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Abstract: With the recent rise in interest in using lytic bacteriophages as therapeutic agents, there is
an urgent requirement to understand their fundamental biology to enable the engineering of their
genomes. Current methods of phage engineering rely on homologous recombination, followed by
a system of selection to identify recombinant phages. For bacteriophage T7, the host genes cmk or
trxA have been used as a selection mechanism along with both type I and II CRISPR systems to select
against wild-type phage and enrich for the desired mutant. Here, we systematically compare all
three systems; we show that the use of marker-based selection is the most efficient method and we
use this to generate multiple T7 tail fibre mutants. Furthermore, we found the type II CRISPR-Cas
system is easier to use and generally more efficient than a type I system in the engineering of phage
T7. These results provide a foundation for the future, more efficient engineering of bacteriophage T7.
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1. Introduction

Bacteriophages (phages) are viruses that specifically infect bacteria. Much of the original research
on bacteriophages has guided our current understanding of molecular biology. Recently, there has
been a renaissance in phage research due to the emergence of multi-drug resistant bacteria and the
need for viable antibiotic alternatives [1]. Thus, there has been considerable research in the area of
phage therapy, to kill bacterial infections using phages [2–4]. Phages offer a number of advantages
(bactericidal agents, rapid discovery, undergo replication at the site of infection) over traditional
antibiotics [5–9]. However, there are several limitations to phage therapy, such as narrow host range
and limited pharmacokinetics leading to insufficient build-up of phage concentration at the site of
infection [10,11].
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The genetic engineering of phages offers the possibility of overcoming these limitations and
allowing phage therapy to be a viable alternative. For the effective engineering of phages to occur
a highly efficient and reproducible system is required. From the onset of phage research a number
of methods have been used to create phage mutants; this has included random mutagenesis using
a variety of inducing agents including UV, as well as chemical mutants such as hydroxylamine and
N-methyl-N’-nitro-N-nitrosoguanidine [12]. The use of random mutagenesis provides the ability to
create a large library of mutants but requires extensive screening to identify a mutant of interest. Thus,
other approaches have been developed to create targeted mutants using homologous recombination
to introduce the desired mutation, followed by selection of the resulting phage [13]. The selection
process has proven to be the major bottleneck in the creation of phage mutants. Unlike bacteria where
an antibiotic resistance marker can be used to select for mutants, no such generic approach works so
efficiently for phages, as phage lysis kills the bacterial host. Therefore, a number of other strategies
have been developed for engineering and creating phage mutants.

An alternative to the antibiotic resistance markers used for positive selection of phage mutants,
is the use of a bacterial host gene that is essential for phage replication but not essential for host
growth [14,15]. In the infection of E. coli by phage T7, the proteins thioredoxin and cytidine
monophosphate kinase (dCMP), encoded by trxA and cmk genes respectively, are known to be
essential [14]. Therefore, these genes have previously been used as markers to positively select for
phage mutants in an E. coli background that lack trxA or cmk [14,16]. This marker-based approach has
been used to knockout a number of T7 genes including genes 0.4, 11, 12, 17 [16–18]. These knockouts
were achieved by replacing the target gene with trxA by homologous recombination, and selection on
E. coli BW25113 ∆trxA cells [16–18].

An alternative to positive selection is to reduce the number of phages that have to be screened to
find the desired mutant by increasing the efficiency of homologous recombination. An example of
this is the BRED system (bacteriophage recombineering with electroporated DNA) that has been used
to genetically modify mycobacteriophages and coliphages [19,20]. BRED exploits the mycobacterial
recombineering system, in which expression of the RecE/RecT-like proteins of the mycobacteriophage
Che9c confers high levels of homologous recombination and facilitates simple allelic exchange using a
linear DNA substrate. This method has been used to engineer both lytic and temperate phages [21,22].

Another method to reduce the number of phage that require screening is the use of a Yeast
Artificial Chromosome (YAC) in Saccharomyces cerevisiae [19,20]. Here, a phage genome can be
cloned into a YAC, either in one piece or as PCR fragments assembled through gap-repair cloning [23].
Transformation-associated transformation recombineering (TAR) systems of yeast can then be used to
introduce desired mutations, with the engineered genome re-introduced into its bacterial host. TAR
approach has been used to make tail fibre mutants in coliphages T7 and T3 [24].

The most recent advance in screening methods is the use of CRISPR-Cas to counter select
against phages that have not been altered and enrich for the phage mutants of interest. A number
of different CRISPR systems have now been used to modify the genomes of a number of phage
systems, the first of which used a type I CRISPR system to target and create mutants of bacteriophage
T7 [25]. A different type I CRISPR system has also been used to create mutants of the lytic phage ICP1
that infects V. cholerae [26]. A number of phages have been modified with type II CRISPR systems;
including phage 2972 infecting Streptococcus thermophilus, phage P2 infecting Lactococcus lactis, phiKpS2
infecting Klebsiella pneumoniae and phages T2, T4, T7 and KF1 that infect E. coli respectively [25,27–31].
A type III CRISPR system has also been used to engineer phages that infect Staphylococcus aureus and
Staphylococcus epidermidis [32]. Whilst CRISPR is being used for editing phage genomes, there is still
much to be learned concerning what the most efficient system to use is. For example phage T4 has
been engineered by three different groups, with contrasting efficiency for type II CRISPR [29,30,33].

Both Type I and II CRISPR/Cas systems have different essential components that are required
for their function. Whilst both systems require a DNA repeat-spacer, each of them has additional
requirements. Type II-A CRISPR-Cas needs Cas9 endonuclease and trans-activating CRISPR RNA
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(tracrRNA), whilst the I-E CRISPR-Cas system requires Cas3 enzyme as well as a five protein complex
that consists of CasA, CasB, CasC, CasD, and CasE, often referred to as cascade [34–36]. It is clear
both CRISPR-Cas and marker-based selection can be used to generate phage mutants; however, no
comprehensive analysis of their comparative efficiency has been carried out in a single system for a
single phage.

