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A jumbo phage that forms a nucleus-like structure
evades CRISPR-Cas DNA targeting but is
vulnerable to type Il RNA-based immunity

Lucia M. Malone', Suzanne L. Warring', Simon A. Jackson'?, Carolin Warnecke', Paul P. Gardner?3,

Laura F. Gumy* and Peter C. Fineran®"2*

CRISPR-Cas systems provide bacteria with adaptive immu-
nity against bacteriophages'. However, DNA modification3,
the production of anti-CRISPR proteins*> and potentially

other strategies CRISPR-Cas. Here,
we discovered that evades type |
CRISPR-Cas systems, but is sensitive to type Il immunity.

Jumbo phage infection resulted in a nucleus-like structure

enclosed by a proteinaceous phage shell— ly
reported recently for distantly related 7,
All three native CRISPR-Cas complexes in Serratia—type I-E,

I-F and lll-A—were spatially excluded from the phage nucleus
and phage DNA was not targeted. However, the type llI-A sys-
tem still arrested jumbo phage infection by targeting phage
RNA in the cytoplasm in a process requiring Cas7, Cas10 and
an accessory nuclease. Type lll, but not type |, systems fre-
quently targeted nucleus-forming jumbo phages that were
identified in global viral sequence datasets. The ability to
recognize jumbo phage RNA and elicit immunity probably
contributes to the presence of both RNA- and DNA-targeting
CRISPR-Cas systems in many bacteria'®. Together, our results
support the model that jumbo phage nucleus-like compart-
ments serve as a barrier to DNA-targeting, but not RNA-
targeting, defences, and that this phenomenon is widespread
among jumbo phages.

CRISPR-Cas systems consist of array(s) with invader-derived
spacers separated by short repeats and the Cas (CRISPR-associated)
proteins that provide the enzymatic machinery for immunity’.
During phage infection, invading genetic material can be acquired
into CRISPR arrays as new spacers”'’. Expression and processing of
the CRISPR array(s) results in CRISPR RNA (crRNA) guides, onto
which Cas proteins assemble, forming surveillance complexes''%.
In the interference step, recognition of foreign genetic material
complementary to the crRNA leads to degradation of the phage
nucleic acids and infection is arrested">. CRISPR-Cas systems are
classified into two classes and six different types and bacteria often
harbour multiple systems®. For example, Serratia sp. ATCC 39006
encodes three systems—type I-E and I-F, which target DNA, and
type III-A, which targets DNA and RNA™.

To identify CRISPR-Cas evasion mechanisms, we isolated
phages infecting Serratia and assessed their sensitivity to CRISPR-
Cas immunity. Of these phages, a member of the Myoviridae fam-
ily was selected for further characterization and named PCH45
(Fig. 1a). PCH4S5 has a circularly permuted double-stranded DNA

genome of 212,807kb and is therefore a jumbo phage (that is,
phages with genomes >200kb; Fig. 1b) (ref. '°). Sequence analysis
of individual genes or the complete genome revealed that PCH45
is highly divergent from known jumbo phages, including the well-
characterized Pseudomonas phages of the Phikzlikevirus genus
(Fig. 1c) (refs. '©V). Indeed, its closest relatives, Erwinia phage
phiEaH1 and Serratia phage 2050HW, showed little sequence con-
servation (Extended Data Fig. la). In summary, we identified a
unique phage distinct from other described jumbo phages.

To test if the Serratia type I CRISPR-Cas systems elicited jumbo
phage resistance, we generated strains with chromosomal anti-
gp033 (major capsid) spacers in CRISPRI (I-E) and CRISPR2
(I-F) (Fig. 1d, Extended Data Fig. 1b and Supplementary Table 4).
These anti-PCH45 spacers failed to provide jumbo phage resis-
tance on plate or liquid cultures (Fig. lef and Extended Data
Fig. 1¢,d), despite interfering strongly with plasmids (10°-fold reduc-
tion in conjugation efficiency) (Fig. 1g). Importantly, these Serratia
type I systems provided resistance against other phages, including
siphovirus JS26 (ref. **). The jumbo phage appeared to avoid type I
immunity in an anti-CRISPR-independent manner, since no known
acr genes were detected in the PCH45 genome. Furthermore, the
jumbo phage DNA was sensitive to digestion by restriction enzymes
and no genes encoding known DNA modification enzymes were
detected in the genome, indicating that DNA modification was not
obstructing CRISPR-Cas defence (Extended Data Fig. 1i). It was
possible that CRISPR-Cas expression was insufficient to provide
resistance; however, the jumbo phage still evaded type I immu-
nity when crRNAs were overexpressed from mini-CRISPR arrays
(Fig. 1h-j and Extended Data Fig. 1e-h). We next examined type III
immunity by expressing a spacer targeting the jumbo phage major
capsid messenger RNA. In contrast to the type I systems, the type
III-A system provided robust phage resistance (Fig. 1k,l). Thus,
the type III-A system protected against the Serratia jumbo phage,
whereas the type I systems were evaded via an unknown process.

