 
(Fig. 4.2c). Cas8e distribution from Supplementary Fig. 4.1b was taken and used to fit the 
distribution with additional three states for Cascade diffusion. The relative abundance of 
Cas8e and Cascade estimated from static D* fitting is similar to that found for dynamic fitting 
(60 and 40%), even though the distributions of Cascade and Cas8e are different. Error 
estimation in (a-c) is based on bootstrapping (± standard deviation).
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Supplementary Figure 4.2: Performance of analytical DDA, Related to Figure 4.2. a, 
Comparison of simulation to the theoretical distribution (black line) found with the newly 
developed analysis method. 50.000 particles were simulated to move without boundaries 
and position was recorded for 4 consecutive steps. Particles were simulated with = 2 
μm2/s and increasing on- and off-rates (from 0.3 to 300 s-1). The theoretical model (black 
line) is directly plotted on top of the histogram of simulated D* values. A localization error 
drawn from a Gaussian distribution with σ = 40 nm was added to both the model and the 
simulation. b, Influence of localization error. Distribution of an average of consecutive 
displacements that are offset by a localization error are correlated, which is why in the 
absence of localization error in the simulation (top) there is no requirement for correction. 
However immobile particles offset by localization error with the same mean apparent 
diffusion coefficient are slightly differently distributed (middle). Correction (described in 
Methods) for the immobile particles is sufficient to restore the fit (bottom). c, Influence of 
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confinement. Particles were simulated inside of a cell 4 μm long and of 1 μm diameter. 
Simulations were run through analysis software to retrieve parameters.  estimates are 
influenced by confinement where fast moving particles appear to be slower. d, The off-rate 
is not as influenced by effects of confinement and stays the same even for the fastest moving 
particles (purple). Estimates become more unreliable for much faster or slower transitions 
than are measured in the integrated time of typical tracks.  

 

 

 

 
 

Supplementary Figure 4.3: Comparison between theoretical prediction and 
independent simulations of Cascade search times, Related to Figure 4.2. a,
Probability density function (PDF) and b, cumulative distribution function (CDF) of the 
distribution of search times. The equations of search time distributions for single and 
multiple (5) copies (Eq. 28 and Eq. 29) were tested against a simulation of Cascade 
search times using parameters of the kinetic model that were found experimentally ( = 
38 s-1 ; = 26 s-1) and an estimated 90.000 DNA sites to be scanned before reaching the 
target (See Methods, theoretical model interference level vs copy number). For the 
theoretical prediction, the average search time was calculated by using Equation 33. Both 
the theoretical prediction and simulations indicate that the average search time (indicated 
by a dot), decreases sharply from 90 minutes for a single Cascade copy to 4.5 minutes for 
20 Cascade copies.  
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Supplementary Figure 4.4: D* 
Histograms other conditions, 
Related to Figure 4.5. D* 
distributions for a, Δcas3 strain, b, 
Δcas3 strain + pUC19, the empty 
variant of pTarget-RNAP and 
pCRISPR1-RNAP and c, Δcas3 
strain + pCRISPR2. The amount of 
available Cascade complexes in the 
interference assay for strain 
pCRISPR2 targeting (Fig. 4.5h) were 
extracted from the relative amount of 
Cascade complexes in this strain 
(51%) divided by the number of 
complexes in the WT strain (60%). 
 

Supplementary Figure 
4.5: Plasmid copy 
number determination, 
Related to Figure 4.5.  
a, Calibration curve of dxs 
and bla primer 
amplification with dilution 
series of pMS11 (plasmid 
containing both dxs and 
bla gene). The regression 
of six technical replicates 
was used to make the 
calibration curve for both 
primer sets (regression 
parameters of bla and dxs 
gene in orange and purple 
respectively). b, The Ct 
values of bla and dxs gene 
amplifications were 
calculated from biological 
triplicates. These Ct 
values were converted to 
absolute copy numbers 

(CN) by using the regression values from the calibration curve. The plasmid copy number 
per chromosome (PCN/chromosome) was calculated by dividing the copy number of the bla 
gene by the copy number of the dxs gene. The plasmid copy number per cell was estimated 
by multiplying PCN/chromosome by the expected number of chromosomes per cell (4) 
based on a literature value 81 
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Supplementary Figure 4.6: Strains and plasmids used, Related to Figure 4.5. a, Strains 
used in this study, strains were constructed with lambda recombination and verified by 
sequencing. Only part of each CRISPR array indicated (total 18 spacers). b, Plasmids used 
in this study. Indicated are the ori (red), antibiotic resistance marker (light blue) and other 
components on the plasmid. Only part of the total 18 spacers are indicated for pTarget, 
pCRISPR1 and pCRISPR2. For sequences and descriptions see Supplementary Tables 4.3 
and 4.4 
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 Doubling time 
K12 BW25113 24.9 ± 0.1 min 
WT + pKEDR13 24.5 ± 0.4 min 
WT + pKEDR13 + 1 mM IPTG 31.7 ± 0.6 min 
WT + pCas3 + pKEDR13 + 1 mM 
IPTG 

33.3 ± 0.2 min 

ΔCas3 + pKEDR13 + pTarget + 1 
mM IPTG 

31.8 ± 0.4 min 

Supplementary Table 4.1: Growth rate of E. coli strains used in this study. Growth 
rates were determined in a plate reader where cells were inoculated in similar conditions as 
described in Methods. The instantaneous growth rate was determined at t = 2.5 hours, which 
represented the growth rate at the time of the microscope studies. Three independent 
cultures were measured to get the mean and standard error values.   
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Supplementary Table 4.2: Primers used in this study 