The aim of this work was to compare efficiencies of both CRISPR-Cas systems and marker-based
(cmk and trx) methods for the development of an efficient system of constructing phage T7 mutants
(Figure 1). As a proof of concept, the most efficient method was then used to rapidly generate tail fibre
mutants of phage T7.
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Figure 1. Summary of marker-based vs. marker-less selection methods. (A) The homologous
recombination step allows for generation of a mixed population of chimeric/mutant (CH) and wild-type
(WT) phages. (B) Marker-based selection requires a gene encoding an essential host factor to be
incorporated into the region that will homologously recombine in step A. Mutants are then selected
for on E. coli cells that are deficient in this host factor. For phage T7 either E.coli ∆trxA or E.coli ∆cmk
can be used for positive selection. (C) Type II CRISPR system consists of one vector (pCas9: contains
Cas9 as well as direct repeat regions and guide RNA). (D) A Type I CRISPR system consists of three
vectors (pWUR400:Cas3, pWUR397:cascade system and pAG_2:guide RNA). Both CRISPR systems
target wild-type phage, enriching for mutants.

2. Materials and Methods

2.1. Bacterial Strains and Phages

E. coli BW25113, E. coli BW25113 ∆trxA, E. coli BW25113 ∆cmk, BL21(DE3) and BL21(AI) strains
were used as the bacterial hosts for all assays carried out in this study (Table S1). The strains were
grown in LB medium (Oxoid, Basingstoke, UK) at 37 ◦C overnight with shaking (200 rpm). Phage T7
was propagated by inoculating E. coli culture at an OD 600 nm of 0.3. Phage lysates were filtered using
a 0.22 µm pore size filter (Sartorius, Dublin, Ireland) and stored at 4 ◦C. Phage enumeration was carried
out using a standard double agar overlay plaque assay or spot assays as previously described [37].

2.2. Type I CRISPR gRNA Delivery Vector Component/Vector Design

The vectors pWUR400 and pWUR397 provide the cascade and cas proteins of the type I system,
respectively [36]. A third component of the system, a vector containing a gRNA to target specific sites
of interest, was designed and synthesized in a pSMART Ampr vector (Table S2). The initial vector
pAG_1 contained a non-targeting gRNA control, referred to as a scrambled RNA (scr). The main
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components of the construct were: (a) T7 RNA polymerase promoter at the 5’ of the construct; (b) 5’
handle; (c) gRNA for a target gene sequence; (d) BbsI restriction enzyme sites flanking the gRNA
region; (e) 3’ handle; (f) T7 terminator.

2.3. Type I CRISPR gRNA Design

Type I CRISPR gRNAs were designed manually taking into consideration protospacer adjacent
motif (PAM) requirements for the system. Previous research has identified that the PAM that fits most
efficiently is AGG [38]. The main principle for the design was to first identify the AGG sequence;
the 32 bp following AGG comprise the target sequence. All AGG motifs were identified in g17.
Ten out of 37 identified potential gRNAs were chosen for gRNA design: four targeting the 5’ region
and six targeting the 3’ region of the gene respectively. They were designed and synthesized as a
complementary single stranded DNA fragments (IDT) and inserted into pAG_1 vector using Golden
Gate cloning (Tables S2 and S3, Figure S6).

2.4. Type II CRISPR gRNA Design

Each of the type II CRISPR gRNAs was designed using DNA 2.0 (Atum, Newark, CA, USA).
The following criteria were chosen when using the software: NGG was entered for the desired PAM
and species off target was E. coli. Each of the gRNAs generated by the software was appended with BsaI
enzyme restriction sites. A total of 11 gRNAs was designed and then synthesised as a complementary
single stranded DNA fragments (IDT) and inserted into pCas9 vector using Golden Gate cloning
(Tables S2 and S3, Figure S6).

2.5. Golden Gate Cloning

The type I CRISPR gRNAs were inserted in the vector pAG1 using a modified Golden Gate
cloning method [39]. Briefly, 0.5 µL of each primer (100 mM) was mixed together with 49 µL of sterile
water and incubated at 95 ◦C for 5 min, prior to being diluted 10 times. The 15 µL assembly mix was
prepared as follows: vector of interest (100 ng), 2 µL of the diluted primers (10 mM), 1.5 µL of 10×
T4 buffer (NEB, Ipswich, MA, USA), T4 Ligase (NEB), 0.15 µL of 100× BSA and made up to 15 µL
with water. The assembly mix was then incubated in a thermocycler under the following conditions:
25 cycles of 3 min incubation at 37 ◦C followed by 4 min at 16 ◦C, and 1 cycle of 5 minutes at 50 ◦C and
5 min at 80 ◦C. The samples were then left overnight at room temperature and 1 µL of the assembly
mix was then transformed into electro-competent E. coli cells using 2 mm cuvettes at 2.5 kV.

2.6. PCR

Polymerase Chain Reaction (PCR) was carried out in 0.2 mL volume PCR in a thermal cycler
(T100 Thermal cycler, Bio-Rad, Hercules, CA, USA). HF Phusion Master mix (M0531S, New England
Bio Labs, Hitchin, UK) and BSA (B9000S, New England Bio Labs, UK labs) were used for the reactions.
Final concentrations were used as follows: primers at 0.5 µM, DNA at < 250 ng, 1× Phusion Master
Mix. PCR amplification was carried out as per Protocol Phusion®High-Fidelity PCR Master Mix
recommended conditions.

