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Summary

CRISPR-Cas systems provide bacteria and archaea with adaptive immunity against genetic
invaders, such as bacteriophages. The systems integrate short sequences from the phage
genome into the bacterial CRISPR array. These ‘spacers’ provide sequence-specific
immunity but drive natural selection of evolved phage mutants that escape CRISPR-Cas
defence. Spacer acquisition occurs by either naive or primed adaptation. Naive adaptation
typically results in the incorporation of a single spacer. In contrast, priming is a positive
feedback loop that often results in acquisition of multiple spacers, which occurs when a pre-
existing spacer matches the invading phage. We predicted that single and multiple spacers,
representative of naive and primed adaptation respectively, would cause differing outcomes
after phage infection. We investigated the response of two phages, $TE and $MI, to the
Pectobacterium atrosepticum type I-F CRISPR-Cas system and observed that escape from
single spacers typically occurred via point mutations. Alternatively, phages escaped multiple
spacers through deletions, which can occur in genes encoding structural proteins. Cryo-EM
analysis of the $TE structure revealed shortened tails in escape mutants with tape measure
protein deletions. We conclude that CRISPR-Cas systems can drive phage genetic diversity,
altering morphology and fitness, through selective pressures arising from naive and primed
acquisition events.



Introduction

Phages are abundant, genetically diverse and are expected to evolve faster than their bacterial
hosts (1, 2). In response, bacteria employ different strategies to limit phage predation,
including CRISPR-Cas systems (3, 4). Briefly, CRISPR-Cas immunity is mediated through
three stages. Firstly, during adaptation, fragments of invading phage DNA are incorporated
into the CRISPR array (5). During the expression phase, the Cas proteins are produced and
the CRISPR array is transcribed and processed into CRISPR RNAs (crRNAs) (6). The
crRNAs associate with Cas effector proteins or protein complexes to survey the cell for
sequence complementary to the crRNA. Finally, in interference, phage genomic material is
recognised and degraded by Cas nucleases (6, 7) (for recent reviews, see (5, 8, 9)).

The initial generation of immunity against phages occurs through naive adaptation,
which will typically result in the incorporation of a single spacer into the CRISPR array (5,
7). Consequently, CRISPR-Cas targeting has been shown to select for phages with point
mutations in positions of the protospacer and protospacer adjacent motif (PAM) that are
required for interference (7, 10-19). Additionally, small deletions or duplications have led to
phage escape from CRISPR-Cas (11, 15, 18). In type I CRISPR-Cas systems, point mutations
that abolish interference can activate primed adaptation (or priming), during which, multiple
new spacers are incorporated into the CRISPR array to provide effective resistance against
the invader (11, 20-22). Consequently, it is predicted to be more difficult for phages to escape
from bacterial strains that have undergone primed acquisition. A recent bioinformatic study
observed that priming is widespread and many CRISPR arrays contain multiple spacers
targeting nearby regions within the phage genome (23). Evidence of priming was confirmed
in four type I systems, I-B, I-D, I-E and I-F, as well as two type II systems, II-A and II-C,
demonstrating that in many CRISPR-Cas systems, multiple spacers will target a single gene.
While some studies have observed phage escape from strains with single phage targeting
spacers, representing naive adaptation, resistance acquired through primed adaptation is
predicted to provide a different selection pressure for phages to overcome.

To investigate genetic changes occurring in phage populations overcoming single
(naive) or multiple (primed) spacers targeting different phage genes we used two phages,
¢TE and $M1, to infect Pectobacterium atrosepticum containing a type I-F CRISPR-Cas
system (24, 25). Point mutations typically allowed phages to overcome a single spacer,
whereas escape through duplications and deletions were less frequently observed. In contrast,
phages only escaped multiple spacers through deletions, some of which were quite large,
losing up to 61% of the targeted gene. When these deletions occurred in structural genes, the
escape phages exhibited altered morphology as observed by electron microscopy. Therefore,
naive and primed adaptation provide different selection pressures that drive the evolution of
phages and generate parasite genetic diversity in response to bacterial CRISPR-Cas defences.