We were interested in how the jumbo phage evaded type I, yet
was susceptible to type III immunity. Recently, three Pseudomonas
phages of the Phikzlikevirus genus were shown to produce nucleus-
like structures during infection®’. The phage nucleus is surrounded
by a shell of phage proteins and is positioned in the cell centre by
a phage-encoded tubulin spindle (PhuZ)”**. The Serratia jumbo
phage, despite bearing little similarity to the Phikzlikevirus genus,
encodes a tubulin homologue (Gp187) and a potential shell pro-
tein (Gp202) (Fig. 1b). These proteins have low sequence identity
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Fig. 1| Jumbo phage PCH45 evades type |, but not type Ill, CRISPR-Cas immunity. a, Electron micrographs of PCH45 (scale bars, 100 nm) are
representative images from three biologically independent analyses. b, PCH45 genome; genes on the positive (outer circle) or negative (inner circle)
strand are indicated. Structural genes (orange), nucleic acid metabolism (cyan), accessory genes (purple) and hypothetical genes (grey). The phuZ
(gp187) and shell (gp202) genes are shown in red. Percentage of GC refers to the guanine-cytosine content. ¢, Phylogenomic Genome BLAST Distance
Phylogeny tree of jumbo phages. Branch lengths are scaled according to the distance formula (d¢). d, Major capsid gene (gp033) targets of chromosomal
type I-E (S1) and I-F (52) spacers. e, Phage resistance by EOP for strains with no spacers (wild type; control), type I-E spacers (S1, PCF592) or |-F

spacers (S2, PCF574). f, Plate reader assays for strains with no spacers (wild type; control), type I-E spacers (S1, PCF592) or |-F spacers (S2, PCF574).

g, Conjugation efficiency of untargeted (pPF1123) and targeted (gp033, pPF1443) plasmids into strains in e and f. h, Schematic of spacers expressed from
mini-CRISPR arrays. i, Phage resistance by EOP for strains with a type I-E (S1, pPF1459) or I-F (52, pPF1462) spacer in mini-CRISPR arrays. j, Plate reader
assays for strains with a type I-E (S1, pPF1459) or |-F (52, pPF1462) spacer in mini-CRISPR arrays. For i and j, plasmids lacking spacers (I-E: pPF974 and
|-F: pPF975) were the controls . k, Phage resistance by EOP for strains with a type IlI-A (S3, pPF1467) spacer in a mini-CRISPR array. I, Plate reader assays
for strains with a type IlI-A (S3, pPF1467) spacer in a mini-CRISPR array. For k and I, a mini-CRISPR array lacking spacers (pPF975) was the control. e-g,i-l,
Data are presented as the mean +s.d. (n=3 biologically independent samples). f,jI, Multiplicity of infection (MOI)=0.001.

(16.5 and 19.9% at the amino acid level for PhuZ and the shell pro-
tein, respectively) to those in the Pseudomonas phage phiKZ (type
species of the Phikzlikevirus genus) (Extended Data Fig. 2a,b).
Therefore, we hypothesized that the Serratia jumbo phage produces
a nucleus-like compartment on infection. Serratia was infected
with PCH45 and confocal microscopy was used to visualize DNA
and membranes. During infection, we observed circular DNA
foci, consistent with nucleus-like structures (Fig. 2a). By contrast,
DNA was evenly distributed in uninfected controls. Thirty minutes
after infection, most phage nuclei were either localized centrally
(n=102; 61%), or towards the cell poles (n=64; 39%). To test if the
DNA foci were encapsulated by a phage shell, the putative shell pro-
tein was tagged (monomeric enhanced green fluorescent protein

(mEGFP)-Gp202). On phage infection, the tagged shell protein
assembled into a spherical structure enclosing the phage DNA but
no shell was formed without infection (Fig. 2b). Therefore, phage
infection leads to DNA accumulation within a phage-encoded pro-
tein shell that includes protein Gp202.

In Pseudomonas Phikzlikevirus 201®2-1, shell formation allows
the selective translocation of proteins into the phage nucleus,
restricting other proteins to the cytoplasm®. We hypothesized
that the Serratia jumbo phage evades DNA targeting due to the
nucleus-like compartment excluding Cas proteins from phage
DNA. Therefore, we monitored CRISPR-Cas interference complex
localization during jumbo phage infection with the large subunit
of all systems tagged with mCherry2 (I-E, cas8e; I-F, cas8f; III-A,
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Fig. 2 | The jumbo phage assembles a DNA-containing protein shell during infection that excludes CRISPR-Cas complexes. a, Nucleus-like structures
(arrows) form in Serratia wild-type infected with PCH45 (+ phage). Uninfected cells (no phage) do not form DNA foci. DNA (blue) and membranes
(red) were stained with DAPI and FM 4-64, respectively. Quantifications show the fluorescence intensity distribution of DAPI along the cell length

of the representative single cells. Scale bars, Tum. b, Gp202 forms a shell (green) around the DNA foci (blue). Quantifications show the fluorescence
intensity profile of the DNA and shell in the representative single cells. The dashed lines outline the cell shape. Scale bars, Tum. ¢, Cas type I-E, I-F and
I11-A complexes (red) are excluded from DNA (blue) in infected cells (+ phage) (arrows). Scale bars, Tum. The graphs show the fluorescence intensity

distributions of the Cas complexes (red) and DNA (blue) across the cell length of single cells. Images were collected 30 min post-infection (MOI

=8)and

are representative of the typical phenotype observed for infected cells from three biologically independent experiments.

cas10). All tagged systems retained interference activity against
the CRISPR-sensitive phage JS26 (Extended Data Fig. 2¢). For all
CRISPR-Cas types, the interference complexes were localized in the
cytoplasm, external to the phage nucleus (Fig. 2c). These results,
combined with the absence of known acr and DNA modification
genes, together with the phage genomic DNA (gDNA) degradation
by several restriction enzymes, suggest that the shell protects the
phage DNA by spatial exclusion of the CRISPR-Cas complexes.

Replication and transcription of Phikzlikevirus DNA occurs
inside the nucleus-like compartment and mRNA is transported to
the cytoplasm for translation®. This is consistent with the Serratia
jumbo phage being insensitive to type I systems (target DNA), while
remaining sensitive to type III (targets both RNA and DNA)*"*.
To further investigate the role of type III RNA targeting in jumbo
phage defence, we tested a panel of crRNAs that target different
PCH45 genes (Fig. 3a). In agreement with RNA targeting, all anti-
sense crRNAs inhibited jumbo phage infection in plate and liquid
assays, whereas sense crRNAs to transcribed mRNAs provided no
protection (Fig. 3b—d). Targeting was unaffected by whether the tar-
get RNA was predicted to be expressed in an early, middle or late
stage of infection (Fig. 3a,b).