2.7. Gibson Assembly

A master mix was prepared of 5× ISO buffer 0.5 M Tris-HCl pH 7.5, 0.05 M MgCl2, 4 mM dNTPs
(1 mM of each: dGTP, dCTP, dATP, dTTP), 0.05 M DTT, 0.25% (v/v) PEG800 and 5 mM NAD. Then the
following components were mixed 0.26% 5× ISO Buffer, 0.005 U T5 exonuclease, 0.03 U Phusion
polymerase, 5.3 U Taq ligase. The Gibson assembly was based on previously described method [40].
Briefly, fragments required for the assembly were PCR amplified (using primers in Table S3) and
gel purified. Gibson reactions were carried out in 20 µL volumes, with 15 µL of Gibson master mix
(0.26% 5× ISO Buffer, 0.005 U T5 exonuclease, 0.03 U Phusion polymerase, 5.3 U Taq ligase) with the
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remaining 5 µL made up of vector and inserts at the appropriate ratios. For the assembly of three
or more fragments an equilmolar ratio of fragments was used; when inserting one fragment into
a vector, a ratio of 1:2 (vector to insert) was used. The reaction was incubated at 50 ◦C for 60 min,
followed by incubation at 37 ◦C for 60 min. The reaction volume was diluted 3-fold and 1 µL used
in electroporation.

2.8. Homologous Recombination and In Trans Complementation

A strain containing a homologous recombination plasmid (HR) was grown until it reached an
OD600 of 0.3–0.4, whereby phage T7 was then added at MOI ~0.01. This was then followed by
incubation at 37 ◦C with shaking (200 rpm) for 3 hours. The lysate was then filtered through a 0.22 µm
pore size filter and stored at 4 ◦C until further use. For the in trans selection, the lysate was plated on
E. coli BW25113 ∆trxA strain containing pAG30 or pAG31 vectors that provide wild-type tail fibres.

2.9. Confirmation of Phage Mutants

Following homologous recombination and selection, plaques were picked from plates and
resuspended in 1 mL of SM buffer. PCR was used to confirm the presence of phage mutants using
primers to differentiate between wildtype and mutant phages (Table S3). PCR products were Sanger
sequenced bidirectionally to confirm products were correct. For four phages, whole genome sequencing
was carried out. Genomic DNA was extracted from 1 mL of phage lysate using a previously described
method [41]. Sequencing libraries were prepared using NexteraXT (Illumina, San Diego, CA, USA)
following the manufacturer’s instructions. Reads were trimmed with sickle using default settings
and genomes assembled using SPAdes v3.12.0 [42,43] using “-only-assembler” option and assemblies
checked for errors and corrected with pilon [44]. Genomes were annotated with Prokka using phage
T7 (accession: V01146) as the source of annotations. SNPs were identified using DNAdiff using default
settings [45]. All data were submitted under the project accession PRJEB35760.

2.10. Type I and Type II CRISPR Screening Assays

To determine the selection efficiency of the marker-based methods (trxA and cmk), plaque assays
of T7 were performed against E. coli BW25113, E. coli ∆cmk and E. coli ∆trxA with a starting titre of
1 × 1010 pfu/mL. The efficiency of plating on E. coli ∆cmk and E. coli ∆trxA was compared to E. coli
BW25113. A similar approach was used to determine the efficiency of type I and type II CRISPR
systems, with efficiency of plating of phage T7 on strains containing these CRISPR systems compared
to E.coli BW25113.

3. Results

3.1. Determination of Marker-Based (cmk and trxA) Selection Efficiency against Phage T7

In order to test the efficiency of Type I and II CRISPR selection along with the selective markers trx
and cmk all three methods were compared in their ability to select against g17 of wild-type T7. To do
this the same genetic background was used to try to minimise differences caused by the use of different
E. coli strains. The strain of choice was E. coli BW25113 which allows the Keio collection of mutants to
be used [15].

First, the extent to which the absence of host factors reduces T7 progeny was determined. To do
this plaque assays were carried out on E. coli strains that lacked cmk or trxA. Efficiency of plating (EOP)
on both strains was compared to the control strain E. coli BW25113 (Figure 2). In the case of E. coli
∆cmk cells, the number of progeny phage was reduced by approximately 105-fold, whereas with E. coli
BW25113 ∆trxA cells, no progeny was detected (detection limit ~ 1), reduction by 1010-fold (Figure 2).
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3.2. Determination of the Efficiency of Type I CRISPR for Selecting against Wild-Type Phage T7

A type I CRISPR system that has previously been used to engineer phage T7 was used in this study
and comprises the vectors pWUR400 and pWUR397 that carry genes encoding for the enzyme cascade
and Cas3 respectively [10]. A third plasmid (pAG_1) was constructed in this study that delivers the
gRNA and allows for easy swapping of gRNAs to target different regions (Figure 3). It consists of
(a) T7 RNA polymerase promoter at the 5’ of the construct; (b) 5’ handle; (c) gRNA for a target gene
sequence; (d) BbsI restriction enzyme sites flanking the gRNA region; (e) 3’ handle; (f) T7 terminator.
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It is known that different gRNAs can alter the efficacy of CRISPR selection [46,47]. Therefore,
multiple gRNAS were designed and tested (Figure S6). Eleven different gRNAs, ten targeting g17 and a
scrambled gRNA, were cloned into pAG_1 by Golden Gate cloning (Tables S2 and S3). The efficiency of
each gRNA to target phage DNA was determined by EOP with respect to the control gRNA (Figure 4A).
All gRNAs were effective in reducing the number of T7 progeny, with gRNA7 the most effective at
reducing T7 progeny by ~90-fold (Figure 4A). With gRNA2, gRNA5 and gRNA8 reducing T7 progeny
by ~10-fold, whereas gRNA1, gRNA6, gRNA9 and gRNA10 showed a reduction of less than 10-fold.
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The highest reduction in wild-type T7 was ~100-fold, which is significantly lower than previous reports
of 10,000-fold reduction using this system [25]. No correlation between GC content and EOP was
identified between the different gRNAs analysed (Figure 4B).
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experiments. (B) EOP data were plotted against GC% of each gRNA.