Methods
Strains, plasmids and growth conditions

Bacterial strains and plasmids used in this study are given in table S1 and S2. P. atrosepticum
SCRI1043 (26) was grown at 25°C and E. coli at 37°C in lysogeny broth (LB) at 180 rpm or
on LB-agar (LBA) plates containing 1.5% (w v'!') agar. When required, media were
supplemented with tetracycline (T¢; 10 pg ml™') and isopropyl-B-D-thiogalactopyranoside
(IPTG) at 1 mM. Bacterial growth was measured in a Jenway 6300 spectrophotometer at 600
nm (ODsoo).

Generation of strains with phage-targeting spacers

Phage genes were cloned into a plasmid, pPF712, containing a priming protospacer (spacer 1
from CRISPR1, with a TG PAM), a Tc resistance cassette and mCherry (27), which enabled
us to exploit priming to obtain phage resistant strains that are rare under laboratory conditions
(22, 28). The $TE genes targeted included the DNA polymerase (phiTE 10, 1,998 bp), a
putative tail fibre (phiTE 215, 3,300 bp), which contains three collagen triplex helix repeats
that are found in phage fibrillar proteins (29-31) and the putative tape measure protein gene
(phiTE 228, 2,436 bp) (figure la - ¢, f). Genes targeted for $M1 included an RNA
polymerase (phiM1 31, 2,445 bp) and a putative tail fibre (phiM1_44, 1,603 bp) (figure Sla
- ¢) (32). The oligonucleotides and plasmids details are listed in table S2. P. atrosepticum was
transformed with the priming vectors, followed by selection on Tc. Transformants were then
grown in cultures without selection, with daily subculturing and plating onto LBA containing
IPTG, to visualise colonies that had lost the vector (mCherry expression). Clones not
expressing mCherry were patched onto LBA + Tc to confirm loss of the plasmid and the
CRISPR arrays of Tc-sensitive clones were amplified using PCR to detect spacer acquisition,
using the following primer combinations: PF174 and PF175 for CRISPR1, PF176 and PF177
for CRISPR2 and PF178 and PF179 for CRISPR3. The expanded CRISPR arrays were
sequenced, using PF175 for CRISPR1 and PF177 for CRISPR2, and new spacers were
mapped to the relevant plasmid and phage genome(s). Strains with between one and four new
phage-targeting spacers (anti-$ strains) were isolated, to represent strains that had acquired
phage resistance through naive and primed acquisition (figure 16 & c, figure S1b6 & c, table
S1). Predicted functional protein domains encoded within the phage genes (figure 1) were
identified using NCBI Conserved Domain search (33).

Phage storage, titration and adsorption assays

¢TE (142, 349 bp) (34) and $M1 (43,827 bp) (32, 35) were stored in phage buffer (10 mM
Tris-HCI pH 7.4, 10 mM MgSOs and 0.01% w v! gelatin). Phage stocks were titrated by
serially-diluting phages in phage buffer, adding to 100 pl of P. atrosepticum culture (pre-
grown in 5 ml LB overnight) in 4 ml top LBA (0.35% (¢TE) and 0.5% (¢M1) agar) and
pouring onto LBA plates. Once set, plates were incubated at 25°C overnight, plaques were
counted and the titre determined as plaque forming units (pfu) ml!. Efficiency of plating
(EOP) was determined as: (pfu ml™! (test strain)/ pfu ml™! (control strain, P. atrosepticum)).
The plaques produced on some anti-¢TE were tiny pin-pricks, which were difficult to
accurately count. To determine EOP on these hosts, tiny plaques obtained for a proportion of
the plate were counted, and taking into account the absence of plaques on lower dilutions,
reproducible estimates were able to be made within an order of magnitude. Adsorption was
assessed by infecting exponential phase wild type P. atrosepticum cultures with phages at an
MOI of ~0.1. Samples taken at several time points were added to phage buffer containing
chloroform to lyse cells. Phage adsorption was determined as ((pfu ml! (t=0 min) - pfu ml!