Name Description  Sequence (5’-3’) 

BG7128 PAmCherry (lox-cam-lox) insert fw (WT) GGAGGCTATTAAAGGTGCACAAT 

BG7129 PAmCherry (lox-cam-lox) insert fw 
(Δcas3) 

GTCTCTTCTTTGCAGGGAGG 

BG7130 
 

PAmCherry (lox-cam-lox) insert rv (WT) TATCGTCACGGGGCAAACT 

BG7131 PAmCherry (lox-cam-lox) insert rv 
(G160A) 

AGCAGGTATAGACTCATTGGACT 

BG7366 ΔCRISPR1 insert (lox-kan-lox) fw GCAGAGGCGGGGGAACTCCAAGTGA
TATCCATCATCGCATCCAGTGCGCCG
GTGTCTTTTTTACCTGTTTGACC 

BG7367 ΔCRISPR1 insert (lox-kan-lox) rv GGTTGTTTTTATGGGAAAAAATGCTT
TAAGAACAAATGTATACTTTTAGATTC
CTACCTCTGGTGAAGGAGTTG 

BG7368 ΔCRISPR2+3 insert (lox-kan-lox) fw TAAGTGAGAAGGCCGGGCGGGAAAC
TGCCCGGCCTGAACATACCTGAATTA
GAGTCGGACTTCGCGTTCGC

BG7369 ΔCRISPR2+3 insert (lox-cam-lox) rv GATTGTGACTGGCTTAAAAAATCATT
AATTAATAATAGGTTATGTTTAGAGCT
AGTTATTGCTCAGCGGTGG 

BG8366 
 

Δ(cas11-cas6e) insert (lox-kan-lox) fw TTGAGTGGAATGGGATTAAGGGGAA
GCCAGGTCATTTTATTACACCTCAAG
GTGTCTTTTTTACCTGTTTGAC 

BG8367 
 

Δ(cas11-cas6e) insert (lox-kan-lox) rv ACAAACATTTACGGGAGTTAAAACCG
CAAGGAGGGCCATCAAATGGCTGAT
TCCTACCTCTGGTGAAGGAGTTG 

BG8677 qPCR bla fw CTACGATACGGGAGGGCTTA 

BG8678 qPCR bla rv ATAAATCTGGAGCCGGTGAG 

BG8679 qPCR dxs fw CGAGAAACTGGCGATCCTTA 

BG8680 qPCR dxs rv CTTCATCAAGCGGTTTCACA 

BN370 pCRISPR2 (array2.3) rv GTGAGCTGATACCGCTCGCCTGAAC
CTCTC TGGCATGGA  

BN383 pCRISPR2 (array2.1) fw TGCTTTAAGAACAAATGTATACTTTTA
G  

BN384 pCRISPR2 (array2.1) rv TCTAAACATAACCTATTATTACCAAGT
GATA TCCATCATCGC  

BN385 pCRISPR2 (array2.3) fw GCGATGATGGATATCACTTGGTAATA
ATAG GTTATGTTTAGA  

BN373 Site-directed mutagenesis RepA HC fw TGGTTAAAGGCTTTCGGATCTTCCAG 

BN374 Site-directed mutagenesis RepA LC fw TGGTTAAAGGCTTTGAGATCTTCCAG 

BN375 Site-directed mutagenesis RepA HC+LC 
rv 

AAGGATTCCTGATTTCCACAGTTC 
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Supplementary Table 4.3: Synthetic DNA inserts used in this study 

Description  Sequence (5’-3’) 