In type III-A systems, RNAs are recognized by the Csm effec-
tor complex’-?, triggering sequence-specific RNA cleavage by
Cas7 (ref. »). In addition, the nuclease (HD) domain in Cas10 pro-
motes non-specific DNA cleavage**. RNA binding also activates the
Cas10 Palm domain, which synthesizes cyclic oligoadenylate (cOA)
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secondary messengers that activate non-specific RNases (Csm6
in the type III-A systems studied), causing collateral RNA deg-
radation”~”". This collateral cleavage of RNA has been proposed
to induce cell dormancy that may prevent phage proliferation®.
However, the precise mechanisms of type III-A-mediated phage
resistance remains poorly understood. The Serratia type III-A sys-
tem has two CRISPR arrays (CRISPR3 and CRISPR4), an operon
encoding the adaptation complex and an operon encoding the
Csm complex (Fig. 3e). In addition, a hypothetical nuclease is
convergently transcribed between cas6 and CRISPR4. This nucle-
ase is unrelated to Csmé6, but has similarity to NucC, which an
unpublished report indicates is activated by cOA signals and non-
specifically degrades DNA in vitro”. To investigate jumbo phage
protection by the Serratia type III-A system, catalytic mutants of
the key proteins involved in RNA and DNA cleavage were tested
with multiple spacers (Fig. 3f,g and Extended Data Fig. 3a). As pre-
dicted, a Cas10 HD mutation (cas10"74 M%) did not affect type
II-A immunity, indicating that DNA cleavage by Cas10 is not nec-
essary for jumbo phage resistance. In contrast, active site mutations
in Cas7 (also known as Csm3; csm3°3*4) (ref. »*) or the Cas10 Palm
domain (cas10P*'% Pe1%4) which disrupts cyclic oligoadenylate sig-
nalling®, abolished phage resistance. Moreover, resistance was also
lost when the accessory nuclease was deleted. The same effects on
interference of plasmid conjugation were observed for all mutants
and restoration of the wild-type copy of each mutant gene comple-
mented CRISPR-Cas activity (Extended Data Fig. 3b,c). To further
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Fig. 3 | Jumbo phage infection is inhibited by the type Il CRISPR-Cas system. a, PCH45 phage genome indicating gene targets of the type IlI-A spacers:
major capsid (gp033; S3 and S13), RNA polymerase p subunit (gp084; S9), terminase large subunit (gp159; S10 and S14), tubulin-like protein (gp187; S11 and
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S10; pPF1469, S11; pPF1470, S12; pPF1468, S13; pPF1994, S14; pPF1995, S15; pPF1996). ¢, Plate reader assay of uninfected strains expressing the spacers.

d, Plate reader assay of strains infected with PCH45 (MOI=0.001). e, Serratia type IlI-A locus. Adaptation genes (grey), CRISPR arrays (light grey),
interference genes (green) and accessory nuclease (pink) are shown. f, EOP assay with no spacer (pPF975). g, EOP assay with an anti-capsid spacer (S3)
expressed from a mini-CRISPR array in the wild type or type llI-A mutants: cas10"7A N8A (HD), cas10P8'8A P&19A (Palm); cas7P**4; and the nuclease deletion.

b-d fg, Data are presented as the mean +s.d. (n=3 biologically independent

understand phage protection provided by the Serratia type III-A
system, it is necessary to determine the mechanism of the accessory
nuclease, which we predict responds to cOA signals, and whether
induction of dormancy is involved in immunity. We have shown
that jumbo phage immunity requires the specific RNA-targeting
and cyclic oligonucleotide-signalling capabilities of the type III-A
CRISPR-Cas system and requires the accessory nuclease.

We hypothesized that type III CRISPR-Cas immunity against
nucleus-forming jumbo phages would occur in natural environ-
ments, whereas type I immunity would be rare. To test this hypoth-
esis, we analysed type I-E, I-F and III spacers from approximately
160,000 bacterial genomes and identified their targets in iso-
lated phage genomes and viral contigs from global metagenomes
(Supplementary Table 2 and Extended Data Fig. 4a-d). For total
phages, many targets were identified for all systems (Fig. 4a).
Consistent with our model, targets of type III spacers were signifi-
cantly enriched in jumbo phages (that is, >200kb; ¥><0.001) (Fig.
4a,b) and further enriched in nucleus-forming phages that encode
homologues of both shell and tubulin proteins (y* < 0.001) (Fig. 4c).
Multiple examples of type III systems targeting nucleus-forming

samples).

jumbo phages were present in diverse classes of proteobacte-
ria. In contrast, type I-E and I-F spacer matches were depleted
in jumbo phages and those defined as nucleus-forming (Fig. 4b,c
and Extended Data Fig. 4e). The presence of spacers in type III
arrays that target jumbo phages raises the question of how they
are acquired, which requires future work. RNA may be the spacer
source via reverse transcriptase-Casl fusion proteins® or assisted by
other reverse transcriptases. DNA could be a substrate for adapta-
tion before protection by the nucleus or when injected from defec-
tive phages’. Finally, adaptation complexes might be able to access
DNA in the nucleus. In conclusion, both experimental and bioinfor-
matics data provide evidence that type III CRISPR-Cas immunity
against jumbo phages is widespread in nature, and that these phages
evade type I immunity.

We have discovered a jumbo phage that evades DNA targeting
by two native type I CRISPR-Cas systems while retaining sensitivity
to the RNA-targeting capabilities of the type III-A system. We pro-
pose that resistance is conferred by the formation of a nucleus-like
structure in the bacterial cytoplasm that physically shields DNA,
but not RNA, from cytoplasmic CRISPR-Cas effector complexes.
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Fig. 4 | Jumbo phages are targeted by type Il CRISPR-Cas systems in
different bacterial classes. a, Number of spacers in type I-E, I-F or type
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jumbo phages with nucleus-forming phages in grey. ¢, Number of spacers
in type I-E, I-F or type Il systems matching unique host nucleus-forming
phage interactions.