(t=0 min to 40 min) / pfu ml"! (t=0 min)). The change in pfu over time was determined as (pfu
ml™! (t=0 min to 70 min) / pfu ml"! (t=0 min).

Classification of partial resistance and genotypic escape phages

Following observation and characterisation of the plaque morphologies on anti-¢ strains
(figures 1 and 2, table S3), genotypic escape phages and those that had not heritably escaped
were identified based on the following criteria. $ TE phages that had not heritably escaped
had a reduced EOP when retitrated, to the EOP value initially observed for the strain and
produced plaques smaller than those on the control (P. atrosepticum). Additionally, plaques
had defined edges, although on some anti-$TE strains, plaques were too small to properly
observe the edges. $TE genotypic escape phages were typically the size of plaques produced
on the control strain (P. atrosepticum) and the plaques all had undefined, turbid margins,
which is also characteristic of plaques formed on the control. In this study, all plaques on the
anti-§M1 strains were formed by phages that had not heritably escaped CRISPR-Cas. The
representative plaques that were retitrated from anti-§M1 strains had a reduced EOP, to the
level initially observed for the strains. Plaques were smaller than those produced on the
control strain and plaque edges were not altered. To titrate both genotypic escape phages and
phages that had not heritably escaped CRISPR-Cas, phages were first picked from the centre
of the plaques using a toothpick and phages were suspended in phage buffer. Phages were
serially diluted and 10 ul was spotted onto lawns of both the anti-¢ strains and the WT
control strain. Genotypic escape phages were plaque purified at least twice before being
sequenced, with the primers used to amplify the phage genes (table S2). Each escape phage
infected the anti-¢ host strain with an EOP of 1 (table S4).

Negative stained electron microscopy

For negative stain electron microscopy, 10 pl of high-titre, highly concentrated lysate
samples were loaded onto carbon-coated 300-mesh copper grids for 60 s. These grids were
blotted to remove excess specimen, then stained with 10 pl of 2% phosphotungstic acid
solution (pH 7) and blotted dry. A Philips CM100 Transmission electron microscope
operated at 100 kV with a magnification of approximately 66,000 x was used to record
micrographs. Over 30 measurements of lengths of individual tails for wild type and mutant
phages were measured in 3dmod (36).

Cryo-electron microscopy

Quantifoil holey carbon grids were glow discharged (to increase hydrophilicity) and then 3 pl
of purified phage sample was applied to each grid. Excess buffer from the sample was blotted
away with filter paper and the grid immediately flash frozen by plunging into liquid ethane
(cooled down to less than -160°C by liquid nitrogen) using a Vitrobot Mark IV plunging
device. Grids were visualised using a Titan Krios operated at 300kV using the Leginon
automated acquisition software (37) on a K2 Summit camera in counting mode using an
energy filter with 20eV slit at a magnification corresponding to a calibrated pixel size of 1.39
A. A number of 1,800 digital micrographs movies were recorded at 125ms/frame with 64
frames per exposure corresponding to a total dose of 47 /A2

Individual frames were aligned using Motioncor2 (38) using patch alignment, all
frames being included in the final dose-weighted average. Contrast transfer function
parameters were estimated using ctfind4 (39). Image processing was done in cisTEM (40).
Automatic particle selection of capsid resulted in 5,590 particles. After 20 rounds of 2D
classification full and empty capsid were separated in separate classes. A total of 10 rounds of
3D refinement with imposed icosahedral symmetry were performed for images of the full



capsid. Two independently refined volumes were calculated in order to estimate the
resolution using the Fourier Shell Ring correlation with a 0.143 cutoff giving an estimated
resolution of 7.1 A. UCSF Chimera (41) was used to visualise the resultant output maps to

generate the final images.