PAmCherry ins TGGCGTTAAGCATTCGCGAGGTTCCAGATGGACAAAAGCCCCAGGCGAT
ATTTCTATCAACCTGAGGCCAGCGTTCGAACCCAAACAATTCGAATGTTAG
TCTCTTCTTTGCAGGGAGGCAAGACATGTGTATATCACTGTAATTCGATAT
TTATGAGCAGCATCGAAAAATAGCCCGCTGATATCATCGATAATACTAAAA
AAACAGGGAGGCTATTAAAGGTGCACAATGTACATCTTCTTTTAATTTCCC
GGTATGAGATTTTATATTCACAGTATGAATATTTTATGTAATAAAATTCATG
GTAATTATTATAACTAAAAGTTTCTTTAATAATAAGGCGCCCCTAGGTACC
GTTCGTATAATGTATGCTATACGAAGTTATGAGCTGTTGACAATTAATCAT
CGGCTCGTATAATGTGTGGGCAATGAGCTTGCACTGCAGAACTTTGATAT
ACCATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGG
CATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTAT
AACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAA
AATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATG
AATGCTCATCCGGAATTCCGTATGGCAATGAAAGACGGTGAGCTGGTGAT
ATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAAC
GTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACA
CATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCC
CTAAAGGGTTTATTGAGAATATGTTTTTCGTCTCAGCCAATCCCTGGGTGA
GTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCC
CCGTTTTCACTATGGGCAAATATTATACGCAAGGCGACAAGGTGCTGATG
CCGCTGGCGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGG
CAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGG
GCGTAAATAACTTCGTATAATGTATGCTATACGAACGGTATCTAGACTTCG
GGAATGATTGTTATCAATGACGATAATAAGACCAATAACGGTTTATCCCTA
CTTAAGTAGGGAAGGTGCACAATGTACATCTTCTTTTAATTTCCCGGTATG
AGATTTTATATTCACAGTATGAATATTTTATGTAATAAAATTCATGGTAATTA
TTATAACTAAAAGTTTCTTTAATAATAAAACGAATAACTTGCAGATTTGAAA
TGCATGCATTATTGTCTTTAAACAATTCAACACATCTTAATATATGTATAGG
TTAATTGTATTAAACCAATGAATATATTTTTGCAGTGAATGTGATTATTGAA
TTAATTACGCCGTATTTTTTCTTTGTTTTTACCGATAACGGAAGTGTGCCGA
CGTATAGAAATGCAGGAGAAATGTCGGAGCATATGAAGGAGAACAAATGG
TGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCG
CTTCAAGGTGCACCTGGAGGGGTCCGTGAACGGCCACGAGTTCGAGATC
GAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAA
GCTGAAGGTGACCAAGGGTGGCCCCTTGCCCTTCGCCTGGGACATCCTG
TCCCCTCAGTTCATGTACGGCTCCAATGCCTACGTGAAGCACCCCGCCGA
CATCCCCGACTACTTTAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGC
GCGTGATGAACTTCGAAGACGGCGGCGTGGTGACCGTGACCCAGGACTC
CTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACC
AACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGG
AGACCCTCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGAG
AGCTCAAGGCGAGGACGAAGCTGAAGGACGGCGGCCACTATGACACTGA
GGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGTTGCCCGGCGCC
TACAACGTCAACCGCAAGTTGGATATCACCTCCCACAACGAGGACTACAC
CATCGTGGAACAGTACGAACGTGCCGAGGGCCTCCACTCCACCGGCGGC
ATGGACGAGCTGTACAAGCCCGGGGCGCTCATGGCTAATTTGCTTATTGA
TAACTGGATCCCTGTACGCCCGCGAAACGGGGGGAAAGTCCAAATCATAA
ATCTGCAATCGCTATACTGCAGTAGAGATCAGTGGCGATTAAGTTTGCCC
CGTGACGATATGGAACTGGCCGCTTTAGCACTGCTGGTTTGCATTGGGCA
AATTATCGCCCCGGCAAAAGATGACGTTGAATTTCGACATCGCATAATGAA
TCCGCTCACTGAAGATGAGTTTCAACAACTCATCGCGCCGTGGATAGATA
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TGTTCTACCTTAATCACGCAGAACATCCCTTTATGCAGACCAAAGGTGTCA
AAGCAAATGATGTGACTCCAATGGAAAAACTGTTGGCTGGGGTAAGCGGC
GCGACGAATTGTGCATTTGTCAATCAACCGGGGCAGGGTGAAGCATTATG
TGGTGGATGCACTGCGATTGCGTTATTCAACCAGGCGAATCAGGCACCAG
GTTTTGGTGCCGGTTTTAAAAGCGGTTTACGTGGAGGAACACCTGTAACA
ACGTTCGTACGTGGGATCGATCTTCGTTCAACGGTGTTACTCAATGTCCT
CACATTACCTCGTCTTCAAAAACAATTTCCTAATGAATCACATACGGAAAA
CCAACCTACCTGGATTAAACCTATCAAGTCCAATGAGTCTATACCTGCTTC
GTCAATTGGGTTTGTCCGTGGTCTATTCTGGCAACCAGCGCATATTGAATT
ATGCGATCCCATTGGGATTGGTAAATGTTCTTGCTGTGGACAGGAAAGCA
ATTTGCGTTATACCGG 

pTarget insert TCTAGAGAATTCGACAGAACGGCCTCAGTAGTCTCGTCAGGCTCCTTCTG
TTTTCGCAAATCTATGGACTATTGCTATTCTTGGGCGCACGGAATACAAAG
CCGTGTATCTGCTCTTTGGCTCTGCAACAGCAGCACCCATGACCACGTCT
TGAAATGCTGGTGAGCGTTAATGCCGCAAACACCTTATTACGCCTTTTTGC
GATTGCCCGGTTTTTGCCTTCCATGGCAGCGTCAGGCGTGAAATCTCACC
GTCGTTGCCTTTCGGTTCAGGCGTTGCAAACCTGGCTACCGGGCTTGTAG
TCCATCATTCCACCTATGTCTGAACTCCCTTCCGGGGGATAATGTTTACGG
TCATGCGCCCCCCTTTGGGCGGCTTGCCTTGCAGCCAGCTCCAGCAGCT
TAAGCTGGCTGGCAATCTCTTTCGGGGTGAGTCCTTTAGTTTCCGTATCTC
CGGATTTATAAAGCTGACTTGCAGGCGGCGACGCGCAGGGTATGCGCGA
TTCGCTTGCGACCGCTCAGAAATTCCAGACCCGATCCAAACTTTCAACATT
ATCAATTACAACCGACAGGGAGCCCTTAGCGTGTTCGGCATCACCTTTGG
CTTCGGCTGCTTTGCGTGAGCGTATCGCCGCGCGTCTGCGAAAGCTTGG
TACC 