This concept of exclusion defence was proposed earlier for phages
of the Phikzlikevirus genus’ and is supported by a recent unpub-
lished study showing that phage DNA, but not RNA, is protected
from immune systems different to those tested in this study™. Our
work on a unique jumbo phage that infects a different order of bac-
teria, and bears little similarity to the Phikzlikevirus genus, coupled
with our bioinformatic analyses, provides evidence that the phage
nucleus is a widespread counter-defence strategy among jumbo
phages. This manner of immune evasion leads to the prediction
that the phage nucleus would provide broad protection from diverse
DNA-targeting defence systems. This quality makes nucleus-form-
ing phages prime candidates for phage-based therapies. Importantly,
despite DNA protection, RNA export to the cytoplasm is a vulnera-
bility of jumbo phages that can be exploited by type III CRISPR-Cas
systems. Jumbo phage infection has probably played a role in select-
ing for the observed widespread type III RNA-targeting immunity
in strains already possessing DNA-based defences.

Methods

Bacterial strains, plasmids and culture conditions. The plasmids and primers
used in this study are listed in Supplementary Tables 3 and 4 and bacterial strains
are listed in Supplementary Table 5. Plasmids were all confirmed by sequencing,
transformed into Escherichia coli ST18 and introduced into Serratia strains by
conjugation. Serratia sp. ATCC 39006 (Serratia) and E. coli were grown at 30 and
37°C in lysogeny broth under shaking conditions (160 r.p.m.). When grown on
plates, containing 1.5% w/v agar in lysogeny broth, the strains were incubated at an
appropriate temperature until colonies appeared. Media were supplemented with
ampicillin (100 ug ml™), chloramphenicol (25 pg ml™"), kanamycin (50 ugml),
tetracycline (1 pugml~') and 5-aminolevulinic acid (50 uyg ml~') when required.

Jumbo phage isolation. Jumbo phage PCH45 was isolated from sewage samples
extracted from the Tahuna Waste Water Treatment Plant in Dunedin, New
Zealand (45° 54’ 16.1 S; 170° 31’ 16.8 E). Enrichment for phages infecting Serratia
was performed by mixing 100 ul of sewage sample with 5ml of Serratia culture
and incubating the mixture overnight at 30 °C, shaking at 160 r.p.m. The phage
suspension was separated from the cellular debris by centrifugation (2,000g for

20 min at 4°C), diluted and plated onto Serratia lawns. Jumbo phages were selected
based on their small plaque morphology, picked and used to infect a Serratia
culture overnight. Serial dilutions of the lysate were plated onto lysogeny broth
agar (LBA) plates and grown overnight. The process was repeated until uniform
plaques were obtained to ensure a pure phage stock.

Preparation of phage stocks and titration. Phage stocks were prepared as
described elsewhere™. Briefly, 100 ul of overnight bacterial culture was mixed with
serial dilutions of phage lysate and added to 4ml of LBA overlay (0.35% w/v),
which was then poured onto LBA plates. Plates were then incubated overnight at
30°C; plates with webbed lysis (almost confluent lysis) had the top agar scraped off
and pooled together into a centrifuge tube. A few drops of chloroform (NaCO,-
saturated) were added before thoroughly vortexing the mixture to lyse the cells.
Finally, a centrifugation step was performed (2,000 g for 20 min at 4 °C) to separate
the virions from the cell debris. The supernatant was placed in a sterile universal
for storage and phage titre was determined by pipetting 20 ul drops of serial
dilutions of the phage stock onto a LBA overlay seeded with 100 ul of Serratia
overnight culture. Plaques were counted after incubation overnight at 30°C,
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with the phage titre represented as plaque-forming units (PFUs) per millilitre
(PFU ml™). Phage stocks were stored at 4°C.

Electron microscopy. To examine the jumbo phage by transmission electron
microscopy, 10 ul of high-titre phage stock (approximately 10° PFUmI™") was
loaded onto plasma-glowed, carbon-coated 300 mesh copper grids. After 605, the
excess specimen was removed by blotting and 10l of 1% w/v phosphotungstic acid
(pH 7.2) was applied to the grid to stain the samples and blotted off immediately
after. The grids were viewed in a CM100 BioTWIN transmission electron
microscope (Philips/FEI Corporation) and images captured using a MegaView 111
digital camera (Soft Imaging System).

Phage DNA extraction and restriction analysis. DNA was extracted

from a high-titre phage stock (approximately 10'° PFUml™), using the
cetyltrimethylammonium bromide (CTAB) method described elsewhere’. Briefly,
2.5ml of phage stock were treated with 100 ng of RNase A and 100U of DNAse I
and incubated at 37 °C for 30 min to clean the phage from bacterial nucleic acid.
Enzyme inactivation was performed by adding 0.8 ml of 0.58 M EDTA (pH 8.0).
Next, phage proteins were removed by adding proteinase K (20 mgml~') and
incubating at 45 °C for 15min. CTAB (10% w/v) in 4% NaCl (w/v) was preheated
to 55°C, added to the sample, mixed gently by inversion and cooled on ice for
15min. The CTAB-DNA complex was collected by centrifugation (12,000

for 15min) and the pellet was resuspended in 1 ml of 1.2 M NaCl. Phage DNA

was precipitated by adding 600 pl of isopropanol, washed with 75% ethanol and
resuspended in 100 pl of Tris-EDTA buffer. Samples were cleaned with the DNeasy
Blood & Tissue Kit (QIAGEN) according to the manufacturer’s instructions. DNA
concentration was determined by fluorometric quantification using the Qubit
dsDNA HS Assay Kit and the Qubit Fluorometer v.2.0 (Invitrogen) according to
the manufacturer’s instructions. Restriction digestion was performed on PCH45
DNA to check for DNA modification. Digestion of 1 ug of PCH45 genomic DNA
was performed with different restriction enzymes (New England Biolabs). The
samples were incubated for 2h at 37°C and separated on a 1% agarose gel alongside
the 1kb Plus DNA Ladder (Thermo Fisher Scientific), stained with ethidium
bromide and visualized under ultraviolet light.