Results
Phage-targeting spacers reduce phage infectivity

To investigate the phage response to single or multiple spacers, representing typical naive and
primed adaptation events respectively, we isolated P. atrosepticum, strains with one or more
spacers in the I-F CRISPR-Cas system targeting two different regions in ¢ TE (a Myoviridae)
(34) and pM1 (a Podoviridae) (32, 35). The ¢TE genes targeted included genes encoding a
DNA polymerase, a putative tail fibre and the tape measure protein (29, 34) (figure 1a —c, f).
Genes targeted in $M1 encoded an RNA polymerase and a putative tail fibre (figure Sla - ¢)
(32). For both phages, strains with one phage-targeting spacer provided protection, from ~3
to 100-fold and additional spacers typically improved resistance, up to 10°-fold for ¢ TE
(figure 1d, e & g) and 103-fold for pM1 (figure S1d & e). In addition, on the strains with
single spacers, the plaques formed by both phages were smaller than when grown on the WT
phage-sensitive control (figure 1d, e & g, figure S1d & e, table S3). As spacer number
increased, plaque sizes were reduced further, which was more pronounced with ¢ TE.
However, some larger plaques were present on some anti-¢TE strains, suggesting that these
phages replicated unhindered (e.g. TE TFP 2 and 6 (figure le)). In summary, strains with
spacers targeting several regions of both ¢ TE and §M1 reduced phage infectivity and plaque
size, with multiple spacers providing more resistance than a single spacer. Therefore, strains
with multiple spacers representative of priming provide stronger resistance than single
spacers that are typical of naive adaptation.

Phages escape strains with single spacers through point mutation

To determine how phages were propagating on the strains with single spacers (i.e. typical of
naive acquisition), phages from five independent plaques formed on representative phage
resistant strains were titrated on the WT and their corresponding anti-$ strain from where
they were isolated. For $M1, ~3-fold reductions in infection and small plaques were detected,
similar to those observed for the original phage (figure S1d & e and figure S2a - e). Likewise,
a similar result was observed for a strain with a single spacer targeting $TE (TE DNP 1)
(figure S2c¢). Therefore, phage propagation was still hindered to the same level, indicating
that these phages had not genetically escaped CRISPR-Cas interference. Apparently,
interference is weak when only a single spacer targets these phage genes, which results in
roughly one third of phage infections being able to outpace the CRISPR-Cas-mediated DNA
degradation and form small plaques. This might be due to insufficient expression of Cas
complexes loaded with the appropriate phage-targeting crRNA, relative to phage replication.
Interestingly, a similar phenomenon has been observed with anti-CRISPRs, which can cause
partial CRISPR-Cas immunity against phages (42, 43) and can reduce plaque size (44).

For some strains with a single spacer (e.g. TE TFP 2), rarer large plaques were visible
in addition to the smaller plaques (figure le and figure S2d & e¢). When phages from these
larger plaques were isolated, they robustly re-infected the strain with the single spacer,
indicating that they bred true, as genotypic escapes. Sequencing the target regions in all of
these escape phages revealed point mutations in the -1 and -2 PAM positions, as well as
positions 1-5 and 7 of the protospacer (figure 2a, table S4), indicating the importance of these
seed positions for interference in the type I-F system, hinting at a seed similar to that of the
type I-E systems (10). One phage escaped targeting due to three mutations in positions 25, 26
and 32 of the protospacer (table S4, esc $TE19). Overall, the point mutations mostly resulted
in missense mutations (65%; 15 out of 23), but some silent mutations also occurred (figure
S3a, table S4). Phages also overcame targeting by duplication of a 15 bp sequence in the
middle of the protospacer (table S4, esc $TE17 and $TE18). Four phages had escaped



targeting via deletions ranging from ~100 to 400 bp (figure S2g). In summary, phages mostly
overcame strains with one spacer through point mutations in the PAM or seed sequence,
while escape through deletions and duplications occurred less frequently.

