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The clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR-associated (Cas) system has recently
been used to engineer genomes of various organisms, but surprisingly, not those of bacteriophages (phages). Here we
present a method to genetically engineer the Escherichia coli phage T7 using the type I-E CRISPR-Cas system. T7 phage
genome is edited by homologous recombination with a DNA sequence flanked by sequences homologous to the desired
location. Non-edited genomes are targeted by the CRISPR-Cas system, thus enabling isolation of the desired recombi-
nant phages. This method broadens CRISPR Cas-based editing to phages and uses a CRISPR-Cas type other than type Il
The method may be adjusted to genetically engineer any bacteriophage genome.

Introduction

The abundance of phages and their importance to microbial
evolution, and consequently, to major ecological issues, provide an
incentive to study their biology." Surprisingly, there are only a few
published methods for engineering phage genomes.?? In bacteria,
an antibiotic resistance gene may be inserted in a desired genetic
location, and the recombinant bacteria can then be positively
selected using the appropriate antibiotics.” Lytic phages cannot be
selected by this method, however, because an antibiotic marker
does not confer a selective advantage for them. Other markers,
such as genes that are essential for phage growth, have been utilized
for genetic engineering. Examples for such genes are the Escherichia
coli trxA and cmk genes that are required for phage T7 growth but
dispensable for the host’s growth.>¢ T7 phage infecting a host that
lacks any of these genes will complete the infection successfully
only if it encodes them on its own genome. Thus, it is possible to
pair a desired gene with either of the marker genes and then select
for the desired gene replacement by plating the manipulated phage
population on hosts that lack the marker genes. The only phages
that grow will be those that acquired the marker genes. However,
using this method does not generate a “clean” deletion because it
replaces one genomic location with a marker rather than delet-
ing the desired region without “scars.” In addition, these markers
are scarce and have only been identified in well-scudied phages.
Clearly, genetic engineering of bacteriophages would benefit from
additional selection or counter-selection markers.

The CRISPR-Cas system can be used to cleave desired DNA,
thus rendering any targeted DNA as a potential counter-selection
marker. Recently, the CRISPR-Cas type II system, encoding the
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Cas9 protein, has been used for genetic engineering by providing
a robust and specific selection of recombinant DNA. This system
has facilitated construction of recombinant human,”® rodent,”"
13,14 plant’15,16
surprisingly, not of phages, against which the system probably ini-

fish," fly,"* worm, yeast,” and bacterial’® cells, but
tially evolved. The CRISPR-Cas system comprises of an array of
repeated sequences called “repeats” and flanking sequences called
“spacers.” Transcribed spacers guide specific proteins to the target
nucleic acids, called “protospacers” by virtue of sequence homology,
which are then degraded.” The system can specifically target any
nucleic acid fragment using an appropriately designed spacer. As a
genetic engineering tool, the Cas9 nuclease targets protospacers,
generating DNA breaks, which are repaired by non-homologous
end joining, occasionally resulting in frameshift, deletion, or inser-
tion mutations (e.g., ref. 7). Alternatively, the breaks are repaired
through homologous recombination, by a template supplied in
trans, resulting in precisely engineered mutations (e.g., refs. 7 and
18). Here we describe a simple and efficient method to genetically
engineer the E. coli phage T7. We use the CRISPR-Cas type I-E
system to counter-select non-edited phage genomes, enabling the
isolation of desired recombinants. Using this approach, we demon-
strate successful selection of two genes of the T7 phage. We believe
that this method could be easily adjusted to any phage genome,
with minor modifications.