pCRISPR1 insert  TCTAGAGAATTCGACAGAACGGCCTCAGTAGTCTCGTCAGGCTCCGGCTG
TTTTCGCAAATCTATGGACTATTGCTATTCGGGGGCGCACGGAATACAAA
GCCGTGTATCTGCTCGGTGGCTCTGCAACAGCAGCACCCATGACCACGT
CGGGAAATGCTGGTGAGCGTTAATGCCGCAAACACCGGATTACGCCTTTT
TGCGATTGCCCGGTTTTTGCCGGCCATGGCAGCGTCAGGCGTGAAATCT
CACCGTCGTTGCCGGTCGGTTCAGGCGTTGCAAACCTGGCTACCGGGCG
GGTAGTCCATCATTCCACCTATGTCTGAACTCCCGGCCGGGGGATAATGT
TTACGGTCATGCGCCCCCCGGTGGGCGGCTTGCCTTGCAGCCAGCTCCA
GCAGCGGAAGCTGGCTGGCAATCTCTTTCGGGGTGAGTCCGGTAGTTTC
CGTATCTCCGGATTTATAAAGCTGACGGGCAGGCGGCGACGCGCAGGGT
ATGCGCGATTCGCGGGCGACCGCTCAGAAATTCCAGACCCGATCCAAAC
GGTCAACATTATCAATTACAACCGACAGGGAGCCCGGAGCGTGTTCGGC
ATCACCTTTGGCTTCGGCTGCGGTGCGTGAGCGTATCGCCGCGCGTCTG
CGAAAGCGGGGTACC 
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Supplementary Table 4.4: Plasmids used in this study 

Name in study Name in storage Description  Source 

pKEDR13 pKEDR13 Expression plasmid LeuO  18 

pGFPuv pGFPuv Expression plasmid GFPuv  Clontech 

pMS011 pMS011 Plasmid containing bla and dxs gene 
(qPCR) 

82 

pSC020 pSC020 Plasmid containing Cre and lambda 
recombinase  

S. Creutzberg 
(unpublished) 

pTarget pTU256 Target plasmid containing all 18 
potential protospacers for flanked by 5’-
CTT-3’ 

This study 

pTarget-RNAP pTU150 Target plasmid containing all 18 
potential protospacers for flanked by 5’-
CTT-3’ and plac upstream  

This study 

pCRISPR1 pTU258 Target plasmid containing all 18 
potential protospacers for flanked by 5’-
CGG-3’

This study

pCRISPR1-
RNAP 

pTU152 Target plasmid containing all 18 
potential protospacers for flanked by 5’-
CGG-3’ and plac upstream  

This study 

pCRISPR2_LC pTU158 Plasmid containing all 18 potential 
protospacers for flanked by repeat 
sequences; low copy backbone variant 
of pSC101

This study 

pCRISPR2 pTU160 Plasmid containing all 18 potential 
protospacers for flanked by repeat 
sequences; high copy backbone variant 
of pSC101

This study 

pControl 
 

pTU254 High copy backbone variant of pSC101 This study 

pCas3 
 

pTU255 Expression plasmid Cas3  This study 
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Glossary 

Full name Symbol Description 

Apparent diffusion coefficient   Apparent due to confinement 

Bound state S1  

Dissociation constant KD Constant which is a measure for 
the binding affinity of two objects 
with each other 

DNA segments  Amount of segments defined as 
containing DNA by DAPI staining   

Enrichment Factor EF The number of localizations in 
DNA-containing segments divided 
by the number of localizations in 
DNA-free segments 

Fraction DNA bound  Fraction of the time DNA binding 
proteins spend on DNA is 
calculated from the off- and on-rate 
(Figure 1).  

Frametime f Positions of simulated/measured 
particles are recorded for each 
frametime 

Free diffusion coefficient  Diffusion coefficient in the absence 
of DNA binding. Apparent due to 
confinement. 

Integrated time Overall timescale: can be one or 
multiple frametimes 

Localization error σ Average error in determination of 
particle position  

Mobile state S2  

off-rate  Rate DNA bound protein is 
released from DNA. Inverse of 
residence time 

pseudo-first order on-rate  Rate mobile protein is binding to 
DNA. As the amount of potential 
DNA probing sites is very large, on-
rate is independent of DNA 
concentration (pseudo-first order) 

pTarget establishment  Measure for interference level 
calculated from the transformation 
ratio of pTarget and pGFPuv (Eq. 
1) 
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Time step  Displacements of simulated 
particles are calculated for each 
time step 