Phages typically escape strains with multiple spacers by deletions

Next, we assessed how phages escaped strains that had acquired multiple spacers. Phages that
had escaped targeting of the tail fibre gene had deletions ranging from 990 bp to 2,004 bp,
comprising up to 61% of the 3,300 bp gene (figure 3a & b and figure S2f' & h). Each deletion
was towards the centre of the gene, which allowed the gene to remain in-frame. Therefore,
the ends of the protein would remain intact, indicating that a shortened tail fibre is tolerated.
Indeed, no escape phages formed on a strain that targets 44 bp from the N-terminus (figure
lc; TE TFP 5), further supporting the view that deletions close to the start of this gene cannot
be tolerated functionally. We also characterised a few rare escape deletions that arose from
single phage-targeting spacers, which revealed that similar deletions ranging from 57 to 1,719
bp were possible (figure 3b, table S4). However, we saw that escape through point mutation
was more common for these strains (figure S35). Analysis of all deletions demonstrated that
they were mediated by 4 to 24 bp of sequence microhomology (figure 35, table S4). In phage
T4, recombination is more frequent between GC-rich sequences (49). In agreement, most
microhomology sequences in ¢ TE had a higher GC% than the average GC% for the tail fibre
gene. In summary, large deletions enabled escape from strains with three phage targeting
spacers. Therefore, multiple spacers typical of priming imposes more stringent selection that
can lead to large deletions, which impact on the structural integrity and morphology of these
phages.

Deletions in the tape measure protein gene allow phages to overcome CRISPR-Cas targeting

About one-third of the ¢ TE genome encodes predicted structural genes (34), including the
putative phage tail length determining gene, encoding the tape measure protein. Tape
measure proteins dictate the length of the phage tail (50, 51) and altering their length alters
tail length proportionally in members of the Siphoviridae (32, 50, 52, 53) and Myoviridae
(51). We predicted that phages that escape CRISPR-Cas targeting, via deletions in the tape
measure gene, would have altered morphologies due to shorter tails. Analysis of an anti-¢TE
TMP genotypic escape phage revealed a 120 bp deletion (figure 3d; esc $TES). When, this
phage was grown on a host with a different spacer targeting elsewhere in the gene, a phage
variant with a further 45 bp deletion emerged (esc $TE40). In total, ~7% of the tape measure
gene was deleted (figure 3d). Similar to the tail fibre deletions described earlier, the tape
measure deletions were associated with microhomology sequences (table S4). No deletions
were isolated on other strains with single or multiple spacers, suggesting that the other
regions targeted are less tolerant, or functionally intolerant, of deletions (table S3). In
summary, this confirms that CRISPR-Cas can positively select for phages containing
deletions in genes encoding predicted structural proteins, including the tape measure protein,
which is predicted to generate in phages with altered tail lengths.

CRISPR-Cas escape mutants have altered structural morphology

To determine if deletions in genes encoding structural proteins would lead to altered phage
morphologies, we used electron microscopy (EM). Firstly, we used cryo-EM to analyse the
morphology of the ¢ TE phage in detail. We reconstructed the 3D structure of the capsid to a
resolution of 7.1 A (figure 4a, figure S4). A 2D average of tail images shows a helical, 1,460
A long tail, composed of a long thin neck, a base-plate, and ~26 equally spaced rings with a
width of ~40 A each (figure 4b). To examine the effects of the deletions in the phage
structural genes (i.e. the tail fibre and tape measure), a selection of escape mutants were



purified and analysed by negative stained EM. Due to difficulties in observing the small tail
fibres that are positioned in different arrangements, it was not possible to visualise these
structural changes. However, analysis of the escape phage with two deletions in the gene
encoding the tape measure protein (figure 4c¢ - e; esc $TE40) showed that the tail was shorter
by 75 A compared with the WT phage. Although the entire wild type tail length is 1,460 A,
the tape measure protein only contributes to the length of the tail ring structure, which is
1,040 A long (figure 4c). In the escape phage, the tail length is reduced by 7%, resulting in
the loss of 1-2 rings (figure 4d & e), correlating with the ~7% gene deletion (figure 3d). In
summary, CRISPR-Cas interference can provide a strong selective pressure for the generation
of phages carrying deleted regions of genes, leading to phage morphological changes.

