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Abstract

While CRISPR-Cas defence mechanisms have been studied on a
population level, their temporal dynamics and variability in indi-
vidual cells have remained unknown. Using a microfluidic device,
time-lapse microscopy and mathematical modelling, we studied
invader clearance in Escherichia coliacross multiple generations.
We observed that CRISPR interference is fast with a narrow distri-
bution of clearance times. In contrast, for invaders with escaping
PAM mutations we found large cell-to-cell variability, which origi-
nates from primed CRISPR adaptation. Faster growth and cell divi-
sion and higher levels of Cascade increase the chance of clearance
by interference, while slower growth is associated with increased
chances of clearance by priming. Our findings suggest that Cas-
cade binding to the mutated invader DNA, rather than spacer inte-
gration, is the main source of priming heterogeneity. The highly
stochastic nature of primed CRISPR adaptation implies that only
subpopulations of bacteria are able to respond quickly to invading
threats. We conjecture that CRISPR-Cas dynamics and heterogene-
ity at the cellular level are crucial to understanding the strategy of
bacteria in their competition with other species and phages.
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Introduction

During the last decade, important progress has been made in identi-
fying the sequence of steps and molecular interactions required for
successful adaptive immunity by the model type I-E CRISPR-Cas

system (Datsenkoet al, 2012; Swartset al, 2012; Nu~nez et al, 2015;
K€unne et al, 2016; Dillard et al, 2018; Loeff et al, 2018; Musharova
et al, 2019; Xue & Sashital, 2019; Kimet al, 2020; Vink et al, 2020).
CRISPR (clustered regularly interspaced short palindromic repeats)
immunity involves three main stages beginning with the acquisition
of a spacer, a small piece of DNA derived from a foreign invader
and stored in the CRISPR array for future defence (Bolotinet al,
2005; Barrangou et al, 2007). This array is then transcribed and
processed into small CRISPR RNAs (crRNAs), which guide a surveil-
lance complex, formed from a number of Cas (CRISPR-associated)
proteins, towards the invader DNA (Brouns et al, 2008; Jackson
et al, 2014). For type I-E systems, a 50-CTT consensus PAM (proto-
spacer adjacent motif) sequence flanking the targeted site of the
invader (Deveau et al, 2008; Mojica et al, 2009) allows swift recog-
nition and ultimately degradation of the invader, through a process
called direct interference (Garneauet al, 2010; Westra et al, 2012;
Leenay et al, 2016; Xue & Sashital, 2019). However, invaders can
escape direct interference via mutation within the seed region of the
target site or PAM (Deveau et al, 2008; Semenova et al, 2011;
Fineran et al, 2014). In response, the I-E system can initiate priming,
which promotes accelerated acquisition of new spacers due to a pre-
existing partial match to the invader (Datsenko et al, 2012; Swarts
et al, 2012). Primed adaptation is much faster than naõ¬ve adaptation
(preprint: Stringer et al, 2020) and is required for the insertion of a
new matching spacer with a consensus PAM allowing subsequent
invader degradation, which we here refer to as primed interference.

At the level of individual cells, however, much more is unknown.
Interference is a kinetic arms race between invader replication and
degradation, which could result in complex and stochastic dynamics
within single cells. Replication and degradation themselves may also
display variability between cells in the population. For instance,
invader degradation rates can be affected by stochastic processes
such as the expression of CRISPR-Cas components, target localiza-
tion and nuclease recruitment (Semenovaet al, 2016; Vink et al,
2020). Priming also depends on many processes in which the
dynamical interplay is unclear, including the production of suitable
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