E. coli BW25113 possesses an innate type I CRISPR system under the control of the transcriptional
repressor H-NS (hns) [48–50]. The innate CRISPR system is only active if H-NS, is inactivated (∆hns) [49].
The E. coli BW25113 used in this study did not contain the hns deletion, however, it was necessary
to ensure that the innate CRISPR had no effect on the type I CRISPR used here. To verify this E. coli
BW25113 containing eight gRNAs, including the most efficient gRNA7, was evaluated for its ability to
target the T7 genome and accordingly reduce viable T7 progeny. No reduction was identified, ensuring
that the introduced CRISPR system used in this study was not overlapping with the innate CRISPR of
E. coli BW25113 (Figure S1).

A type I CRISPR system has previously been used to target wild-type phage T7, with reductions
of two orders of magnitude greater than we obtained [25]. It is possible the different gRNAs are
responsible for observed differences in reduction of wild-type T7. However, the previous work of Kiro
et al. 2014, also induced the expression of the CRISPR system prior to infection with T7. To identify
if the pre-induction of a CRISPR system prior to phage addition results in increased efficiency, the
same experiment was repeated in strains that contain an inducible T7 RNA polymerase: E. coli
BL21(DE3) and E. coli BL21-AI (Figures S2 and S3). No difference in phage progeny reduction, between
induced and un-induced systems, was identified using BL21(DE3) or BL21-AI strains (Figures S2 and
S3). The carriage of all the plasmids necessary for the type I CRISPR results in substantial change
in growth rate, with µ increasing from ~28 min (BL21) to > ~39 min (BL21 pWUR397 pWUR400)
(Figure S4).

3.3. Determination of Type II CRISPR Efficiency as a Method for Engineered Phage T7 Selection

Eleven targeting gRNAs were designed against g17, that spanned the length of the gene and the
efficiency of each gRNA was determined (Tables S2 and S3, Figure S6). All eleven gRNAs resulted in
a reduction in T7 progeny compared to the control. The gRNA2 was the most effective, resulting in
a 1000-fold reduction compared to the control (Figure 5), whereas the majority of gRNAs (gRNA5,
gRNA7-gRNA11) showed a reduction in progeny of less than 10-fold, with gRNA3, gRNA4 and
gRNA6 resulting in more than 10-fold but less than 100-fold reduction. In working with the type II
system, we found that there was no significant change in the growth rate of cells containing Cas9
vector versus no vector containing E. coli BW25113 (Figure S5).
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3.4. Generation of T7 Tail Fibre Mutants

The use of marker genes was the most efficient at reducing wild-type progeny. To check that
the method is also effective at selecting phage mutants, we used this method to make a number of
mutants that were fusions between the tail fibre of T7 and phages BPP-1 and Yep-phi [51,52]. Phage
BPP-1 is very distantly related to phage T7 [53], whereas Yep-phi is more closely related to T7 [52,54].
The tail fibre of BPP-1 contains major tropism determinant (Mtd) domain, where a single mutation
allows phage BPP-1 to rapidly evolve and infect the constantly changing receptors of Bordetella
pertussis [53]. Although these phages have limited similarity the fusion of the Mtd domain from phage
BPP-1 with the T7 tail fibre may allow the host range of phage T7 to be expanded. The tail fibre of
Yep-phi (accession: YP_009014859.1) shares 37% protein identity with the T7 homologue, with 53%
protein sequence identity over the last 86 amino acids of the C-terminal [54].Thus, it may be more
likely to form a functional tail fibre if fused with the T7 version. Eight T7 tail fibre mutants were
designed that consisted of domains from both the T7 and BPP-1 tail fibre and one tail fibre mutant that
contained domains from T7 and Yep-phi tail fibres (Table S4 and Figure S7). This was achieved by first
constructing homologous recombination plasmids pAG23–pAG32 (Tables S2 and S3) with the desired
chimeric tail fibre genes and trxA for selection. Phage T7 was then used to infect E. coli BW25113 ∆trxA
containing homologous recombination plasmids.

To check that selection with trxA was occurring and that chimeric phages could be obtained,
phage mutants were created in a two-step manner using an in trans tail fibre. Following homologous
recombination, the progeny was plated on E. coli BW25113 ∆trxA, containing a plasmid expressing
wild-type tail fibres (pAG_30). The resultant phage has a genome which contains a chimeric tail fibre
gene, but wild-type tail fibres on the viral particle. Once confirmed as mutants, these phages were
further propagated on just BW25113 ∆trxA to determine whether the resultant progeny is functional.

Selection efficiency was measured by PCR screening of plaques to determine the presence of
mutants or wild-type phage. Between 10 and 30 plaques were screened for each mutant, all of which
were positive for phage mutants (Table S5). Thus, confirming the efficiency of trxA marker-based
selection for rapidly creating phage mutants. Only one phage mutant was able to infect E. coli, the fusion
of T7 and Yep-phi tail fibres, with all other phages were non-infective. To ensure the lack of infectivity
was due to the non-functional tail fibres and not other deleterious changes in the genome, four phage
mutants were sequenced along with the initial wild-type phage T7. In addition to the desired tail
fibre mutations, an additional 1-4 SNPs in phages phAG_3, phAG_4 and ph_PM (Table S6). However,
these are in regions known to be non-essential for T7 replication and when a wild-type tail fibre was
provided in trans the phage could replicate.
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4. Discussion