Deletion escape mutations have a minor impairment in infectivity

Although deletions and point mutations allow phages to overcome CRISPR-Cas, they are
predicted to have different fitness outcomes for the phages. Deletions are more likely to have
a larger impact on protein function than point mutations. Since tail fibres and the tape
measure protein are required for adsorption and DNA injection, phage infection might be
affected in the corresponding mutants (53, 54). To assess the effect of the mutations, phage
infection was measured in liquid cultures (figure 5). Each escape mutant was used to infect
WT P. atrosepticum at a range of multiplicities of infection and compared with wild type
¢TE infection (figure Sa & b). In all cases, the escape phages infected the WT strain with an
efficiency that was similar to the wild type ¢ TE, with the exception of two deletion mutants
(TE42 and $TE40). These deletion mutants were less effective at infecting the WT strain at
lower multiplicities of infection. When all escape phages were compared with the ability of
the wild type ¢TE to infect the original phage resistant strains, the escape mutants were
always more successful than the wild type phage (figure 5¢). These experiments showed that
the mutants were not markedly impaired for infection capacity, at least when grown in these
single phage-host combinations under laboratory conditions. The point mutant escape phages
and the tape measure deletion mutant adsorbed to the WT host similarly to wild type ¢TE,
indicating no obvious major impairment in host recognition and binding (figure 54d). In
contrast, the two mutants with deletions in the tail fibres had essentially undetectable or
impaired adsorption over the same timeframe (30 min). However, we did observe an increase
in phage titres in these cultures after a single round of infection, by 6- and 4-fold for ¢ TE2
and ¢TE42, respectively (figure Se), and since these phages still infect and lyse bacterial
cultures (figure 56 & c), adsorption must still occur, albeit at a lower rate. In summary,
escape phages with point mutations or deletions in phage structural genes were still
functional and had a wider host range than wild type ¢TE, as they replicated extensively on
the strains with spacers that targeted the wild type phage.



Discussion

CRISPR-Cas systems can generate immunity through naive or primed adaptation. Naive
adaptation usually results in a single new spacer targeting the invading phage, whereas
priming frequently leads to acquisition of multiple new spacers. Here, we tested the ability of
the type I-F CRISPR-Cas system in P. atrosepticum to limit phage infection and assessed the
consequences for the phage sequence, structure and function when phages escape immunity
provided by one or multiple spacers. Phages overcame strains with one targeting spacer most
commonly via point mutations, whereas duplications and deletions were less frequently
observed. In contrast, strains with multiple phage-targeting spacers favoured the emergence
of escapes that had internal gene deletions. The resulting deletions could occur in genes
encoding structural proteins, demonstrating how CRISPR-Cas can influence the generation of
phage diversity and morphology. Evidence of randomly occurring deletions and point
mutations in phages (e.g. (45, 46, 50)), is consistent with the view that CRISPR-Cas targeting
leads to the evolution of pre-existing phage variants arising through mutation and natural
selection.

Our results demonstrate that the most frequent route for phages to escape strains with
a single phage-targeting spacer is via point mutations, which is consistent with previous
studies (7, 10-19). Analysis of the point mutants provided evidence that the PAM and
positions 1-5 and 7 of the protospacer are important for efficient targeting by the type I-F
system, which builds on previous work in P. atrosepticum and P. aeruginosa (12, 48). These
phages with PAM and protospacer point mutations can initially escape CRISPR-Cas
interference and appeared to have no detectable effect on phage infectivity. However, many
of these mutants are likely to trigger primed adaptation, which will ultimately result in the
acquisition of multiple new spacers targeting those phages (20, 21).

