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Abstract—Bacteriophages—viruses that infect bacterial cells—are the most abundant biological entities on
Earth. The use of phages in fundamental research and industry requires tools for precise manipulation of their
genomes. Yet, compared to bacterial genome engineering, modification of phage genomes is challenging
because of the lack of selective markers and thus requires laborious screenings of recombinant/mutated phage
variants. The development of the CRISPR-Cas technologies allowed to solve this issue by the implementa-
tion of negative selection that eliminates the parental phage genomes. In this manuscript, we summarize cur-
rent methods of phage genome engineering and their coupling with CRISPR-Cas technologies. We also pro-
vide examples of our successful application of these methods for introduction of specific insertions, deletions,
and point mutations in the genomes of model Escherichia coli lytic phages T7, T5, and T3.
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INTRODUCTION
Generation of mutants lies at the core of the mod-

ern biology reductionist approach and represents the
first stage in any study of biological function of DNA
sequence of interest [1, 2]. While early works relied on
non-targeted mutagenesis induced by X-rays or chem-
ical compounds, the development of genetic engineer-
ing allowed to precisely mutate specific genes. In par-
ticular, in bacteria, the recombineering approach,
which is based on the homologous recombination
mechanism, is suitable for the introduction of desired
mutations from plasmid or oligonucleotide templates
[3–5]. Screening of recombinants is usually carried
out with the use of positive selection markers, such as
antibiotic resistance genes, that are introduced in the
modified genome during recombination.

Standard recombineering can be used to engineer
genomes of temperate phages, while they reside in the
bacterial host as stable lysogens or episomes [6–8].
However, phages with lytic life cycle could not be sub-
jected to positive selection with markers selecting for
bacterial growth. Further, rapid DNA replication typ-
ical for lytic phages limits the time-window for effi-
cient recombination, which should occur at the early
stages of infection before additional copies of viral
genome are synthesized. Phage genomes are compact
and do not tolerate the introduction of large insertions
(which may be necessary, for example, when con-

structing gene fusions) that affect the packaging of
DNA in the virions. To overcome this, non-essential
regions of phage genome can be identified and deleted
before useful cargo DNA segments can be introduced
[9, 10]. However, though large-scale screens have been
carried out only for a few model phages [11–13], it is
expected that a large proportion of viral genes are
essential. Since many phages have genes organized in
long operons, one can expect polar effects upon intro-
duction of changes in upstream genes [14]. To over-
come this, mutations introduced in phage genomes
need to be scarless, which may require complicated
additional steps [3, 7, 8].

Why would one need to edit a genome of a lytic
phage? Besides obvious tasks of studying functions of
viral genes, genome editing opens up opportunities for
the development and fine-tuning of phages for various
practical applications. With the increasing dangers of
the antibiotic-resistance crisis, phages once again are
gaining attention as potential antimicrobial agents [15,
16]. Though standardized clinical trials carried so far
demonstrated limited efficiency of phage therapies,
they proved the safety of such treatments and high-
lighted problems associated with large-scale phage
applications [17–20]. A few cases of successful appli-
cations of phages for personalized treatments of Acine-
tobacter baumannii, Pseudomonas aeruginosa, and
Mycobacterium abscessus infections were reported
801



802 ISAEV et al.
[21–23]. An ideal phage for therapeutic purposes
should possess a series of features, such as the lack of
gene products toxic to humans, efficient recognition
of a specific bacterial pathogen and killing of its differ-
ent forms (including biofilms), scalable production,
and long-term stability. These features can be enhanced
or engineered using genome editing [24, 25]. As a long-
term prospect, one can envision synthetic modular
phages constructed with desired properties. Removal
of non-essential genes solves the problem of most
toxin genes, which appear to be dispensable for infec-
tion, and releases space in the genome for the intro-
duction of required cargo genes or labels, such as f lu-
orescent proteins. Simultaneous phage/antimicrobials
treatment proved to be more efficient [26, 27] and
phages can be designed to express bacteria-killing
cargo such as colicins during infection [28, 29]. In a
similar manner, phages can be engineered to express
enzymes degrading extracellular matrix, capsular poly-
mers or bacterial cell wall, which improves the efficiency
of biofilms treatment [30, 31]. The key step defining the
host range of the phage and efficiency of its infection is
the recognition of a receptor on the surface of the cell.
Resistant bacteria often arise due to mutations in recep-
tor genes [32, 33]. Genetic engineering has been applied
to modulate receptor binding proteins of phages to extend
their host range and similar principles could help over-
come evolved bacterial resistance [34–38]. Besides ther-
apeutic applications, phage genome engineering is rele-
vant for construction of phage-based bacterial biosensors
and development of vaccines [10, 39–41].