Total number of segments  Total number of segments in the 
cell 
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Figure 5.1: Investigating single-cell behaviour during CRISPR defence using time-
lapse microscopy. a, Schematic of the direct interference process. The cell contains a I-E 
CRISPR system, as well as the CRISPR array with a single spacer targeting the plasmid 
(grey box). The plasmid encodes YFP and contains a sequence matching the spacer (grey), 
flanked by a consensus PAM (blue). Immediate targeting by the CRISPR system resulting 
in degradation of the plasmid and loss of the YFP in the cell. b, To invoke priming the 5’-
CTT consensus PAM, flanking the target sequence located on the plasmid, is mutated by 
one nucleotide to a non-consensus PAM 5’-CGT. c, Schematic of the priming process. (Left 
cell) A mutation of the PAM (red) flanking the target sequence means the spacer in the 
CRISPR array can no longer initiate direct interference. Fragments in the cell can be 
captured and processed by Cas1,2 (light blue). (Right cell) The Cas1,2 complex integrates 
the fragment into the CRISPR array as a new spacer (purple), which can target the plasmid 
resulting in degradation and loss of YFP in the cell. d, To allow long term imaging cells are 
grown in a microfluidic chip that allows constant media supply. Cells within a single well are 
imaged frequently in phase contrast and fluorescence allowing segmentation and tracking 
of lineage history across frames. e, Variation in features of reconstructed single-cell lineages 
(left) such as size (middle) and YFP concentration (right) are continuously monitored 
enabling further investigation.  
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Figure 5.2: Variation in target plasmid clearance times is much larger when CRISPR 
adaptation is required. a, Overlay of fluorescent and phase contrast time-lapse images of 
cells targeting a matching plasmid with a consensus PAM. Presence of the target plasmid 
is tracked by its YFP production. Images are shown at 2.5 hour intervals starting from 
induction of cas gene expression. b, Reconstructed lineage traces of the imaged population 
(a) from induction of the CRISPR system over time (grey) lineages show some variation in 
plasmid clearance times (coloured).  c, Production rate (black line) of the YFP is used to 
determine the plasmid loss time, PLT, (black dot, black arrow) allowing earlier detection than 
using the mean fluorescence (purple line). The time from first targeting of a single plasmid 
to production rate threshold is defined as the clearance time (CT, purple arrow). d, 
Distribution of plasmid loss times determined by the production rate during direct 
interference. e, Overlay of time-lapse images of cells targeting a matching plasmid with a 
mutated non consensus PAM. Presence of the target is tracked by YFP production. Images 
are shown at 6 hour intervals. f, Reconstructed lineage traces of the imaged population (e) 
from induction of the CRISPR system over time (grey) lineages show large variations in the 
time taken to clear the plasmid (coloured). g, Distribution of plasmid loss times calculated 
with the production rate during priming. 
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Figure 5.3: Growth rate and interdivision times have an influence on direct 
interference and priming. a, Schematic of key analysis structure and terminology. b, A 
comparison of 9 subtrees constructed from induction. c, The observed fraction of loss in 
cells (navy) related as either sisters or cousins during direct interference or priming is plotted 
against the fraction of expected loss events (cyan) in related cells when the events are 
randomized in the same time window. d, The cell cycle was divided into 5 equal fractions 
and plasmid loss times are plotted in the corresponding fraction where one sister alone lost 
the plasmid (left) or both sisters lost the plasmid (right) e, schematic explaining the rank-
based analysis approach. For each detected loss event (left, black circle) the cell feature 
i.e. growth rate for that lineage (right, green) is averaged over a lookback window (right, 
dashed rectangle), and then ranked amongst all averages of non-loss lineages in the same 
window (violet, right). f, Boxplots of percentile rankings of all loss lineages that cleared a 
consensus target via direct interference (green, left), or a mutated target via priming (navy, 
right), for growth rate, birth size and interdivision respectively over a lookback window of 30 
minutes. The median percentile ranking of loss lineages is indicated by a line and value, 
categories in which this value was significantly different from a ranking in the 50th percentile 
are indicated in red followed by asterisks. (****P<0.0001, ***P<0.001, **P<0.01) 
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Figure 5.4: Growth rate and interdivision times influence direct interference and 
priming. a, Schematic of the experimental set up adapted to allow visualization of target 
presence (CFP) and Cascade levels (mCherry) simultaneously. The expansion indicates 
the mCherry fluorescent tag was integrated upstream of the cas8e subunit. b, Cascade 
concentration of single-cell lineages over time from induction. c, Cascade concentrations 
were averaged over a 30 minute lookback window from the plasmid loss event for all loss 
lineages during direct interference (green) or priming (navy). The Cascade concentration of 
the loss lineages were ranked as percentile amongst the non-loss lineages and plotted here. 
The median percentile ranking of loss lineages is indicated by a line and value, categories 
in which this value was significantly different from a ranking in the 50th percentile (p<0.05) 
are indicated in red followed by an asterisk. d, The Pearson correlation coefficient of plasmid 
loss time versus total cumulative cascade concentration at that moment is plotted every 5 
minutes (DI) or 10 minutes (Priming) starting from induction of the CRISPR system. The 
plotted line for both a target with a consensus PAM (green) and target with a mutant PAM 
(navy) are enveloped by a 95% confidence interval. Darker shading indicates where the 
correlation coefficient is significantly different from zero (p<0.05). 
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Figure 5.5: Results from the stochastic agent-based model of CRISPR adaptation and 
interference. a-d, Example trajectories showing fluorescence concentration produced by 
target plasmids simulated with the agent-based model for the (a) direct interference and (c) 
priming condition, and corresponding target loss distribution (b,d respectively). e-h, 
Example trajectories from 4 different parameter combinations. High Cascade affinity (f,h) 
corresponds an increase in target binding by a factor 100 as compared to low Cascade 
affinity (e,g), slow integration (g,h) represents a 100-fold reduction in the spacer integration 
rate as compared to fast integration (e,f). i, Mean target loss time of the population as a 
function of the average target copy number per cell for direct interference (green) and 
priming (navy). j, Breakdown of average time spent on primed adaptation (blue) and primed 
interference (green) for cells that clear targets through priming, for target copy numbers in 
the range 1-50. k, Schematic of alternative target loss pathways. At low copy numbers, 
targets can be cleared through low-level interference, which becomes increasingly rare as 
copy numbers increase. The priming process shows a u-shaped relationship with the target 
copy number, as a result of adaptation becoming faster as target copy numbers increase, 
and time required for interference increasing with target copy number. 
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Figure 5.6: Distribution of primed adaptation and primed interference time for high 
and low variability in Cascade concentration. a, Target loss time distribution for two 
different levels of Cascade concentration variability for priming. At low variability (blue) 
Cascade proteins are produced in frequent, small bursts, whereas at high variability (green) 
proteins are synthesized more sporadically in large bursts (100-fold increase), keeping 
average Cascade concentration constant. b-c, The variability of primed interference times 
(b) for high Cascade variability (green) increases as compared to low Cascade variability 
(blue), whereas the variability of primed adaptation times (c) decreases with higher Cascade 
variability.  
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Supplementary Figure 5.1: Plasmid loss is CRISPR-dependent. The YFP fluorescence 
traces in arbitrary units (a.u.) of the WT strain harboring pControl a plasmid with no target 
for the CRISPR-Cas system. Time-lapse imaging was carried out for 35 hours post induction 
of the cas genes, and showed no plasmid loss. 
 