Genome sequencing, annotation and comparative genomics. Library
preparation and sequencing was performed by the Massey Genome Service
(Massey University). First, DNA libraries were prepared with the Nextera XT DNA
Library Preparation Kit v.2 (Illumina). Quality control was checked using the
Quant-iT dsDNA HS Assay for quantification and analysed using SolexaQA++,
FastQC and FastQ screen. Sequencing was performed on an Illumina MiSeq
System (2 X 150 bp); the resulting reads were processed and trimmed using the
SolexaQA++ software v.3.1.7.1. The resulting reads were assembled de novo using
SPAdes v.3.9.0 (ref. *°) and annotated with the RAST tool kit*. Further annotation
was performed manually by analysing the protein Basic Local Alignment Search
Tool (BLASTp v.2.10.0) hits for each independent coding sequence identified

by RAST tool kit v.2.0. tRNAscan-SE v.2.0 (ref. ’) was used to identify putative
transfer RNAs. The genome was visualized using DNAplotter v.17.0.1 (ref. **).
Similar phage genomes were identified using pairwise sequence comparison® and
visualized using Easyfig v.2.2.2 (ref. **). Finally, the taxonomic trees were built
using Virus Classification and Tree building Online Resource’' and modified with
FigTree v.1.4.3.

Generation of native type I-E and I-F anti-phage strains. Serratia strains
harbouring anti-PCH45 spacers in their type I-E and I-F chromosomal arrays
were obtained by primed spacer acquisition®. Plasmids primed by the type I-E

and I-F systems (pPF1255 and pPF1256) were generated as follows. The major
capsid gene (gp033) was amplified by PCR from phage gDNA using PF2231/
PF2232. The insert was digested with Spel and KpnI (New England Biolabs) and
cloned into the priming vectors (pPF1125 and pPF1126) that were previously
digested with the same enzymes. pPF1125 and pPF1126 contained a protospacer
primed by spacer 1 from either the type I-E or I-F CRISPR-Cas systems in Serratia.
Plasmids were transformed into E. coli ST18, plated onto LBA + 5-aminolevulinic
acid + chloramphenicol and grown overnight at 37 °C. The vectors were conjugated
into Serratia by mixing equal volumes of donor and recipient and plating the
mating spot onto LBA + 5-aminolevulinic acid. The mating spot was streaked

onto LBA + chloramphenicol to select for Serratia transconjugants. Serratia
colonies were grown overnight in the absence of antibiotic to allow plasmid

loss. Cultures were passaged for 3 d by inoculating lysogeny broth with 5l of
overnight culture. Each day, serial dilutions were plated and incubated at 30°C
until colonies appeared on the plate. The clones were screened by PCR in search of
CRISPR array expansion (PF1989-PF1887 for CRISPR1 and PF1990-PF1889 for
CRISPR2). Where CRISPR expansion was observed, PCR products were sequenced
to determine if the spacers acquired corresponded to the plasmid backbone or the
phage fragment (Supplementary Table 3 and Extended Data Fig. 5). The clones
were also patched onto LBA 4 chloramphenicol to check for plasmid loss.

Plasmid expression of anti-phage spacers. For some experiments, spacers were
expressed from plasmid mini-CRISPR arrays. These plasmids were constructed
by cloning anti-PCH45 and anti-JS26 spacers into plasmid mini-CRISPR arrays.
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Briefly, reverse complement primers carrying spacer sequences targeting phage
genes flanked by two Bsal restriction sites were annealed (details in Supplementary
Tables 3 and 4 and Extended Data Fig. 6). Annealed primers were cloned into
plasmids pPF974, pPF975 (ref. '¥) and pPF976 (expression plasmids carrying type
I-E, I-F and III-A mini-CRISPR arrays) previously digested with Bsal. pPF976
was constructed in the same manner as pPF974/5 (ref. '*) using the PF1981 and
PF1982 primers. The plasmids carrying the mini-CRISPR arrays were introduced
into E. coli ST18 by transformation and then conjugated into Serratia (and
derivative mutants). Expression of crRNAs was induced by adding isopropyl-p-
D-thiogalactoside (IPTG) (0.1 mM) and strains were grown in the presence of
kanamycin for plasmid maintenance.

Phage resistance efficiency of plaquing assay. To assess the infectivity of PCH45
and JS26 on different Serratia strains, efficiency of plaquing (EOP) assays were
performed. A soft LBA overlay (0.35% w/v) containing 100 pl of bacterial culture
was poured onto a LBA plate. Serial tenfold dilutions of high-titre phage stock
(approximately 10° PFUml™) were spotted (20 ul) onto the agar overlay and plates
were incubated overnight at 30 °C. The EOP was calculated as the ratio of PFUml™!
produced on tested strains to the PFUmI™" on the control Serratia strain. All
conditions were repeated in triplicate and plotted as the mean +s.d.