CRISPR-Cas systems (from Clustered Regularly
Interspaced Palindromic Repeats and CRISPR-asso-
ciated proteins) provide RNA-based adaptive immu-
nity to prokaryotes by targeting specific DNA (or
sometimes RNA) sites [42, 43]. In most CRISPR-Cas
systems, annealing of a segment of guide RNA
(gRNA) bound by Cas proteins to a complementary
DNA target (protospacer) leads to endonucleolytic
cleavage of the latter. Since gRNA can be easily pro-
grammed to target any desired DNA region,
CRISPR–Cas systems were employed for the devel-
opment of a plethora of gene editing tools [44, 45].
Class II CRISPR–Cas systems rely on a single Cas
protein (such as Cas9, Cas12 or Cas13 in Types II, V
and VI, respectively) for target recognition and cleav-
age and thus became systems of choice for most appli-
cations [46–48]. The basic principle of CRISPR-
induced gene disruption relies on the fact that dsDNA
breaks introduced by the action of Cas proteins acti-
vate host DNA repair mechanisms [49] such as NHEJ
(non-homologous end joining) or HDR (homology-
directed repair). Error-prone repair of a double-
stranded break introduced in the targeted sequence
eliminates the gRNA recognition site, while non-
mutated DNA molecules are subjected to additional
attack as long as the effector Cas protein and gRNA
are present (Fig. 1). Screening of surviving clones
allows identification of the loss-of-function variants
carrying In-Dels in the gene of interest. A more versa-
tile approach involves homologous recombination of
DNA containing cleaved target sequence with a template
containing a sequence with desired change (Fig. 1), which
allows one to introduce any type of mutation (insertion,
deletion, or single nucleotide substitution) in a scarless
way. In this case, the Cas-gRNA effector plays a dual role
of generating hotspots for recombination at required loca-
tions and eliminating non-edited sequences.

The negative selection coupled with recombination
mediated by Cas-gRNA constitutes a powerful
approach for phage genome engineering significantly
simplifying screening for desired mutants. However,
phages evolved multiple mechanisms to inhibit immu-
nity systems of their hosts, which may complicate
genome editing and CRISPR targeting. Examples
include, among others, DNA modifications, such as
glycosylation of cytosines, which decrease the effi-
ciency of Cas9 cleavage [50, 51]; production of anti-
CRISPR or DNA-protecting proteins [52, 53]; cre-
ation of pseudo-nucleus structures that physically
block access of host proteins to viral DNA and inhibit
DNA-targeting CRISPR systems [54, 55]. Genome
editing for such phages might require specific strate-
gies like the use of RNA-targeting Cas effectors [56].

Below we summarize current methods available for
genome editing of lytic phages.

METHODS FOR GENETIC ENGINEERING
OF PHAGE GENOMES

In vitro phage “rebooting” strategies. The most
direct way of phage genomes manipulation is in vitro,
using purified or synthesized DNA material. For obvi-
ous reasons, such methods are limited by the phage
genome size. A small ssDNA phage ϕX174 with its
~5.6 kB genome was the first to be assembled from
scratch using synthetic oligonucleotides [57]. Devel-
opment of in vitro DNA assembly methods, like Gib-
son Assembly or Golden Gate Cloning, allowed
approaching the construction of large DNA molecules
from multiple fragments which is suitable for the
whole-genome assembly of medium sized (tens of thou-
sands of base pairs) phages (Fig. 2) [35, 58–60]. In vitro
assembly allows one to generate all types of mutations
without the introduction of selection markers and does
not require plaques screening (reviewed in [25, 61]). It
can also be used for generation of mutant phage libraries.
For example, error-prone amplification of genomic
DNA region encoding receptor binding protein followed
by in vitro assembly with the rest of the genome allowed
to generate a series of Listeria phage PSA mutants with
extended host range [35].