Comparison of selective markers and Type I and II CRISPR systems revealed that selection with
trxA was the most efficient method for reducing phage numbers. The use of marker-based selection
produced an approximately 1010-fold drop in phage progeny, compared to a ~100× and ~1000×
decrease with the most efficient gRNAs using Type I and II CRISPR systems respectively. Previously,
the use of E. coli ∆trxA and cmk mutants has been reported to produce an EOP of 10−2 and 0.05
respectively [25], whereas, within this study, EOPs of 10−10 and 10−4 were observed. The differences
in the observed EOP of plating may simply be due to the growth state of the cells used during a
plaque assay. Within this study exponentially growing cells were used, whereas the original work
of Kiro et al. 2014 used cells that had been grown overnight and likely to be in stationary phase of
growth [25]. Whilst T7 can infect cells in stationary phase, more productive infections occur in the
exponential phase of growth [55]. Thus, when using E. coli ∆trxA or ∆cmk for positive selection we
would suggest infecting E. coli in the exponential phase of growth.

The maximum reduction in wild-type T7 progeny, and hence the potential T7 mutant selection
efficiency, was found to be 100-fold for the type I CRISPR, when targeting g17. This 100-fold reduction
was 100 times less than had been achieved by Kiro et al. when targeting g1.7 using the same CRISPR
system [25]. Although the same type of CRISPR system was used, there were differences in the protocol
used as we did not pre-induce the CRISPR system, unlike Kiro et al. [25]. However, when repeating
the experiment using E. coli BL21(DE3) and BL21-AI, allowing for induction of the CRISPR system
prior to phage addition, we found no difference in Type I CRISPR efficiency with or without induction.
Therefore, the difference in observed EOP may simply be down to the selection of the most optimal
gRNA. The EOP obtained in this study with different gRNAs varied from 1 to 1 × 10−4, which is within
the range reported for other studies where the EOP obtained with different gRNAs varies from 1 to
1 × 10−6 [29,30].

Using a type II CRISPR system we obtained a 1000-fold reduction when targeting g17 with gRNA2,
which is higher than any gRNA used for the type I system in this study. In targeting g17 with a
similar number of gRNAs distributed across the region of interest, it is clear to see that that type
II CRISPR system was generally more efficient than the type I system. The 1000-fold reduction we
obtained with a type II CRISPR system is within the range of 10−1 and 106 -fold that has previously
been reported when using a type II CRISPR system to target phage T4 [29,30]. What gives rise to the
large variation in efficiency of different gRNAs is not clear. For non-bacteriophage systems where type
II CRISPR has been widely used, there have been numerous studies to predict the efficiency of different
gRNAs (see Wilson et al. 2018 for a review) with large databases of validated gRNAs for different
organisms [56,57]. Very high or low GC content of gRNAs has been shown to be an important factor in
the decreasing efficiency of gRNAs when targeting human cell lines [58], whereas, we found that the
efficiency of gRNAs increased with GC content, albeit on small sample. These differences are probably
not unexpected given the vastly different backgrounds when using a type II CRISPR system in human
cell lines and bacteria.

Given the number of CRISPR systems available to engineer phages, it is often difficult to compare
across systems. For instance, the Cas9 used in this study originated from S. pyogenes, whereas other
studies have used Cas9 that originates from S. thermophiles, potentially adding to differences in efficiency,
combined with the choice of gRNA that is known to be critical [59–61]. Within this study, we directly
compared a marker-based system with both type I and II CRISPR systems. Based on the results
obtained here, it is clear the most efficient gRNAs for the type II CRISPR system had a higher GC
content, an important factor to consider when designing new gRNAs. In contrast with type I system,
there was no clear and obvious pattern that may lead to the design of gRNAs that are more effective.

In addition to assessing the effectiveness of a type I and II CRISPR systems and marker-based
selection for the ability to target g17, we observed differences in the ease of use of these systems. In this
study we designed a new vector to be used with type I systems that allows gRNAs to be quickly
inserted. Whilst this allows the rapid changing of different gRNAs, the system still requires the use
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of three plasmids. The growth of cells that contain this system was severely inhibited in our hands,
making the system difficult and cumbersome to work with compared to a type II system. The choice
of method for creating phage mutants will depend on a number of factors and the use of CRISPR
allows the creation of clean deletions that cannot be achieved using marker-based methods, whilst also
allowing the creation of multiple mutations, whereas in comparison, marker-based methods are limited
to the number of markers that can be selected for. However, the use of marker-based methods has
the advantage of being extremely efficient, in particular trxA, for the selection of phage mutants and
does not require multiple gRNAs to be designed and tested. Within this study we were able to rapidly
generate a number of tail fibre mutants (the majority of which ultimately proved to be non-functional
in their ability to infect E. coli) using trxA-based selection. The functional T7–Yep–phi tail fibre hybrid
adds to the growing evidence that functional synthetic phages can be engineered [16,24,25].

5. Conclusions

The use of the trxA marker-based positive selection proved the most efficient at selecting against
wild-type phage T7. We were able to use this system to rapidly engineer eight T7 tail fibre mutants.
Although only one of these mutants was ultimately found to be functional. The comparison of type
I and II CRISPR systems demonstrated that the type II system was the most efficient at targeting
wild-type phage T7. This method was also easier to use and would be method of choice if choosing a
CRISPR based selection approach. Furthermore, we highlighted that when using CRISPR selection to
engineer phage T7 the GC content of the spacer can impact the efficiency. The direct comparison of
these three methods provides a basis for further T7 engineering, and aid others who wish to engineer
phages in choosing the most appropriate method.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1999-4915/12/2/193/s1.
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3. Kȩsik-Szeloch, A.; Drulis-Kawa, Z.; Weber-Dąbrowska, B.; Kassner, J.; Majkowska-Skrobek, G.;
Augustyniak, D.; Łusiak-Szelachowska, M.; Zaczek, M.; Górski, A.; Kropinski, A.M. Characterising the
biology of novel lytic bacteriophages infecting multidrug resistant Klebsiella pneumoniae. Virol. J. 2013, 10, 100.
[CrossRef] [PubMed]

http://www.mdpi.com/1999-4915/12/2/193/s1
http://dx.doi.org/10.1016/S1473-3099(15)00466-1
http://dx.doi.org/10.1128/AAC.45.3.649-659.2001
http://dx.doi.org/10.1186/1743-422X-10-100
http://www.ncbi.nlm.nih.gov/pubmed/23537199