Phage resistance infection time courses. Serratia cultures were grown from an
initial optical density OD,,=0.05 at 30 °C, shaking (160 r.p.m.) until reaching an
ODyy, =0.3 (exponential phase). Cultures were diluted to an OD,,=0.05, 180 ul
aliquots were pipetted into a 96-well plate and 20 pl of diluted phage lysate was
added to produce a multiplicity of infection (MOI) =0.001. The 96-well plate was
incubated in a Varioskan Flash plate reader (Thermo Fisher Scientific) at 30°C
with 240 r.p.m. shaking and ODy,, measurements taken at 12 min increments for
20h. Each condition was repeated in triplicate with data plotted as the mean+s.d.
For strains with anti-phage spacers expressed from a plasmid, media were
supplemented with kanamycin and IPTG (0.1 mM).

Construction of shell and tubulin-like protein phylogenetic trees. To build a
protein phylogenetic tree, protein homologues were identified with a BLASTp
search using phiKZ and PCH45 shell and PhuZ proteins as the query (PCH45_
Gp202/Gp187 and phiKZ_Gp054/Gp039, respectively). Protein hits (expect

value < 107'°) encoded by jumbo phages were used in a CustalW alignment and

a phylogenetic tree was constructed using RAXML v.8.1.20 (ref. *°) run with the
PROTGAMMAJTT model, default parameters and branch support computed out
of 100 bootstrapped trees. The raw files used to generate the phylogenetic trees can
be found as Supplementary Files 1 and 2.

Construction of mEGFP/shell protein expression plasmid. A plasmid

(pPF1956) for expression of an mEGFP-tagged shell protein was generated by PCR
amplification of the shell gene (gp202) using PF3825/PF3812 and mEGFP, with
PF3826/PF3827 from the phage gDNA and gBLOCK PF3809, respectively. The pQE-
80L-oriT vector stuffer was digested with Sphl and KpnI (New England Biolabs) and
assembled with the two inserts using Gibson Assembly using HiFi DNA Assembly
Master Mix (New England Biolabs) following manufacturer’s instructions.

Construction of fluorescently tagged Cas complexes. Cas complexes were
fluorescently tagged by fusing mCherry2 to the N-terminal region of each large
subunit (cas8e, cas8f and cas10). Plasmids were constructed by cloning mCherry2
flanked by the upstream region and the first 500 bp of each gene into the suicide
vector pPF1117 (ref. ). The regions were amplified by PCR from gBLOCK PF3810
(mCherry2 +linker) and Serratia wild-type using the primers PF3817/PF3818,
PF3811/PF3812, PF3819/PF3820 (mCherry2-cas8e, pPF1951), PF3821/PF3822,
PF3811/PF3812, PF3823/PF3824, (mCherry2-cas8f, pPF1953) and PF3813/
PF3814, PF3811/PF3812, PF3815/PF3816 (mCherry2-cas10, pPF1955). The
inserts were cloned into pPF1117, previously digested with SphI and Sall, using
Gibson Assembly. The fluorescently tagged Cas complexes were introduced into
the chromosome by homologous recombination. The suicide vectors for cas8e
(pPF1951), cas8f (pPF1951) and cas10 (pPF1955) were conjugated into Serratia,
recombination was selected by growth on LBA with 20% w/v sucrose and colonies
were screened for chloramphenicol sensitivity as described elsewhere'**. This
gave strains PCF734 (mCherry-cas8e), PCF736 (mCherry-cas8f) and PCF732
(mCherry-cas10). To optimize the expression of the fluorescent Cas complexes, an
IPTG-inducible T5 promoter was inserted upstream of each complex. mCherry2
was amplified by PCR from gBLOCK PF3810 using the PF4005/PF4007 primers
and cloned into pPF1813 (ref. *°) previously digested with EcoRI and Xmal (New
England Biolabs), using Gibson Assembly to yield plasmid pPF2036. Plasmid
pPF2036 was inserted at the mCherry?2 site by homologous recombination in
PCF732, PCF734, PCF736 and the function of the complexes was confirmed in
EOP assays using the target plasmids pPF1473, pPF1485 and pPF1489 against
Serratia siphovirus JS26 as described earlier.

Confocal microscopy. To observe infected and uninfected bacteria utilizing
microscopy, cultures of bacteria were grown overnight from single colonies. These
were then subcultured and grown to an ODy, between 0.2 and 0.3 (incubated at
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30°C with 160 r.p.m. shaking). For infected samples, phage PCH45 was added

to an MOI of approximately 8 with an infection time of 30 min. Aliquots of 3ml
of each culture were then pelleted and washed with minimal medium (40 mM
K,HPO,, 14.7mM KH,PO,, 0.1% (NH,),SO,, 0.4 mM MgSO, and 0.2% sucrose,
pH 7.1) before being stained with 4,6-diamidino-2-phenylindole (DAPI; 4ugml™)
and FM 4-64 (12 ugml™) for 20-30 min. Stained samples were then washed twice
with minimal medium before being resuspended in 100 pl of minimal medium.
To suspend samples, 15 pl aliquots of each sample were mixed with 15 pl of molten
1.2% agarose (made up in minimal media) before being sealed onto microscope
slides with a coverslip.

To observe the formation of a shell structure, a tagged putative shell gene
(mEGFP-gp202) was expressed from plasmid pPF1956. Due to leaky expression
of the mEGFP-gp202 shell gene, no induction was required. To observe the
localization of interference complexes on phage infection, type I-E, type I-F and
type III-A complexes were tagged with mCherry2 as described earlier. Expression
of mCherry2-tagged type I-E, I-F and III-A Cas complexes was induced with the
addition of IPTG (10 uM) at the time of infection.

Images were acquired using a CFI Plan APO Lambda X100 1.49 numerical
aperture oil objective (Nikon Corporation) on the multimodal imaging platform
Dragonfly v.505 (Oxford Instruments) equipped with 405, 488, 561 and 637 nm
lasers built on a Nikon Ti2-E microscope body with Perfect Focus System (Nikon
Corporation). Data were collected in Spinning Disk 40 um pinhole mode on the
iXon888 EMCCD camera with X2 optical magnification using the Fusion Studio
v.1.4 software. Z stacks were collected with 0.1 um increments on the z axis using
an Applied Scientific Instrumentation stage with 500 um piezo z drive. Data were
visualized using the Fiji software (Windows 64-bit). Microscopic images were
further processed by the deconvolution algorithm in the Huygens Suite scientific
volume imaging Image Analysis Program (Huygens Professional).