Direct transformation of reconstructed whole viral
genomes into host cell could be problematic and thus
different variants of in vivo assembly/amplification
could be deployed. In the work of Ando et al., E. coli,
Salmonella, Pseudomonas, and Klebsiella phages were
assembled into Yeast Artificial Chromosomes (YACs)
after transformation of PCR products into yeast cells.
MOLECULAR BIOLOGY  Vol. 56  No. 6  2022
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Fig. 1. CRISPR–Cas guided mutagenesis. A Cas–gRNA complex recognizes target DNA (protospacer) with correct Protospacer
Adjacent Motif (PAM) and introduces a double-stranded break that can be either repaired through NHEJ or through homolo-
gous recombination.
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Assembled YACs were next transformed in E. coli
resulting in production of infectious phage, an
approach that was called “rebooting” or “reactivation
of the synthetic genome” [62, 63]. Rebooting of
phages infecting Gram-positive bacteria requires
transformation of DNA fragments into cell-wall defi-
cient L-form cells. This method was shown to be
applicable for the Listeria, Bacillus, and Staphylococ-
cus phages [64]. Phage particles can also be produced
in cell-free transcription-translation coupled systems
(TXTL) programmed with phage genomic DNA [65,
66]. Infectious particles production for phages as
large as T4, was demonstrated in TXTL systems, pro-
viding apparently the most straightforward approach
for construction of modified phages directly from the
in vitro-assembled genomes [67, 68] (Fig. 2).

In vivo recombination-based methods. In vivo meth-
ods rely on homologous recombination (HDR) and
the allelic exchange between DNA molecules carrying
flanking homologous regions and different central
regions (Fig. 3). While some phages fully depend on
the host recombination functions [69], others encode
their own recombination proteins that outperform the
host RecA-mediated pathway and are more tolerant to
mismatches [70–73]. Thus, the mere presence of a
MOLECULAR BIOLOGY  Vol. 56  No. 6  2022
template with desired mutation and homology regions
in a cell infected with a phage can be sufficient for pro-
duction of recombinant phage progeny. Such a tem-
plate could be a plasmid, a PCR product, or even a
single-stranded oligonucleotide of sufficient length
electroporated into the infected cell [74, 75]. To
enhance the efficiency of recombination, overexpres-
sion of recombination-stimulating proteins, such as
Exo, Beta, Gam components of the phage λ Red sys-
tem or RecET-like proteins in infected cells has been
reported [3, 76]. The λ Red recombination system is
by far the most popular choice for recombineering [3,
5, 7]. Exo is a 5'→3' exonuclease that generates free
single-stranded 3'-ends, which interact with the
ssDNA-binding protein Beta and recombination most
likely occurs when the ssDNA intermediates anneal to
the lagging DNA strand during replication. The Gam
protein protects the DNA template from degradation
by inhibiting host RecBCD machinery [77]. Only the
Beta protein is required for recombineering with
ssDNA and different viral ssDNA annealing proteins
were shown to enhance recombination efficiency
in vivo [73]. As an alternative, ssDNA can be gener-
ated in the cell using retron elements. Retrons are
RNA–DNA hybrids synthesized by reverse transcrip-
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Fig. 2. In vitro phage genome assembly and reactivation workflow.
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tase and can be introduced on plasmids providing a
source of programmable ssDNA [78]. Retron-medi-
ated mutagenesis has been applied to modify E. coli
phage T5 [53]. One of the most efficient methods of
phage recombineering—BRED (Bacteriophage
Recombineering of Electroporated DNA) exploits
simultaneous electroporation of purified phage
genome and recombination template into host cells
overexpressing recombination-stimulating proteins
(Fig. 3). It was successfully used for editing of phages
infecting Mycobacteria, Escherichia, Salmonella, and
Klebsiella [74, 79–82]. A simplified protocol—BRIP
(Bacteriophage Recombineering with Infectious Parti-
cles)—separates the electroporation and phage infection
steps, which is less efficient but allows one to avoid the
need to purifying phage genomes [75, 83]. It should be
noted that these methods are limited to bacteria for which
efficient transformation protocols are available.