Viruses 2020, 12, 193 11 of 13

4. Oliveira, H.; Pinto, G.; Hendrix, H.; Noben, J.P.; Gawor, J.; Kropinski, A.M.; Łobocka, M.; Lavigne, R.;
Azeredo, J. A lytic Providencia rettgeri virus of potential therapeutic value is a deepbranching member of
the T5virus genus. Appl. Environ. Microbiol. 2017, 83. [CrossRef] [PubMed]

5. Stratton, C.W. Dead bugs don’t mutate: Susceptibility issues in the emergence of bacterial resistance. Emerg.
Infect. Dis. 2003, 9, 10–16. [CrossRef]

6. Erez, Z.; Steinberger-Levy, I.; Shamir, M.; Doron, S.; Stokar-Avihail, A.; Peleg, Y.; Melamed, S.; Leavitt, A.;
Savidor, A.; Albeck, S.; et al. Communication between viruses guides lysis-lysogeny decisions. Nature 2017,
541, 488–493. [CrossRef] [PubMed]

7. Burns, N.; James, C.E.; Harrison, E. Polylysogeny magnifies competitiveness of a bacterial pathogen in vivo.
Evol. Appl. 2015, 8, 346–351. [CrossRef]

8. Clokie, M.R.J.; Kropinski, A.M. Bacteriophages: Methods and Protocols Volume 1: Isolation, Characterization, and
Interactions; Springer: Berlin/Heidelberg, Germany, 2009; ISBN 978-1-60327-164-6.

9. Krylov, V.N. Phage Therapy in Terms of Bacteriophage Genetics: Hopes, Prospects, Safety, Limitations. Russ.
J. Genet. 2001, 37, 715–730. [CrossRef]

10. Qadir, M.I.; Mobeen, T.; Masood, A. Phage therapy: Progress in pharmacokinetics. Braz. J. Pharm. Sci. 2018.
[CrossRef]

11. Abedon, S.; Thomas-Abedon, C. Phage Therapy Pharmacology. Curr. Pharm. Biotechnol. 2010, 11, 28–47.
[CrossRef]

12. Lucchesi, P.; Carraway, M.; Marinus, M.G. Analysis of forward mutations induced by
N-methyl-N’-nitrosoguanidine in the bacteriophage P22 mnt repressor gene. J. Bacteriol. 1986, 166,
34–37. [CrossRef]

13. Court, D.L.; Sawitzke, J.A.; Thomason, L.C. Genetic Engineering Using Homologous Recombination. Annu.
Rev. Genet. 2002, 36, 361–388. [CrossRef] [PubMed]

14. Qimron, U.; Marintcheva, B.; Tabor, S.; Richardson, C.C. Genomewide screens for Escherichia coli genes
affecting growth of T7 bacteriophage. Proc. Natl. Acad. Sci. USA 2006, 103, 19039–19044. [CrossRef]
[PubMed]

15. Baba, T.; Ara, T.; Hasegawa, M.; Takai, Y.; Okumura, Y.; Baba, M.; Datsenko, K.A.; Tomita, M.; Wanner, B.L.;
Mori, H. Construction of Escherichia coli K-12 in-frame, single-gene knockout mutants: The Keio collection.
Mol. Syst. Biol. 2006, 2. [CrossRef] [PubMed]

16. Yosef, I.; Goren, M.G.; Globus, R.; Molshanski-Mor, S.; Qimron, U. Extending the Host Range of Bacteriophage
Particles for DNA Transduction. Mol. Cell 2017, 66, 721–728. [CrossRef] [PubMed]

17. Kiro, R.; Molshanski-Mor, S.; Yosef, I.; Milam, S.L.; Erickson, H.P.; Qimron, U. Gene product 0.4 increases
bacteriophage T7 competitiveness by inhibiting host cell division. Proc. Natl. Acad. Sci. USA 2013, 110,
19549–19554. [CrossRef] [PubMed]

18. Auster, O.; Globus, R.; Yosef, I.; Qimron, U. Optimizing DNA transduction by selection of mutations that
evade bacterial defense systems. RNA Biol. 2019, 16, 595–599. [CrossRef]

19. Balachandran, A.; Oldfield, L.M.; Julia, C.; Marinelli, L.J.; Piuri, M.; Swigon, Z.; Kessel, V.; Hatfull, G.F. BRED:
A Simple and Powerful Tool for Constructing Mutant and Recombinant Bacteriophage Genomes. PLoS ONE
2008, 3, 3. [CrossRef]

20. Fehér, T.; Karcagi, I.; Blattner, F.R.; Pósfai, G. Bacteriophage recombineering in the lytic state using the lambda
red recombinases. Microb. Biotechnol. 2012, 5, 466–476. [CrossRef]

21. Van Kessel, J.C.; Hatfull, G.F. Mycobacterial recombineering. Methods Mol. Biol. 2008, 435, 203–215.
22. Marinelli, L.J.; Hatfull, G.F.; Piuri, M. Recombineering: A powerful tool for modification of bacteriophage

genomes. Bacteriophage 2012, 2, 5–14. [CrossRef] [PubMed]
23. Jaschke, P.R.; Lieberman, E.K.; Rodriguez, J.; Sierra, A.; Endy, D. A fully decompressed synthetic bacteriophage