Image analysis. To quantify the fluorescence intensity distribution in single cells
in Fig. 2, the length of cells and the length of nucleus-like structures were traced
using the Fiji software. Subsequently, the intensity profile along the linescan was
measured and plotted in Prism v.8.3.0 (GraphPad Software).

Construction of chromosomal type III-A mutants. To mutate cas7 and the
accessory nuclease in the type III-A system, these genes were first replaced in
the chromosome with a kanamycin cassette by homologous recombination.
To generate the knockout constructs (pPF1929; cas7, pPF1932; nuclease), the
upstream and downstream regions of each gene were amplified by PCR using the
primer pairs PF3750/PF3585, PF3754/PF3751 (cas7) and PF3743/PF3745, PF3748/
PF3749 (nuclease) using Serratia DNA as a template. The kanamycin cassette
was cloned from pSEVA211 (ref. ¥') using the primer pairs PF3752/PF3753 (for
pPF1929) and PF3746/PF3747 (for pPF1932). The suicide vector pPF1117 (ref.
') was digested with SphI and Sall and the inserts were cloned using the Gibson
Assembly (HiFi DNA Assembly Master Mix; New England Biolabs). To generate
the cas10 knockout vector (pPF927), the primer pairs PF1934 (Sall site)/PF1935
(BamHI site) and PF1936 (BamHI site)/PF1937 (Sphl) were used to amplify by
PCR the cas10 upstream and downstream regions from Serratia wild-type colonies
as the DNA template. The two inserts were cloned with a three-part ligation
including the suicide vector pPF923 (ref. *) previously digested with Sall and
Sphl. The kanamycin®-marked deletion strains were generated (PCF682; cas7 and
PCF685; nuclease) using the plasmids pPF1929 and pPF1932 via homologous
recombination as described for the tagged Cas complex strains. A markerless
cas10 deletion (PCF303) was constructed by homologous recombination using
plasmid pPF927.

Plasmids for site-directed mutagenesis of cas10 were constructed as described
further on. Point mutations were introduced by overlap extension PCR from
the Serratia DNA template using primers carrying the altered sequence and a
complementary region with an overlapping primer. Amplification was performed
using the following primer pairs: PF3756/PF2167 and PF2166/PF3757 for
pPF1936 (Cas10 HD domain mutant) and PF3756/PF2127 and PF2126/PF3757
for pPF1938 (Cas10 Palm domain mutant). For pPF1930 (cas72***), the upstream
and downstream regions of cas7 were cloned using the primer pairs PF3750/
PF3585 and PF3755/PF3751, respectively and Serratia wild-type colonies as the
DNA template, and primer pairs PF3589/PF3590 and gBLOCK PF3591 as the
DNA template. To delete the accessory nuclease, pPF1933 was constructed using
the primer pairs PF3743 (overlap with pPF1117)/PF3745 (overlap with PF3749),
PF3749 (overlap with PF3745)/PF3744 (overlap with pPF1117) and Serratia as the
template DNA. All inserts were cloned into pPF1117, previously digested with Sall
and Sphl restriction enzymes (New England Biolabs), using Gibson Assembly.

The type III-A mutant strains PCF683 (cas72***), PCF690 (cas10M74 N1,
HD mutant), PCF691 (casIP¢!84-P61%A Palm mutant) and PCF686 (unmarked
deletion of the type III-A accessory nuclease; CWC46_RS19930) were generated by
homologous recombination as described for the tagged Cas complex strains. The
genes carrying the appropriate point mutations were introduced by homologous
recombination with plasmids (pPF1930, pPF1933, pPF1934 and pPF1935) into the
cas7 (PCF682) and cas10 (PCF303) deletion mutants. To generate the unmarked
nuclease mutant (PCF685), pPF1933 was recombined into the marked nuclease
mutant (PCF686).
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Extended Data Fig. 1| The jumbo phage is resistant to type | CRISPR-Cas immunity. a. tblastx alignment of PCH45 with phages PhiEaH1 and 2050HW.

b. Target location of chromosomally expressed anti-PCH45 type I-E (S4-7) and type I-F (S8) spacers targeting the major capsid gene (gp033). Phage
resistance measured by ¢. EOP or d. plate reader assays for Serratia strains with type I-E, (54, PCF591; S5, PCF593; S6, PCF545; S7, PCF544) and type

I-F (S8, PCF548) infected with PCH45. Phage resistance measured by e. EOP or f. plate reader assays for Serratia carrying a type I-E (54, pPF1460)

spacer in mini-CRISPR arrays, infected with PCH45. Phage resistance measured by g. EOP or h. plate reader assays for Serratia carrying a type I-F (S8,
pPF1461) spacer in a plasmid mini-CRISPR array, infected with PCH45. In c, e and g MOI=0.001. In c-h data are presented as mean =+ s.d. (n=3 biologically
independent samples). i. Restriction length fragment polymorphism (RLFP) analysis of phage gDNA treated with restriction enzymes Mfel, EcoRI, Dpnl’,
Kpnl, Alul and Nrul. Undigested PCH45 gDNA was used as a negative control. In parenthesis the number of restriction sites found in the genome of
PCH45. (*): Cleaves only when the recognition motif is methylated. This experiment was performed three times with similar results and a representative

gel is shown.