Classical methods for the selection of recombinants.
As a result of in vivo recombination, a mixed progeny
of the wild-type and mutated phage variants will arise,
and identification of the latter can be challenging. The
simplest but laborious approach involves screening of
individual plaques through PCR with mutation-spe-
cific primers. Single-nucleotide substitutions could be
detected with the MAMA-PCR when the 3'-terminal
base of the primer anneals to the mutated position but
not to the wild-type sequence [53, 84]. Amplification-
dilution screening could be applied to enhance the
efficiency of recombinants selection: in this approach
a phage lysate carrying possible mutants is serially
diluted and mixed with host bacterial culture in a
96-well plates; PCR screening of phages reproduced
in each well allows to determine wells with highest
concentration of mutants, which increases the
chances of selecting desired rare variants in the follow-
ing single plaques screening [53]. Phage plaques carry-
ing desired mutations can also be identified through
hybridization with f luorescently- or radioactively-
labelled oligonucleotide probes. Even point substitu-
tions can be identified by gradually increasing the
annealing temperature to remove non-specific bind-
ing [85]. When efficiency of recombination is low, the
positive selection methods help visually discriminate
wild-type and mutant variants or prevent reproduction
of non-mutated phages. When tolerated by the phage,
introduced mutations could be coupled with genes
encoding f luorescent proteins or LacZ markers, which
allows identification of recombinant plaques under a
fluorescent microscope or on X-gal supplemented
MOLECULAR BIOLOGY  Vol. 56  No. 6  2022
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Fig. 3. Methods of in vivo phage genome editing through recombination. Recombination can be carried with plasmid template,
ssDNA oligos electroporated into the cell, or ssDNA in a form of plasmid-encoded retorn elements. Expression of the λ Red sys-
tem enhances efficiency of recombination.
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agar plates [53, 83, 86]. Sometimes proteins dispens-
able for host survival could be essential for the phage
propagation, for example, E. coli TrxA (thioredoxin) is
required for the activity of phage T7 DNA polymerase
[87, 88]. This allows one to use the trxA gene as a pos-
itive selection marker when the phage is propagated on
a ΔtrxA E. coli host [89–91]. A similar trxA insertion
strategy was applied for selection of non-T7-like
phages from the Felixounovirus genus [92].

CRISPR–Cas-based phage genome editing and
selection. The Cas9 nuclease from the Streptococcus
pyogenes (SpCas9) was used in different Gram-posi-
tive and Gram-negative bacteria species, such as
E. coli, Streptococcus thermophilus, Lactococcus lactis,
Mycobacterium smegmatis, B. subtilis and became a
preferable tool for phage genome editing [13, 51, 83,
93–95]. To avoid cleavage of CRISPR loci, which
contains spacers complementary to gRNA, many
MOLECULAR BIOLOGY  Vol. 56  No. 6  2022
CRISPR–Cas systems rely on a specific short
sequence—PAM (Protospacer Adjacent Motif, NGG
in the case of SpCas9). PAM should be located at a
flank of DNA site complementary to gRNA to allow
it’s recognition and cleavage; PAM is absent in gRNA-
encoding loci [96]. Thus, a gRNA design should begin
with the screening for PAM sequences in the phage
genome region of interest. Several different gRNAs
targeting the same gene are usually used since their
efficiency of target recognition/cleavage can vary by
an order of magnitude or more. Many tools are available
for prediction of gRNA editing efficiency [97–99].
Expression of Cas9 along with a gRNA targeting the
wild-type genomic sequence provides means of nega-
tive selection strong enough to completely eliminate
the parental phage. Viruses can escape CRISPR inter-
ference through accumulation of mutations in the
PAM or protospacer region that either arise randomly
or accumulate, for example, as a result of error-prone
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NHEJ (Fig. 1). A recent study investigated a large set
of B. subtilis phage Goe1 escaper mutants, using
gRNAs designed to target each gene of its 18 kBp
genome, which allowed to determine viral genes
essentiality and tolerance to mutations [13].

CRISPR editing is much more efficient when cells
are provided with a template for homologous recombi-
nation and with recombineering proteins [82, 83]. To
introduce deletions, insertions or substitutions, cells
are transformed with a template carrying the desired
sequence f lanked by 100–200 bp 5' and 3' homology
regions identical to the wild-type viral sequences
(Fig. 4a). A gRNA is designed in a way that recombi-
nation leads to the loss of the targeted protospacer in
phage genome; point mutations are placed in the PAM
or protospacer positions that when altered prevent the
recognition by the Cas9–gRNA complex. Thus,
recombinant phages will evade CRISPR restriction,
while wild-type, non-recombinant variant will be
eliminated. The first use of CRISPR-assisted recom-
bination involved gene deletions in E. coli T7 phage
with the native I–E CRISPR–Cas system, which
resulted in ~40% efficiency (in terms of the amount of
screened plaques containing the desired mutation)
[100], and gene deletions or point mutations in S. ther-
mophilus phage 2972 with the use of SpCas9, which
provided efficiency close to 100% [93]. Other works
relying on I–E or SpCas9 for phage genome editing
also reported efficiencies in the range of 50‒100%
[94, 101, 102]. When combined with BRED or BRIP
methods, SpCas9 counter-selection also significantly
improved the efficiency of editing, which approached
100% for majority of deletions introduced in various
M. smegmatis phages [83]. The Type V Cas12a effector
was successfully applied to edit the E. coli phage T4
genome [10], while Type III system proved to be effi-
cient for engineering staphylococcal phages [102]. A
promising approach was recently proposed that relies
on an RNA-targeting Type VI Cas13a system [56, 103,
104]. Cas13 does not require PAM for cleavage and
allows to target any site in the genome, provided it is
transcribed. LbCas13a was employed to enhance
selection of edited T4 carrying single codon mutations
[104]. Moreover, RNA targeting may help to over-
come problems associated with editing of phages bear-
ing modified DNA or those that rely on specialized
compartments such as pseudonuclei to separate host
defence proteins from phage DNA. In another
approach, a gene encoding an anti-CRISPR protein
(acrVIA1) was introduced into the genome of P. aeru-
ginosa jumbo phage ΦKZ as a positive selection
marker [56]. Introduction of acr gene inhibits Cas13-
directed RNA cleavage and protospacers complemen-
tary to gRNAs preserved in the recombinant phage,
which allows one to edit various loci in the viral
genome with a single gRNA, once a relevant recombi-
nation template is provided (Fig. 4b).