øX174 genome assembled and archived in yeast. Virology 2012, 434, 278–284. [CrossRef] [PubMed]
24. Ando, H.; Lemire, S.; Pires, D.P.; Lu, T.K. Engineering Modular Viral Scaffolds for Targeted Bacterial

Population Editing. Cell Syst. 2015, 1, 187–196. [CrossRef] [PubMed]
25. Kiro, R.; Shitrit, D.; Qimron, U. Efficient engineering of a bacteriophage genome using the type I-E CRISPR-Cas

system. RNA Biol. 2014, 11, 42–44. [CrossRef] [PubMed]
26. Box, A.M.; McGuffie, M.J.; O’Hara, B.J.; Seed, K.D. Functional analysis of bacteriophage immunity through a

Type I-E CRISPR-Cas system in Vibrio cholerae and its application in bacteriophage genome engineering.
J. Bacteriol. 2016, 198, 578–590. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/AEM.01567-17
http://www.ncbi.nlm.nih.gov/pubmed/28939601
http://dx.doi.org/10.3201/eid0901.020172
http://dx.doi.org/10.1038/nature21049
http://www.ncbi.nlm.nih.gov/pubmed/28099413
http://dx.doi.org/10.1111/eva.12243
http://dx.doi.org/10.1023/A:1016716606135
http://dx.doi.org/10.1590/s2175-97902018000117093
http://dx.doi.org/10.2174/138920110790725410
http://dx.doi.org/10.1128/JB.166.1.34-37.1986
http://dx.doi.org/10.1146/annurev.genet.36.061102.093104
http://www.ncbi.nlm.nih.gov/pubmed/12429697
http://dx.doi.org/10.1073/pnas.0609428103
http://www.ncbi.nlm.nih.gov/pubmed/17135349
http://dx.doi.org/10.1038/msb4100050
http://www.ncbi.nlm.nih.gov/pubmed/16738554
http://dx.doi.org/10.1016/j.molcel.2017.04.025
http://www.ncbi.nlm.nih.gov/pubmed/28552617
http://dx.doi.org/10.1073/pnas.1314096110
http://www.ncbi.nlm.nih.gov/pubmed/24218612
http://dx.doi.org/10.1080/15476286.2018.1514235
http://dx.doi.org/10.1371/journal.pone.0003957
http://dx.doi.org/10.1111/j.1751-7915.2011.00292.x
http://dx.doi.org/10.4161/bact.18778
http://www.ncbi.nlm.nih.gov/pubmed/22666652
http://dx.doi.org/10.1016/j.virol.2012.09.020
http://www.ncbi.nlm.nih.gov/pubmed/23079106
http://dx.doi.org/10.1016/j.cels.2015.08.013
http://www.ncbi.nlm.nih.gov/pubmed/26973885
http://dx.doi.org/10.4161/rna.27766
http://www.ncbi.nlm.nih.gov/pubmed/24457913
http://dx.doi.org/10.1128/JB.00747-15
http://www.ncbi.nlm.nih.gov/pubmed/26598368


Viruses 2020, 12, 193 12 of 13

27. Lemay, M.L.; Tremblay, D.M.; Moineau, S. Genome Engineering of Virulent Lactococcal Phages Using
CRISPR-Cas9. ACS Synth. Biol. 2017, 6, 1351–1358. [CrossRef]

28. Shen, J.; Zhou, J.; Chen, G.-Q.; Xiu, Z.-L. Efficient genome engineering of a virulent Klebsiella bacteriophage
using CRISPR-Cas9. J. Virol. 2018, 92. [CrossRef]

29. Tao, P.; Wu, X.; Tang, W.C.; Zhu, J.; Rao, V. Engineering of Bacteriophage T4 Genome Using CRISPR-Cas9.
ACS Synth. Biol. 2017, 6, 1952–1961. [CrossRef]

30. Yaung, S.J.; Esvelt, K.M.; Church, G.M. CRISPR/Cas9-mediated phage resistance is not impeded by the DNA
modifications of phage T4. PLoS ONE 2014, 9, 3–9. [CrossRef]

31. Hoshiga, F.; Yoshizaki, K.; Takao, N.; Miyanaga, K.; Tanji, Y. Modification of T2 phage infectivity toward
Escherichia coli O157:H7 via using CRISPR/Cas9. FEMS Microbiol. Lett. 2019. [CrossRef]

32. Bari, S.M.N.; Walker, F.C.; Cater, K.; Aslan, B.; Hatoum-Aslan, A. Strategies for Editing Virulent Staphylococcal
Phages Using CRISPR-Cas10. ACS Synth. Biol. 2017, 6, 2316–2325. [CrossRef] [PubMed]

33. Bryson, A.L.; Hwang, Y.; Sherrill-Mix, S.; Wu, G.D.; Lewis, J.D.; Black, L.; Clark, T.A.; Bushman, F.D. Covalent
modification of bacteriophage T4 DNA inhibits CRISPRCas9. MBio 2015, 6. [CrossRef] [PubMed]

34. Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A programmable
dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 2012, 337, 816–821. [CrossRef]
[PubMed]

35. Makarova, K.S.; Grishin, N.V.; Shabalina, S.A.; Wolf, Y.I.; Koonin, E.V. A putative RNA-interference-based
immune system in prokaryotes: Computational analysis of the predicted enzymatic machinery, functional
analogies with eukaryotic RNAi, and hypothetical mechanisms of action. Biol. Direct 2006, 1, 7. [CrossRef]
[PubMed]