NATURE MICROBIOLOGY | www.nature.com/naturemicrobiology


http://www.nature.com/naturemicrobiology

LETTERS

Shell protein

PCH45

— 0.3
C.
10" 4
10"
5 102
w
10° -
10-7 T L L] L L]
Spacer - + - + - +
I-E I-F I-A

NATURE MICROBIOLOGY

Tubulin-like protein

Q%
&
S
<0, <
~Op; s
/9‘7
igar
Phabio
N
?60’), 2050HW
m 'oo
& % %
3 4L
= [=)
— 0.3
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cas10) carrying type I-E, I-F and IlI-A anti-JS26 spacers in plasmids (pPF1485, pPF1489 and pPF1473 respectively). In c data are presented as mean + s.d.
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Extended Data Fig. 4 | Type Ill CRISPR arrays are enriched in jumbo phage-targeting spacers. a. Workflow used to obtain spacer-phage hits. Scores for
spacer-target matches for targeted (black) and shuffled (grey) databases for b. type Ill ¢. type I-E and d. type I-F CRISPR-Cas systems. Scores with a false
positive rate (FPR) < 0.01 were used as a cut-off to determine the spacer-protospacer hits; the FPR is defined as (the number of hits above the scoring
threshold to the shuffled target database)/(the number of hits above the scoring threshold to the target database). e. Number of unique spacers in type
I-E, I-F or type Ill systems matching nucleus-forming phages.
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Strain Name System No. of new Sequence Protospacer Strand
spacers

PCF544 Type I-E 5 CTGTGAGCAGTGTTGAACTTCAGGTACTGAGT Phage major capsid insert (gp033_PCH45) -
CTGTGACCGTCTCCGGGAGCTGCATGTGTCAG plasmid backbone -
GCACAATTCTCATGTTTGACAGCTTATCATCG plasmid backbone -
CAAATAAATTTTTTATGATTTCTCGAGCTCAT plasmid backbone -
TCAGAGGTGGCGAAACCCGACAGGACTATAAA pBR3220rigin +

PCF545 Type I-E 4 GGACTCCTCCTTTATTTTATTTAGAATTCTGT plasmid backbone -
CGCATGAACTCCTTGATGATGGCCATGTTATC mCherry -
TTAGCTCACTCATTAGGCACAATTCTCATGTT plasmid backbone -
TCCGTTTCCAGGATTTTGTGGTTCAGCAGCGC Phage major capsid insert (gp033_PCH45) -

PCF591 Type I-E 2 TTTCTGTAGAAGCTGCAACCATTCTGGGCCTG Phage major capsid insert (gp033_PCH45) +
CTGTCAAACATGAGAATTGTGCCTAATGAGTG plasmid backbone +

PCF592 Type I-E 1 CCTTTCTCCAGATGGTCGATCGCGCTGTCAAA Phage major capsid insert (gp033_PCH45) -

PCF593 Type I-E 3 GGTGCACCGAACTTCACCGACTCTCTGGACCG Phage major capsid insert (gp033_PCH45) +
TTGGACATCACCTCCCACAACGAGGACTACAC mCherry +
CATTCTGCCGACATGGAAGCCATCACAAACGG Undetermined target

PCF547 Type I-F 1 ATTCTGGGCCTGGCTCACAATGGCGTCGGCAA Phage major capsid insert (gp033_PCH45) +

PCF548 Type I-F 2 GATAGCGGAACGGGAAGGCGACTGGAGTGCCA lacl -
ATCACCGGCGGTCTTAACGTTCTGCCGCAGAA Phage major capsid insert (gp033_PCH45) +

Extended Data Fig. 5 | Spacer list in native CRISPR arrays.
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Plasmid Name  Spacer System Spacer Sequence Target

pPF1459 S1 Type I-E CCTTTCTCCAGATGGTCGATCGCGCTGTCAAA Maijor capsid gene (gp033)

pPF1460 S4 Type I-E TTTCTGTAGAAGCTGCAACCATTCTGGGCCTG Major capsid gene (gp033)

pPF1461 S8 Type I-F ATCACCGGCGGTCTTAACGTTCTGCCGCAGAA Major capsid gene (gp033)

pPF1462 S2 Type I-F ATTCTGGGCCTGGCTCACAATGGCGTCGGCAA Major capsid gene (gp033)

pPF1468 S12 Type lll-A CTTACGGATTTCTACTGGGACGCCATCGTACATG  DNA helicase (gp217)

pPF1466 S9 Type IlI-A CGGATAGACACCATTAGGAACGGTATTGTCATGC  RNA polymerase beta subunit (gp084)
pPF1467 S3 Type llll-A GGTTTGCGCCCGGATGGAACTTCACGGTCATGTC Maijor capsid gene (gp033)

pPF1469 S10 Type ll-A° CCACGTACCGTTAACGATGATTTTACGACCACGG  Terminase large subunit (gp759)
pPF1470 S11 Type lll-A GTTTTTGTTACCGGCTTCGTTGTTGTCGTAGAAC Tubulin-like gene (gp187)

pPF1473 S15 Type llI-A ATACAGTTTTTCGTAATAGTCCTCGTTGGCCTGC DNA helicase (JS26)

pPF1485 S16 Type I-E GCCGCTTTGTTGGCCTCCGCAAACTGGCGAAT Tail length tape measure gene (JS26)
pPF1489 S17 Type I-F GGTAATGGCACCCATGTCGCCCTGCAGCGCTT Tail length tape measure gene (JS26)
pPF1994 S13 Type II-A GACATGACCGTGAAGTTCCATCCGGGCGCAAACC Reverse PS4 (Major capsid gene gp033)
pPF1995 S14 Type llll-A° GACATGACCGTGAAGTTCCATCCGGGCGCAAACC Reverse PS5 (Terminase large subunit gp159)
pPF1996 S11 Type IlI-A GTTCTACGACAACAACGAAGCCGGTAACAAAAAC  Reverse PS6 (Tubulin-like gene gp187)

Extended Data Fig. 6 | Spacers expressed from mini-array in plasmid.
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