All systems described above need to be carefully
adjusted and optimized for specific applications,
phages, and their hosts. Below we describe the results
of our own experience of combining SpCas9 negative-
selection with λ Red recombineering to introduce
insertions, deletions, or point mutations into the
genomes of model coliphages T7, T5 and T3.

MATERIALS AND METHODS

SpCas9 gRNAs and their editing efficiencies are
summarized in Table 1; constructed plasmids and
primers used in this work are listed in Tables S1 and S2
(see Supplementary Information).

Modification of a plasmid encoding λ Red system
and guide RNA for phage genome editing. pKDs-
gRNA-ack plasmid was used to deliver guide RNAs
and the λ Red system into bacteria [105]. The plasmid
contains the λ Red system under control of arabinose-
inducible promoter and gRNA under control of Ptet.
The leaky expression of gRNA from Ptet was sufficient
and aTc induction was not provided to avoid toxicity
associated with gRNA overexpression [105]. The
default gRNA sequence of pKDsgRNA-ack was
replaced with sequences designed to introduce muta-
tions in the T7, T3, or T5 genomes (Table 1). The
gRNA sequences were chosen to contain an appropri-
ately positioned NGG PAM downstream of the tar-
geted complementary site. For introduction of point
substitutions, mutations were designed to disrupt the
PAM sequence of the targeted protospacer. To replace
the gRNA sequence we performed Circular Poly-
merase Extension Cloning (CPEC) [106] with Q5
DNA Polymerase (New England Biolabs) and prim-
ers encoding required gRNA; the vectors next were
assembled from linear PCR products using the KLD
reaction mixture (New England Biolabs).

Creation of a recombination templates. To replace a
region of phage genome with a sequence containing a
desired mutation, plasmid templates were used for
recombination. The plasmids were created based on
the pBAD/His B vector [107], which is compatible
with pKDsgRNA-ack and pCas9 [108]. For insertion
of a EYFP tag in the T7 genome, the resulting plasmid
(Supplementary Information, Table S1) was designed
to carry 3' and 5' 155 bp homology regions, f lanking
the insertion site, while the middle part carried an in-
frame fusion of gp10B with EYFP coding sequences.
To generate the T3 0.3 gene deletion, a plasmid carry-
ing a fragment of fused 260 bp f lanking regions bor-
dering the 0.3 gene in the phage was constructed. All
plasmids were prepared using Gibson assembly with
HiFi Master Mix (New England Biolabs) [59] from 2
or 3 PCR products amplified with Phusion DNA
polymerase (New England Biolabs). To introduce
point mutations into the T7 or T5 genomes, a ~600 bp
region of interest was first cloned into pBAD/His B
vector using Gibson Assembly and desired mutations
were introduced using the Q5 Quick Mutagenesis Kit
(New England Biolabs).

Modification of the phage genome. The pipeline for
the phage genome editing and selection of recombi-
MOLECULAR BIOLOGY  Vol. 56  No. 6  2022
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Fig. 4. CRISPR-Cas assisted phage genome editing and selection of phage mutants. (a) Negative selection with Cas9–wild-type
phage is eliminated in a result of gRNA–Cas9 cleavage of target DNA, while recombinant phages carrying specific insertions,
deletions, or substitutions destroying PAM/protospacer region evade cleavage. (b) An example of positive selection with the acr
marker gene that inhibits cleavage by RNA-targeting Cas13. Similar principle can be applied to DNA-targeting Cas effectors.