36. Brouns, S.J.J.; Jore, M.M.; Lundgren, M.; Westra, E.R.; Slijkhuis, R.J.H.; Snijders, A.P.L.; Dickman, M.J.;
Makarova, K.S.; Koonin, E.V.; van der Oost, J. Small CRISPR RNAs Guide Antiviral Defense in Prokaryotes.
Science 2008, 321, 960–964. [CrossRef] [PubMed]

37. Michniewski, S.; Redgwell, T.; Grigonyte, A.; Rihtman, B.; Aguilo-Ferretjans, M.; Christie-Oleza, J.; Jameson, E.;
Scanlan, D.J.; Millard, A.D. Riding the wave of genomics to investigate aquatic coliphage diversity and
activity. Environ. Microbiol. 2019, 21, 2112–2128. [CrossRef] [PubMed]

38. Shah, S.A.; Erdmann, S.; Mojica, F.J.M.; Garrett, R.A. Protospacer recognition motifs: Mixed identities and
functional diversity. RNA Biol. 2013, 10, 891–899. [CrossRef]

39. Engler, C.; Kandzia, R.; Marillonnet, S. A one pot, one step, precision cloning method with high throughput
capability. PLoS ONE 2008, 3, e3647. [CrossRef]

40. Gibson, D.G.; Young, L.; Chuang, R.Y.; Venter, J.C.; Hutchison, C.A.; Smith, H.O. Enzymatic assembly of
DNA molecules up to several hundred kilobases. Nat. Methods 2009, 6, 343–345. [CrossRef]

41. Rihtman, B.; Meaden, S.; Clokie, M.R.; Koskella, B.; Millard, A.D. Assessing Illumina technology for the
high-throughput sequencing of bacteriophage genomes. PeerJ 2016, 4, e2055. [CrossRef]

42. Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.;
Pham, S.; Prjibelski, A.D.; et al. SPAdes: A New Genome Assembly Algorithm and Its Applications to
Single-Cell Sequencing. J. Comput. Biol. 2012, 19, 455–477. [CrossRef] [PubMed]

43. Joshi, N.A.; Fass, J.N. Sickle: A Sliding-Window, Adaptive, Quality-Based Trimming Tool for FastQ Files
(Version 1.33) [Software]. Available online: https://github.com/najoshi/sickle (accessed on 12 January 2020).

44. Walker, B.J.; Abeel, T.; Shea, T.; Priest, M.; Abouelliel, A.; Sakthikumar, S.; Cuomo, C.A.; Zeng, Q.; Wortman, J.;
Young, S.K.; et al. Pilon: An integrated tool for comprehensive microbial variant detection and genome
assembly improvement. PLoS ONE 2014, 9, e112963. [CrossRef] [PubMed]

45. Kurtz, S.; Phillippy, A.; Delcher, A.L.; Smoot, M.; Shumway, M.; Antonescu, C.; Salzberg, S.L. Versatile and
open software for comparing large genomes. Genome Biol. 2004, 5. [CrossRef] [PubMed]

46. Labuhn, M.; Adams, F.F.; Ng, M.; Knoess, S.; Schambach, A.; Charpentier, E.M.; Schwarzer, A.; Mateo, J.L.;
Klusmann, J.H.; Heckl, D. Refined sgRNA efficacy prediction improves largeand small-scale CRISPR-Cas9
applications. Nucleic Acids Res. 2018, 46, 1375–1385. [CrossRef]

47. Bin Moon, S.; Lee, J.M.; Kang, J.G.; Lee, N.E.; Ha, D.I.; Kim, D.Y.; Kim, S.H.; Yoo, K.; Kim, D.; Ko, J.H.; et al.
Highly efficient genome editing by CRISPR-Cpf1 using CRISPR RNA with a uridinylate-rich 3′-overhang.
Nat. Commun. 2018, 9, 3651. [CrossRef]

48. Luo, M.L.; Mullis, A.S.; Leenay, R.T.; Beisel, C.L. Repurposing endogenous type i CRISPR-Cas systems for
programmable gene repression. Nucleic Acids Res. 2015, 43, 674–681. [CrossRef]

http://dx.doi.org/10.1021/acssynbio.6b00388
http://dx.doi.org/10.1128/JVI.00534-18
http://dx.doi.org/10.1021/acssynbio.7b00179
http://dx.doi.org/10.1371/journal.pone.0098811
http://dx.doi.org/10.1093/femsle/fnz041
http://dx.doi.org/10.1021/acssynbio.7b00240
http://www.ncbi.nlm.nih.gov/pubmed/28885820
http://dx.doi.org/10.1128/mBio.00648-15
http://www.ncbi.nlm.nih.gov/pubmed/26081634
http://dx.doi.org/10.1126/science.1225829
http://www.ncbi.nlm.nih.gov/pubmed/22745249
http://dx.doi.org/10.1186/1745-6150-1-7
http://www.ncbi.nlm.nih.gov/pubmed/16545108
http://dx.doi.org/10.1126/science.1159689
http://www.ncbi.nlm.nih.gov/pubmed/18703739
http://dx.doi.org/10.1111/1462-2920.14590
http://www.ncbi.nlm.nih.gov/pubmed/30884081
http://dx.doi.org/10.4161/rna.23764
http://dx.doi.org/10.1371/journal.pone.0003647
http://dx.doi.org/10.1038/nmeth.1318
http://dx.doi.org/10.7717/peerj.2055
http://dx.doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
https://github.com/najoshi/sickle
http://dx.doi.org/10.1371/journal.pone.0112963
http://www.ncbi.nlm.nih.gov/pubmed/25409509
http://dx.doi.org/10.1186/gb-2004-5-2-r12
http://www.ncbi.nlm.nih.gov/pubmed/14759262
http://dx.doi.org/10.1093/nar/gkx1268
http://dx.doi.org/10.1038/s41467-018-06129-w
http://dx.doi.org/10.1093/nar/gku971


Viruses 2020, 12, 193 13 of 13
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