 
 

 
Supplementary Figure 5.2: Decay of YFP fluorescence in both direct interference and 
priming follows exponential decay. The fluorescence concentration (open circles) of (a) 
direct interference and (b) priming lineages can be described by exponential decay. This 
was evaluated by performing a least-squares (LS) fit of the fluorescence concentration data 
(purple open circles) after the moment of plasmid loss (PLT, black circle) to an exponential 
curve (LS fit, black line). 
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Supplementary Figure 
5.3: Cell divisions 
before plasmid loss 
highly correlates with 
plasmid loss time. The 
number of cell divisions 
from the moment of 
induction until plasmid 
loss are plotted against 
the PLT in hours. Both 
consensus target 
clearance by direct 
interference (green) and 
mutant target clearance 
by priming (blue) are 
shown.  

Supplementary Figure 5.4: Plasmid loss during Direct interference and primed 
interference processes occur on a comparable timescale. All production rate traces 
(grey) starting from 140 minutes prior to the detected plasmid loss time PLT from (a) direct 
interference and (b) priming were aligned at the PLT (t-PLT=0) and the average trend (navy) 
normalized for comparison. From the average trend, we estimate the clearance time (CT), 
time taken from the initiation of plasmid clearance until elimination of all copies, to be in the 
order of 60 minutes for both direct interference and priming from the onset of the production 
rate decrease.  
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Supplementary Figure 5.5: Spacer acquisition was only seen in the WT strain in the 
presence of a mutated PAM triggering priming. Cells from the chip output were collected 
in a flask for each experiment and the CRISPR arrays were screened for expansion due to 
spacer acquisition by PCR amplification using primers BN1530 + BN1531 (Supplementary 
Table 2). The gel shows PCR amplified CRISPR arrays from each experiment  a, WT + 
pControl (Control) b, �cas1,2 + pTarget (direct interference) c, �cas1,2 + pMutant d, WT + 
pMutant (priming). The presence of a larger band indicates array expansion and therefore 
successful spacer acquisition. 

 
Supplementary Figure 5.6: In the absence of Cas1 and Cas2 clearance of a target with 
a non-consensus PAM mutant occurs rarely. The YFP fluorescence of the �cas1,2 strain 
containing pMutant was imaged for 34 hours after induction. Lineages that were able to 
clear the plasmid are highlighted in blue with the red dot indicating the moment of detection. 
1.4% of lineages (5 unique events, red dot) cleared the plasmid.
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Supplementary Figure 5. 7: Autocorrelation time of cellular growth rate. The 
autocorrelation time was calculated for the cellular growth rate of the WT strain containing 
pControl by averaging the autocorrelation of cell growth as a function of time in individual 
lineages. After 10 mins the autocorrelation of cellular growth has decreased to 0.4. After 
approximately 30 minutes the autocorrelation has decreased to zero, as indicated by 95% 
confidence intervals (red lines). 



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 169PDF page: 169PDF page: 169PDF page: 169

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 5.8: Growth rate, cell size and interdivision time of direct 
interference with different lookback windows. Boxplots of growth rate, average cell size 
and interdivision time presented as the percentile rankings of all plasmid loss lineages 
(green) that cleared a known target via direct interference. The cell feature of interest (e.g. 
growth rate) was averaged over a lookback window chosen in relation to the time from 
plasmid loss of the lineage of interest. The same cell feature was then averaged for all non-
loss lineages in the population at that same moment. The cell feature of interest was then 
ranked amongst the non-loss population as a percentile. We considered lookback windows 
of 60 minutes prior to plasmid loss (top) and 90 minutes prior to plasmid loss (bottom). The 
median percentile ranking of loss lineages is indicated by a red line and black text, 
categories in which this value was significantly different from a ranking in the 50th percentile 
(p-value<0.05) are indicated in red text followed by an asterisk. 
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Supplementary Figure 5.9: Growth rate, cell size and interdivision time of priming 
with different lookback windows. Boxplots of growth rate, average cell size and 
interdivision time presented as the percentile rankings of all plasmid loss lineages (navy) 
that cleared a known target via priming. The cell feature of interest (e.g. growth rate) was 
averaged over a lookback window chosen in relation to the time from plasmid loss of the 
lineage of interest. The same cell feature was then averaged for all non-loss lineages in the 
population at that same moment. The cell feature of interest was then ranked amongst the 
non-loss population as a percentile. We considered a range of lookback windows. The 
median percentile ranking of loss lineages is indicated by a red line and black text, 
categories in which this value was significantly different from a ranking in the 50th percentile 
(p-value <0.05) are indicated in red text followed by an asterisk. 
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Supplementary Figure 5.10: Cascade copy number determination. a, The fluorescence 
sum (RFP) of each cell in the first frame was determined. b, The RFP molecules were then 
bleached until it was possible to determine the fluorescence intensity of a single molecule 
(representing a single Cascade). c, The Cascade copy number per cell was then determined 
by dividing the average fluorescence sum by the average intensity of a single Cascade 
molecule. d, The Cascade concentration per pixel was determined by dividing the 
fluorescence sum by the area of the cell in pixels. 
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Supplementary Figure 5.11: Autocorrelation of RFP (Cascade) concentration. The 
autocorrelation was calculated by averaging over the autocorrelation of RFP concentration 
of the WT-mCherry strain in individual lineages. After approximately 200 minutes the 
autocorrelation has decreased to zero, as indicated by 95% confidence intervals (red lines). 
The long decay time of the autocorrelation function indicates that Cascade protein levels 
fluctuate on a time scale longer than the cell cycle. 