Wild type DNA
sequence

Protospacer PAM Protospacer PAM Protospacer PAM

Recombination
template Insertion Deletion Point mutations

gRNA–Cas9
complex

eliminates
wild type DNA

variants

Wild type DNA
sequence

Protospacer

Recombination
template

gRNA–Cas13
complex

inhibits phage
infection

through RNA
cleavage

Transcription

Transcription

Acr

acr gene

Acr expression inhibits
Cas13 even though the

protospacer is preserved
in the modified genome

Single gRNA can be used
to edit different loci

(a)

(b)
nants is provided in the Fig. 5. To perform phage
genome editing, three plasmids (pCas9, pBad with
appropriate recombination insert, and pKDsgRNA-
ack) were introduced in E. coli DH5α (for T7 editing),
BW25113 (for T7 and T5 editing) or BL-21 (for T3
MOLECULAR BIOLOGY  Vol. 56  No. 6  2022
editing) [109]. Transformed cells were plated on Petri
dishes containing LB 1.2% agar medium (Amresco)
with the addition of ampicillin (100 μg/mL), chloram-
phenicol (50 μg/mL) and spectinomycin (100 μg/ml)
and incubated at +37°С. Overnight cultures were
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Table 1. gRNAs used in the work and their estimated editing efficiencies

* Editing efficiency is estimated as the amount of single plaques that contained desired mutation relative to the total amount of plaques
tested from a representative single selection assay. It should be noted that efficiency for the same gRNA could differ depending on the
MOI and particlular well tested (see Fig. 5).

gRNA Sequence Edited phage Targeted gene Type of modification Editing efficiency*

gRNA_1 CTGGCGAAAGGTAAACCAAT T7 1 Substitution 50% (5/10)
gRNA_2 ATAGCCATCCCAATCGACAC T7 Non-coding Substitution 71% (10/14)
gRNA_3 CCGATGTGTATCTATAAGCG T7 1.3 Substitution 89% (40/45)
gRNA_4 TGCTAGTTATTGCTCAGCGC T7 10B Insertion 100% (7/7)
gRNA_5 ATTAACTTGACACAATAGGA T5 Non-coding Substitution 92% (11/12)
gRNA_6 ATACAAATCACAGACTCACA T3 0.3 Deletion 100% (20/20)
obtained from single colonies in liquid LB medium
with the addition of appropriate antibiotics at +37°С
and moderate shaking. Initial estimation on the effi-
ciency of SpCas9 targeting with specific gRNAs in the
absence of recombination template was carried in 96-
well plates: mid-log liquid cultures were infected with
the phage in a range of Multiplicities of Infection
(MOI) and optical density was monitored using
EnSpire Multimode Plate Reader (Perkin Elmer). To
carry recombination, log-phase cultures were 100-fold
diluted in fresh LB medium supplemented with antibi-
otics and grown till OD600 = 0.3 when the arabinose
was added to 0.2%. ~1 hour after λ Red induction cul-
tures were infected with phages at different MOIs and
left overnight. Lysates were plated on 0.4% top-agar
containing susceptible E. coli BW25113 (or BL-21)
cells and plaques developed at 37°С overnight.

Phage plaques screening. Individual plaques were
screened for the presence of desired mutations using
PCR with primers specific for the mutated sequence
(Supplementary Information, Table S2). For the
screening of point substitutions, 3' end of the primer
was designed to anneal to the mutated nucleotide and
the annealing temperature was sometimes raised up to
72°С to discriminate specific annealing to mutated
sequence and non-specific annealing to the wild-type
sequene. PCR screens were carried with TaqHS
DNA-Polymerase ScreenMix (Evrogen, Russia). All
mutations were confirmed by Sanger sequencing using
additional pairs of primers annealing ~150 bp away
from the introduced mutation site.

To confirm the presence of the fusion
gp10B::EYFP protein in the T7 capsid, Western blot-
ting of proteins in the modified phage lysate was per-
formed. The gp10B::EYFP protein was visualized
using mouse monoclonal antibodies to EYFP (Living
Colors® JL-8, Clontech) in 1:1000 dilution. Samples
of phage lysate in serial dilutions were run on a 10%
SDS-PAGE gel and then transferred to a nitrocellu-
lose membrane (Amersham, USA). Anti-Mouse Per-
oxidase antibodies produced in rabbits (Sigma 9044)
were used as secondary antibodies. A stained nitrocel-
lulose membrane was visualized using SuperSignal
West Pico Chemiluminescent Substrate Kit (Thermo
Scientific, USA) in Chemidoc (BioRad, USA).