Results

We wished to demonstrate that the E. coli type I-E CRISPR-
Cas system could be used to isolate scarless deletions of a specific
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Figure 1. Overview of the procedures for isolating a desired recombi-
nant bacteriophage. (A) Wild-type T7 phages are grown in the presence
of a plasmid encoding a 120-bp fragment flanking 60 bp from upstream
(green) and downstream (blue) of a desired genetic location. The prog-
eny phages consist mainly of non-recombinant phages, but some
recombinant phages also exist. (B) The obtained phage-lysate is plated
on E. coli encoding cascade, cas3, and either spacers targeting the region
between the flanking homologies (targeting bacteria) or control spacers
(control bacteria). (C) Targeting bacteria select for the desired recombi-
nant phages, whereas control bacteria allow growth of all plated phages.

gene, 1.7, in a T7 phage genome. The 1.7 gene, encoding a
nucleotide kinase, is not essential for phage growth under stan-
dard laboratory conditions.? To facilitate deletion of this gene,
we constructed a plasmid that encoded 120 bp of the sequences
flanking gene 1.7 (60 bp from each side). Propagation of T7
phage on hosts harboring this plasmid resulted in homologous
recombination between the plasmid and a small proportion of
the progeny phages (Fig. 1A). The progeny thus consisted of
phages lacking gene 1.7 along with other wild-type (WT)-T7
phages that did not undergo homologous recombination. To
select the desired recombinant phages deleted in gene 1.7, we
used a modified version of a plasmid-based type I-E CRISPR-
Cas system described by Brouns et al.?* The cascade and cas3
genes, all required for CRISPR-Cas activity, were expressed
from two plasmids. A spacer against gene 1.7 was expressed
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from a third plasmid (Fig. 1B), thus guiding the system’s pro-
tein to cleave WT-T7 phages encoding this gene. The efficiency
of plating (EOP) of WT-T7 phages on bacteria harboring these
three plasmids (termed “targeting bacteria”) was over 10000
fold lower compared with their growth on “control bacteria”
harboring the plasmids encoding the cas genes as well as a plas-
mid expressing an irrelevant spacer (EOP 1.9 x 10 + 1.7 x
107). In contrast, T7 phages lacking gene 1.7 grew on the tar-
geting bacteria as expected, similar to their growth on control
bacteria (EOP of 1.08 + 0.27). This system thus allowed us
to select for phages that lacked a specific protospacer encoded
within gene 1.7. Indeed, upon plating the phage lysates that
underwent homologous recombination on bacteria harboring
the targeting CRISPR-Cas system, 17 out of 44 plaques in four
independent experiments carried the desired deletion (Fig. 1C),
as verified by DNA sequencing. The remaining isolated phages
that did not encode the desired deletion escaped the CRISPR-
Cas targeting by another deletion of a fragment encoding the
corresponding protospacer, as shown in Table S2. The fact that
desired recombinants are found at a ratio of approximately 1:2,
and escape mutants arise at a frequency of 1.9 x 107, indicates
that the phages arising by homologous recombination form at
an approximate frequency of 1 x 10~. To demonstrate the wide-
range applicability of this method for other DNA segments, we
chose to delete another gene in phage T7, gene 4.3. Using simi-
lar procedures, but different homologies and spacer (described
in the Supplemental Materials), we deleted this gene, achieving
an efficiency of 15 out of 36 plaques from three independent
experiments.

Discussion

The method shown here for genetic engineering of phage
genomes is unique in both the targeted DNA (i.e., phage
DNA) and the type of CRISPR-Cas system used (i.e., type
[-E CRISPR-Cas system). A universal genetic engineering sys-
tem to engineer phages may prove highly valuable for phage
research and for biotechnological use. All hitherto described
methods for genetic engineering with the CRISPR-Cas system
have used the type II CRISPR-Cas system, which encodes the
multifunctional Cas9 protein. In contrast, we used the type I-E
endogenous system of E. coli for engineering E. coli phages. The
presented system thus provides a unique example that shows
that this system may also be used for genome engineering.
Similar setups, utilizing endogenous CRISPR systems, can be
used for engineering host-specific phages in other biological
systems. The T7 phage is capable of homologous recombina-
tion without an exogenous supply of recombination-promoting
enzymes; therefore, there is no need for exogenous recombi-
nation genes in trans. Nevertheless, for phages lacking their
own recombination system, either longer homologies can be
used for the recombination to render the host’s recombination
enzymes effective or exogenous recombination enzymes such as
the lambda Red proteins can be provided in trans. We believe
that with the suggested adjustments, the system could easily be
adapted for manipulating any phage genome.
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