Supplementary Figure 5.12: Correlation of RFP levels between cells related as sisters, 
cousins, and second cousins. The levels of RFP (Cascade) are strongly correlated 
between sister, cousins, and second cousins. The correlation coefficient r decreases as the 
cells become less closely related. 
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Supplementary Figure 5.13: Distribution of target loss times resulting from 
simulations of the direct interference condition for average target copy numbers 
(TCN) per cell ranging from 1-50 
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Supplementary Figure 5.14: Distribution of target loss times resulting from 
simulations of the priming condition for average target copy numbers (TCN) per cell 
ranging from 1-50 



567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie567201-L-bw-McKenzie
Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021Processed on: 27-9-2021 PDF page: 175PDF page: 175PDF page: 175PDF page: 175

 

 

 

 
 

 
 

Supplementary Figure 5.15: Target loss time as a function of the target copy number 
(TCN) as computed from simulated trajectories by the agent-based model for the 
priming condition. Bar charts representing the time spent on primed adaptation (navy) and 
primed interference (grey) for cells clearing targets through priming with an average plasmid 
copy number ranging from 1-50. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 5.16: Distribution of plasmid loss times in direct interference 
for high and low variability in Cascade concentration. Target loss time distribution for 
two different levels of Cascade concentration variability resulting from simulated trajectories 
of the direct interference condition. At low variability (blue) Cascade proteins are produced 
in frequent, small bursts, whereas at high variability (green) proteins are synthesized more 
sporadically in large bursts (100-fold increase), keeping average Cascade concentration 
constant. The variability of PLT interference times for high Cascade variability increases as 
compared to low Cascade variability. 
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Supplementary Figure 5.17: Slower growing cells have higher RFP (Cascade) 
concentrations. Cascade concentration (left) and Cascade production rate (right) show an 
inverse relationship with cellular growth rate (grey circles), revealing slower growing cell on 
average (navy line) have a higher concentration of Cascade. 
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Supplementary Table 5.1: Strains and Plasmids used in this study 
Strain Description Source 
KD615 
 

E. coli K12, F+, araBp8-cse1, 
lacUV-cas3, CRISPR I R-SP8-
R, ΔCRISPR II+III 

(Musharova et al., 2019) 

KD635 
 

E. coli K12, F+, araBp8-cse1, 
lacUV-cas3, CRISPR I R-SP8-
R, Δcas1,2, ΔCRISPR II+III 

(Musharova et al., 2019) 

KD615mCherry-Cas8e E. coli K12, F+, araBp8-cse1, 
lacUV-cas3, CRISPR I R-SP8-
R, ΔCRISPR II+III, mCherry-
cas8e 

This study 

KD634mCherry-Cas8e E. coli K12, F+, araBp8-cse1, 
lacUV-cas3, CRISPR I R-SP8-
R, Δcas1,2, ΔCRSIPR II+III, 
mCherry-cas8e 

This study 

Plasmid   
pTarget (pTU166) pSC101, StrepR, TetR mVenus 

PS8 flanked by ‘CTT’ PAM 
This work 

pMutant (pTU190) pSC101, StrepR, TetR mVenus 
PS8 flanked by ‘CGT’ PAM 

This work 

pControl (pTU193) pSC101 ori, StrepR, TetR-
mVenus, no target 

This work 

pVenus pSC101 ori, KanR, mVenus-
YFP 

Bokinsky lab 

pCDFDuet-1 pCloDF13 ori, StrepR 
 

Lab Collection 

pTU265 pSC101, StrepR, TetR-
Cerulean, No target 

This work 

pTU389 pSC101, StrepR, TetR-
Cerulean, PS8 flanked by ‘CGT’ 
PAM 

This work 

pTU390 pSC101, StrepR, TetR-
Cerulean, PS8 flanked by ‘CTT’ 
PAM 

This work 

pSC020 Derivative of pKD46 containing 
Lamda red and the Cre-
recombinase 

This work 
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Supplementary Table 5.2: Oligonucleotides used in this study  
Name Description Sequence 
BN831 Streptomycin resistance 