RESULTS

Introduction of point mutations and fluorescent
labelling of the T7 phage. To check the validity of
recombineering-assisted SpCas9 modification/selec-
tion approach we infected E. coli cultures lacking the
pBAD recombination template or carrying three plas-
mids—pBAD, a plasmid expressing SpCas9, and the
pKDsgRNA-ack derivative carrying λ Red system and
gRNA_1 targeting the early phage RNA polymerase
gene (Fig. 5)—with T7 at different MOIs. Cells were
infected with or without λ Red system induction. Our
expectation was that at a certain MOI Cas9 targeting
will completely inhibit the production of phage in the
absence of recombination template, while at condi-
tions of λ Red induction and in the presence of recom-
bination template on pBAD, modified phage progeny
will appear and lyse the culture. Indeed, at MOIs
below 10–4 the culture remained completely protected
in the absence of λ Red induction and without the
pBAD recombination template but lyzed when λ Red
was induced in the presence of the recombination
template plasmid (Fig. 6). The obtained phage lysate
was plated on a lawn of E. coli BW25113 and single
plaques were screened for the presence of desired
mutation. It should be noted, that some gRNAs did
not produce the phenotype shown in Fig. 6, however,
even in conditions when Cas9 did not protect bacteria
from lysis, or when infected cultures with induced and
uninduced λ Red system grew apparently in the same
way, we were able to select recombinants in a single
screening experiment (Table 1).

In our previous work with the Type I BREX
defence system from E. coli HS [91, 110] we detected
phage T7 escaper mutants that partially overcame the
host defence. Genomic sequencing revealed that these
mutants lost a BREX methylation site GGTAAG clos-
est to the left (early) end of the phage genome. To con-
firm this observation and investigate the importance
of mutual orientation of BREX sites for efficient
defence, we constructed a series of T7 mutants carry-
MOLECULAR BIOLOGY  Vol. 56  No. 6  2022
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Fig. 5. A pipeline for the phage genome editing using SpCas9 counter-selection. HA—Homology Arm.
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ing insertions, deletions, or inversions of BREX sites
located in the early part of the genome (Table 1,
gRNA_1,2,3). BREX sites modifications in recombi-
nation templates were designed in such a way that
introduced changes disrupted the closely located PAM
region in the targeted wild-type phage sequence, to
make mutated variants insensitive to SpCas9 cleavage.
The same gRNA was used to introduce additional
BREX sites in the forward or reverse orientation using
different pBAD recombination templates. Overall, 33
mutant phages were generated from parental T7
strains with different genetic backgrounds using a set
of 3 distinct gRNAs. PCR screening of lysates
obtained at various MOIs confirmed the appearance
of desired mutants and, for most cases, the presence of
mutations was detected in 50‒100% of single plaques
subsequently tested, demonstrating the efficiency of
the λ Red assisted SpCa9 phage genome editing (Table 1,
Fig. 7a). Using the same approach, we constructed a
fluorescently-labelled T7 strain with a C-terminal
fusion of the capsid protein gp10B with EYFP [111,
112]. PCR of randomly selected plaques readily con-
firmed the presence of desired product (Fig. 7b). The
fusion was further validated by separating proteins
from recombinant T7 lysates by SDS-PAGE followed
by Western blot with EYFP-specific antibodies, which
confirmed the presence of the gp10B-EYFP fusion
protein (Fig. 7c). As a drawback of the method, we
MOLECULAR BIOLOGY  Vol. 56  No. 6  2022
note high toxicity of the pKDsgRNA-ack for E. coli.
This is apparently unrelated to encoded gRNAs and
the efficiency of transformation of the starting plasmid
was low even in highly competent bacterial cells—
which significantly complicated construction of deriv-
atives encoding required gRNA sequences.