CRISPR-Cas immunity was elevated by multiple spacers, which is likely due to the
decreased probability of phage escape and the higher proportion of Cas effector complexes
loaded with crRNAs complementary to the invader genome. All escape phages isolated from
strains with multiple spacers contained internal deletions, with some up to ~2 kb. Past studies
have shown that escape from CRISPR-Cas adaptive immunity can be mediated through
deletions up to 471 bp (11, 15, 18). The emergence of $TE escape phages with deletions in
their tail fibre genes fit with observations seen in members of the Siphoviridae, where
deletions are mediated by sequences of microhomology and the collagen-like repeats (45, 55,
56). The collagen-like repeats are recombination hotspots due to their repetitive nature and
consequently, tail fibre genes are often mosaic, consisting of sequences from different phages
(54, 57, 58). High levels of recombination in the cognate tail fibre genes suggests that they
are under strong evolutionary pressure due to their role in recognising and binding to host
receptors (57, 58), which mutate in response to phage predation (59). In our study, when
compared with the tail fibre gene, much smaller deletions were detected in the tape measure
protein, indicating a reduced capacity to tolerate deletions. Although deletions have been
studied in the gene encoding the tape measure protein of phages A (50, 52, 53) and T4 (51),
long tails are thought to be important for efficient DNA injection (52) and most phage tape
measure protein mutants are non-viable (51-53). Since the length of the tape measure protein
is proportional to the length of the tail (50, 52, 53), we predicted, and demonstrated, that the
mutants selected by CRISPR-Cas had shorter tails. Due to the structural and functional
importance of the tail fibres and tape measure, the mutant genes encoding these proteins
remained in-frame in the deletion escape mutants. Although these deletions provided a clear
benefit on hosts bearing spacers targeting these regions, there were some fitness costs
incurred by these deletions in terms of the ability of these phages to bind and infect the wild



type host. Taken together, our results support a model whereby the acquisition of multiple
spacers via priming can lead to the selection of evolved phages, carrying deletions that can
influence phage morphology and fitness.

We observed that phages were able to replicate, albeit poorly, on most of the anti-¢
strains without heritably escaping the P. atrosepticum type I-F CRISPR-Cas system. The
particular phage genes that were targeted influenced whether genotypic escape phages were
detected. While large deletions were detected in the ¢ TE tail fibre gene, no genotypic escape
phages were detected on either of the pM1 genes targeted. In contrast, point mutations that
led to genotypic escape emerged in the $TE tape measure and DNA polymerase genes of the
phages when targeted in these regions by single spacers. This suggests that different phage
genes are less tolerant to mutations. Differences in mutational tolerance will be influenced by
both the essentiality of the genes and the frequency and position of sequences of
recombinogenic microhomology that can mediate deletion formation.