and PS8 insertion into 
pVenus, Fw 

TTTTGGTACCTTATTTGCCGACTACCTTGGTGATCTC 
 

BN832 Streptomycin resistance 
and PS8 insertion into 
pVenus, Rv 

TTTTAAGCTTAAAAGTGCCACTTGCGGAGACCCGGTCG
TCAGCTTACATTCAAATATGTATCCGCTC 
 

BN833 Backbone amplification 
pVenus, Rv 

TTTTGGTACCGGACTCTGGGGTTCGAG 
 

BN834 Backbone amplification 
pVenus, Fw 

TTTTAAGCTTCGAAACGATCCTCATCCTG 
 

BN891 Streptomycin resistance 
insertion (no target), Rv 

TTTTAAGCTTACATTCAAATATGTATCCGCTC 
 

BN911 Modify pTU166 PAM 
universal, Rv 

TTTTGTCGACACATTCAAATATGTATCCGCTCATGAGA
C 
 

BN912 Modify pTU166 CTT PAM 
to CGT 

TTTTGTCGACACGCTGACGACCGGGTC 
 

BN1494 To amplify pTU193 
Backbone minus yfp, Rv 

TTTCTCGAGTAAGGATCTCCAGGCATC 

BN1495 To amplify pTU193 
Backbone minus yfp, Fw 

TTTCTCGAGTAAGGATCTCCAGGCATC 

BN1507 To amplify Cerulean from 
p15A, Fw 

TTTGAATTCCAGAATTCAAAAGATCTAGGAGG 

BN1508 To amplify Cerulean from 
p15A, Rv 

TTTCTCGAGAGGATCCTTATTTATACAGCTCATCC 

BN1513 To check Cerulean insertion 
and confirm pTU265 by 
sequence, Fw 

CCTCATTAAGCAGCTCTAATGCGCTG 

BN1530 To screen for CRISPR array 
amplification, Fw 

GGTTTGAAAATGGGAGCTCG 

BN1531 To screen for CRISPR array 
amplification, Rv 

GTTACATTAAGGTTGGTGGGTTG 

BN2202 To amplify mCherry-Cas8e 
gblock, Fw 

ACAGAATCTGGATGGATGG

BN2203 To amplify mCherry-Cas8e 
gblock, Rv 

CTGATCTCTACTGCAGTATAGC 

BN2204 Screen for mCherry-cas8e 
knock in, Fw 

GCGCTTGCACTTAATCGC 
 

BN2205 Screen for mCherry-cas8e 
knock in, Rv 

ACCAGCAGTGCTAAAGCG 
 

BN2206 Screen for mCherry-cas8e 
knock in, Fw 

CTTTCCGTCCGGTGTCAGG 
 

BN2275 Insertion PS8 CGT PAM 
into pTU265, Fw

TTTCCATGGAAAAGTGCCACTTGCGGAGACCCGGTCG
TCAGCGTACATTCAAATATGTATCCGCTCAT
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BN2276 Insertion PS8 CTT PAM 
into pTU265, Fw 

TTTCCATGGAAAAGTGCCACTTGCGGAGACCCGGTCG
TCAGCTTACATTCAAATATGTATCCGCTCAT 
 

BN2278 Insertion of PS8 and PAM 
universal, Rv 

TTTCCATGGCCTCATCCTGTCTCTTGATC 
 

*PAM sequences are indicated in bold sequences, underlined sequences indicate 

restriction sites 

 

 
Supplementary Table 5.3: Synthetic DNA G-block used in this study 

Name Sequence 
cas8e-
mCherry 
insert 

ACAGAATCTGGATGGATGGGTCTGGCAGGGTAACAGTATTGTTATTACCTATAC
AGGGGATGAAGGGATGACCAGAGTCATCCCTGCAAATCCCAAATAACCTGGAG
CTGCAGATACCGTTCGTATAATGTATGCTATACGAAGTTATAGATCTCTATTTGT
TTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATA
AATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGCCATATTCAACGGGAAAC
GTCTTGCTCTAGGCCGCGATTAAATTCCAACATGGATGCTGATTTATATGGGTA
TAAATGGGCTCGCGATAATGTCGGGCAATCAGGTGCGACAATCTATCGATTGTA
TGGGAAGCCCGATGCGCCAGAGTTGTTTCTGAAACATGGCAAAGGTAGCGTTG
CCAATGATGTTACAGATGAGATGGTCAGACTAAACTGGCTGACGGAATTTATGC
CTCTTCCGACCATCAAGCATTTTATCCGTACTCCTGATGACGCATGGTTACTCA
CCACTGCGATCCCCGGGAAAACAGCATTCCAGGTATTAGAAGAATATCCTGATT
CAGGTGAAAATATTGTTGATGCGCTGGCAGTGTTCCTGCGCCGGTTGCATTCG
ATTCCTGTTTGTAATTGTCCTTTTAACAGCGACCGCGTATTTCGTCTCGCTCAG
GCGCAATCACGAATGAATAACGGTTTGGTTGATGCGAGTGATTTTGATGACGAG
CGTAATGGCTGGCCTGTTGAACAAGTCTGGAAAGAAATGCACAAACTTTTGCCA
TTCTCACCGGATTCAGTCGTCACTCATGGTGATTTCTCACTTGATAACCTTATTT
TTGACGAGGGGAAATTAATAGGTTGTATTGATGTTGGACGAGTCGGAATCGCA
GACCGATACCAGGATCTTGCCATCCTATGGAACTGCCTCGGTGAGTTTTCTCCT
TCATTACAGAAACGGCTTTTTCAAAAATATGGTATTGATAATCCTGATATGAATA
AATTGCAGTTTCATTTGATGCTCGATGAGTTTTTCTAAGTCGACATAACTTCGTA
TAATGTATGCTATACGAACGGTAGAAATTGCAATGCATCTGCCGAATGCCGTGT
GGACGTAAGCGTGAACGTCAGGATCACGTTTCCCCGACCCGCTGGCATGTCAA
CAATACGGGAGAACACCTGTACCGCCTCGTTCGCCGCGCCACCATAAATCACC
GCACCGTTCATCAGTACTTTCAGATAACACATCG 
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Supplementary Methods Figure 5.1: The fits of the simple one or two-step model to 
the data. a, fit of  (solid line) to the target removal time in the case of direct interference. 
b, fit of  (solid line) to the target removal time in the case of priming. 
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Supplementary Methods Figure 5.2: a, Cascade copy number of two cells with the 
same average over time. a, Cell 1 has a constant copy number of 500 Cascades, while in 
cell 2 Cascade is present transiently at 2500 copies between 200 and 400 minutes. b, 
Cumulative probability of time until spacer acquisition for the two cells with Cascade copy 
numbers as described in panel a  
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Supplementary Methods Table 5.1: Overview of the reactions in the model for primed 
adaptation 

 
 

Supplementary Methods Table 5.2: Reaction rates used in simulations 
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