Introduction of a short insertion into the First
Strand Transfer (FST) region of the T5 genome. Phage
T5 injects its genome in two stages: after translocation
of the ~10 kBp FST region the injection temporarily
stops. The rest of the genome (Second Step Transfer
region—SST) enters the cell after an unknown signal,
presumably generated by a product of a phage gene
introduced during FST, triggers the process [113, 114].
Phage T5 is resistant to many host defences including
Type I/II/III Restriction–Modification systems and
Types I and II CRISPR–Cas systems when their rec-
ognition sites are located in the SST region, but not in
the FST region [53, 115, 116]. This suggests that one of
the FST gene products could be a broad range anti-
restriction protein [53, 116]. To reproduce the restric-
tion-sensitivity phenotype, we employed SpCas9 to
introduce an EcoRV recognition site (GATATC) in
the non-coding region of the T5 FST. Although the
designed gRNA_5 did not protect E. coli from lysis by
T5 in liquid culture, screening of individual plaques
allowed us to readily recover desired EcoRV-sensitive
T5 mutants with ~90% efficiency (Table 1).
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Fig. 6. Growth curves of indicated bacterial cultures infected with phage T7 at MOI = 10–5. To induce λ Red system expression
from the pKD vector cultures were supplemented with 0.2% arabinose 30 min prior to infection. Phage was added at t = 0. Each
growth curve represents the mean values and standard deviations obtained from three technical replicates.
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Fig. 7. (a) An example of MAMA-PCR with individual plaques and primers specific to mutated BREX site edited with gRNA_2.
The product of 339 bp should appear only when a primer anneals to the mutated BREX site. M—DNA ladder, Gene Ruler 100 bp
(Thermo Scientific). (b) Confirmation of the EYFP-encoding sequence insertion at the 3' end of T7 gene 10B. The fusion
sequence should produce a 1137 bp PCR product. M—DNA ladder, Gene Ruler 1 kb+ (Thermo Scientific). (c) A Western blot
of proteins in lysates of engineered T7 gp10B-EYFP produced from 5 randomly picked individual plaques was carried out using
EYFP-specific antibodies. The molecular weight of the stained band corresponds to the gp10B-EYFP fusion protein.
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Deletion of phage T3 0.3 gene and estimation of the
editing efficiency. The 0.3 gene of phage T3 encodes an
anti-restriction protein S-adenosyl-methionine (SAM)
lyase that inhibits Type I R–M systems by lowering the
intracellular concentration of SAM, a co-factor
required for restriction [117–119]. To study pheno-
MOLECULAR BIOLOGY  Vol. 56  No. 6  2022
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Fig. 8. (a) Estimation of T3 editing efficiency in different conditions. Results of the PCR reaction with primers specific for the
T3 0.3 gene carried after overnight infection of indicated culture with phage T3 in a range of MOI from 1 to 10–7. First 5 rows
represent results of the PCR with non-infected culture, followed by 2 rows of PCR products obtained from control gDNA of T3
wild-type (864 bp) or T3 Δ0.3 (406 bp). M—DNA ladder GeneRuler 1 kb + (Thermo Scientific). (b) Screning of individual
plaques obtained from lysates of cultures 4 and 5. PCR confirms 100% editing efficiency in conditions tested.
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types associated with the loss of SAM lyase function,
we created a 0.3 gene deletion T3 strain. The pBAD
recombineering template carried fused 3' and 5'
homology regions upstream and downstream of the
0.3 ORF to completely and scarlessly remove the gene.
The deletion of the 459 bp 0.3 sequence allows facile
distinction of mutated and parental genomes by PCR.
Thus, comparison of efficiencies of recombination at
different conditions became possible. Expression of
SpCas9 along with gRNA_6 against the 0.3 gene pro-
vided ~2 orders of magnitude defence against T3. We
have monitored T3 liquid culture infections in a range
of MOIs (1 to 10–7) using strains with the recombina-
tion template pBAD only (1) or carrying the recombi-
nation template and λ Red system in the presence (3)
or in the absence (2) of λ Red induction. Cultures
additionally carrying pCas9 were also infected to pro-
vide counter-selection in the presence (5) or in the
MOLECULAR BIOLOGY  Vol. 56  No. 6  2022
absence (4) of λ Red induction. As can be seen from
Fig. 8a, only at conditions of negative selection
(culures 4 and 5) a PCR amplicon indicative of
recombinant T3Δ0.3 became detectable in the lysates
of infected cultures. Thus, production of recombi-
nants did not depend on λ Red induction. At these
conditions, no amplicon corresponding to wild-type
phage was detected, suggesting it’s complete elimina-
tion by SpCas9. A PCR screen of 10 individual plaques
obtained from culture 4 and 5 lysates confirmed the
100% editing efficiency of the phage genome (Fig. 8b).
The difference in λ Red proteins requirement
observed in experiments involving T3 and T7 (Fig. 6
vs. Fig. 8) is likely due to differences in the efficiency
of negative selection by gRNA used.

Overall, the results of experiments presented above
demonstrate that mutations of all possible types, i.e.,
point substitutions, insertions, or deletions can be
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introduced with high efficiency into specific locations
of E. coli phages T7, T5, and T3 using recombineer-
ing-assisted SpCas9 genome editing and counter-
selection. There is still much to be learned from these
model phages and new avenues of inquiry into the
infection process/interactions with the host are
opened up by the facile editing of their genomes.
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