Finally, the ability of type I CRISPR-Cas systems to rapidly gain phage resistance
through priming (20-22, 28, 60), might mean that escape by point mutation is merely a short-
term solution. Indeed, although overcoming single spacers through point mutations may be
less detrimental to phage fitness, it is likely to result in enhanced primed CRISPR resistance
against the phage. In response to priming, phage deletions appear to be a major route
enabling survival when exposed to the challenge of CRISPR-Cas immunity, despite the
potential for reduced function of the target gene, imposing a potential fitness cost for the
phage. To conclude, single or multiple spacers, common to naive and primed acquisition,
present biologically different selection pressures on phages. The selection of deletion escape
phages to overcome primed acquisition demonstrates that CRISPR-Cas can be a powerful
driver of genetic and structural diversity in phages.
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Figure 1. Phage-targeting spacers reduce phage infectivity. (a) Schematic of the ¢TE
genome showing the locations of (b) the DNA polymerase gene (DNP, phiTE_10), (c) a tail
fibre gene (TFP, phiTE_215) and (f) the tape measure protein gene (TMP, phiTE_228) with
the targeting spacers. Efficiency of plating (EOP) and plaque morphologies of the (d) anti-
¢TE DNP, (e) anti-¢TE TFP and (g) anti-¢TE TMP strains, with white bars: WT (0 spacers),
light grey: 1%, mid grey: 2x, dark grey: 3x and black: 4xanti-¢ spacers. Data shown is the
mean +SD (n=3). The limit of detection for the assays was 2 x 10™"". The plaque image scale
bars represent 5 mm. In (b) and (f), the dashed vertical lines represent spacers that are
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shared between strains. In (e) and (g), the EOP values for TE TFP 5 and TE TMP15 and 16
(indicated by an asterisk) were determined based on estimated plaque counts (see Materials
and Methods). The plaques formed on these, and some other strains were too small to be
captured by camera. Full details of EOP and plaque size measurements are in table S3 and
equivalent data for §M1 is provided in figure S1.
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Figure 2. Phage escape from strains with one spacer through point mutations. (a)
Schematic of protospacer binding by the Csy complex of the type I-F CRISPR-Cas system,
highlighting the position of the PAM sequence (green, top strand) and the first eight bases of
the protospacer sequence. (b) The frequency of point mutation at each seed and PAM
position and (c) protospacer seed and PAM sequences of point mutant escape phages,
showing the point mutation changes (red) and the original nucleotide (/X). (a) & (c¢) position 6
of the protospacer is faded because this position does not influence target binding (48).
Effects of the point mutations on the amino acid sequences of the phage proteins are
provided in figure S3a and table S4.
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anti-¢TE strains. (b) and (d) Diagrams of the deletion escape phages, showing the deleted
regions (dashed bars), from 1xanti-¢TE strains (light grey bars) and the 3xanti-¢TE TFP
strain (dark grey bars). The host strain (TE TFP/ TMP#), deletion size and escape phage
number are shown for each phage mutant. Phage ¢ TE35 (*) was isolated on two strains, TE
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Figure 4. CRISPR-Cas escape mutants have altered structural morphology. (a) Radially
coloured surface representation of the wild type ¢ TE capsid; hexamers of the major capsid
protein are visible with a protruding decoration protein at their centre. The scale bar is 200 A.
(b) A two-dimensional average of single images of the wild type ¢TE tail. (c) Schematic of
¢TE showing the phage tail, and the region of the tail of which the length is determined by
the tape measure protein. (d) Negative stain images of the wild type ¢TE tail (top) and the
tape measure gene escape phage (¢ TE40) tail (bottom) with (e) the analysis of the tail
lengths (scale bar 600 A). Data shown is the mean +SD (n=30). Statistical significance was
calculated using an unpaired t test (***, P <0.0001). For more data see figure S4.
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Figure 5. Deletion escape mutations cause a minor impairment in phage infectivity. (a)
Example of how the relative phage escape growth was calculated. 1) the growth curves for
WT infected with wild type ¢ TE and ¢TE42 at an MOI of 0.001. 2) the difference in ODeoo
values for the first eight hours of growth, compared to the initial value, was calculated. 3) the
values for ¢ TE42 were subtracted from the wild type ¢TE values to determine the relative
escape phage growth. (b) & (¢) WT and anti-¢ strains were grown with wild type ¢ TE and
escape phages at different multiplicities of infection (MOls) and the difference in absorbance
(ODe0o) was calculated. Escape phage replication was determined as (the difference in OD
for wild type ¢ TE infected cultures) - (the difference in OD for ¢ esc infected cultures), for
both (b) WT and (c) the anti-¢ hosts. (d) Phage adsorption was determined for wild type ¢TE



(black lines) and each escape phage (red dashed lines) at 0, 1, 5, 10, 20 and 30 min. (e)
The fold change in plaque forming units (pfu) was also determined for each phage over time.
Data shown is the mean £SD (represented by the shading) (n=3). For (e) (n=2).



