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Abstract

Development of DNA assembly methods made it possible to construct large DNA. However, achieving
the large DNA assembly easily, accurately, and at low cost remains a challenge. This study shows that
DNA assembled only by annealing of overlapping single-stranded DNA ends, which are generated by
exonuclease treatment, without ligation can be packaged in phage particles and can also be transduced
into bacterial cells. Based on this, I developed a simple method to construct long DNA of about 40 -
50 kb from multiple PCR fragments using the bacteriophage in vitro packaging system. This method,
named iPac (in vitro Packaging-assisted DNA assembly), allowed accurate and rapid construction of
large plasmids and phage genomes. This simple method will accelerate research in molecular and

synthetic biology, including the construction of gene circuits or the engineering of metabolic pathways.
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DNA assembly is one of the fundamental techniques in molecular and synthetic biology. The
development of DNA assembly technology has made it possible to assemble various DNA fragments
in the desired order. In recent years, there has been an increasing demand for construction larger and
more complex DNA, such as constructing synthetic genomes '%. However, it is still difficult to achieve

the large and complex DNA assembly accurately, efficiently, inexpensively, and easily.

DNA cloning into a plasmid vector, namely, two-fragment assembly, was first performed by using
restriction enzyme and DNA ligase *. This has led to the development of recombinant DNA technology.
As a technique for cloning large DNA with restriction enzymes and DNA ligase, cloning into A phage
vector using in vitro packaging of A phage have been developed *”. In DNA cloning using the A phage
vector, the A phage genome itself is used as a vector. A phage genome is composed of 3 domains: left
and right arms, which are essential for lytic cycle including phage proliferation and infection to
Escherichia coli, and replaceable region involved in lysogenic cycle between the left and right arms.
In the A phage vector cloning, the replaceable region is replaced with a DNA fragment to be cloned.
The total size including the left and right arms and the cloned DNA should be less than 52 kb, which
is the maximum size capable of the A phage capsid, which can package DNA of 38 — 52 kb 8. The
length of the left and right arms is about 29 kb, so about DNA fragment of 9 — 23 kb can be cloned
with this system. To clone longer DNA, cosmid cloning was developed °. The cosmid cloning uses
plasmid vectors containing the cos sequence, which is required for the A phage packaging system. The
size of the cosmid vector is significantly smaller than the A phage vector, and it is possible to clone a
DNA fragment of about 30 — 45 kb. Recently, long regions such as natural product pathways have also
been cloned by combining the in vitro packaging system of A phage with the CRISPR-Cas9 system '°.

In recent years, for the construction of plasmids from multiple DNA fragments, seamless assembly
techniques such as SLIC (Sequence and Ligation-Independent Cloning), In-Fusion, Gibson assembly
and Golden Gate assembly are becoming mainstream '''°, In the seamless assembly, the ends of DNA
fragments to be assembled are designed to overlap each other. SLIC uses 3’-5’ exonuclease activity of
T4 DNA polymerase to generate 5° overhangs at the ends of insert(s) and a linearized vector. By
annealing the overlapping sequences of about 25 bp, the insert(s) and the vector are assembled in vitro.
In the same way, In-Fusion can assemble DNA fragments by using Vaccinia virus DNA polymerase
with shorter DNA overlapping of about 15 bp. Gibson assembly uses thermostable DNA polymerase
and DNA ligase in addition to thermolabile T5 5°-3” DNA exonuclease. After insert(s) and a linearized
vector DNA is mixed with these enzymes at 50°C, the exonuclease resects the ends of the DNA
fragments to generate 3’ overhangs and inactivated by the heat. Then, the overlapping ends anneal,
and the DNA polymerase fills the gaps, and the DNA ligase repairs the nicks. Slightly different from

these methods, Golden Gate assembly uses type IIS restriction enzymes. Since the type IIS restriction
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enzymes cleave DNA sequence distant from recognition sequences '°, it is possible to leave short
single-stranded DNA overhangs of any sequence at the terminal after the cleavage. The DNA
fragments with short overhangs are then ligated by T4 DNA ligase. In these methods, after assembly
in vitro, the assembled plasmids are generally introduced into E. coli cells to purify and amplify the
desired plasmids. These methods are used for construction of relatively small plasmids, probably due

to the low efficiency of introducing large DNA into E. coli cells.

On the other hand, methods for assembling DNA inside cells have also been developed. By utilizing
the natural transformation ability of Bacillus subtilis, a method to construct large DNA has been
developed, in which DNA fragments were added stepwise to the genome of B. subtilis '"~'°. B. subtilis
is not as widespread in many laboratories as E. coli, so it has not yet been accessible to many
researchers. A method using Saccharomyces cerevisiae in constructing large DNA is also attracting
attention 2°, because it was used to build the whole genome of Mycoplasma genitalium and
Mycoplasma mycoides *'~**. In this method, multiple DNA fragments are simultaneously introduced
into yeast cells and assembled by homologous recombination in vivo. The DNA assembly by S.
cerevisiae was also used for construction of phage genomes for phage therapy >*?°. However, the
growth rate of S. cerevisiae is slower than that of E. coli, so it takes several days for colonies to appear,
which leads to time loss. For a rapid and simple protocol for introducing multiple DNA fragments into
E. coli and assembling the DNA fragments, [VA (in vivo assembly) or iVEC (in vivo E. coli cloning)
was also developed 2*°. However, it is difficult to assemble large plasmids with this method due to

the difficulty in introduction of large or many DNA fragments into E. coli cells.

Thus, building large DNA from multiple DNA fragments easily and quickly is still a challenge. This
study tackled this challenge by taking advantage of the rapid growth rate of E. coli and the ability of
bacteriophage to inject long DNA. The sophisticated ability of phages to introduce DNA into their
host cells is attractive. This will make it easier and more inexpensive to introduce long DNA into the

bacterial cells.

Results and Discussion
In vitro packaging and transduction of temporarily assembled DNA
I aimed to establish a simple method to assemble large DNA. Therefore, I attempted to combine simple

seamless DNA assembly and long DNA introduction by bacteriophage. (Figure 1).


https://doi.org/10.1101/2022.08.01.502418

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.01.502418; this version posted August 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

COS mm— = PCR fragments
‘ Assembly
4 5 1 2 3 4 5 1 2 3
* e— - T — ==+ Concatemer

C(?S CPS

‘in vitro packaging

Transduction E. coli

Circularization / Plasmid
k)r Phage
genome

Figure 1. Scheme of iPac (in vitro Packaging-assisted DNA assembly). PCR fragments with
homologous overlapping ends including the fragments with cos site are assembled by exonuclease
treatment and subsequent annealing to form concatemers. The concatemers are packaged into phage
particles by in vitro packaging. The phage particles are then mixed with E. coli cells and the DNA are

transduced into cells. The transduced DNA is circularized at the cos site.

To verify whether the temporarily assembled DNA can be introduced into E. coli cells using the in
vitro packaging system of A phage, I first considered a simple DNA assembly method. PCR fragments
can be assembled by using exonuclease III (Exo III) 332, Exo III has also been shown to contribute to
in vivo DNA assembly in E. coli *. Therefore, a simple assembly of PCR fragments was expected to
be performed using Exo III. I found that DNA assembly was possible in just a few minutes by adding
DNA fragments that overlaps 50 bp each with adjacent fragments to the reaction solution containing
excess Exo III, immediately inactivating the exonuclease at 75°C and returning the DNA fragments to
room temperature for annealing (Figure S1). The length of the single-stranded DNA exposed by Exo
III treatment cannot be completely controlled. Therefore, it is expected that gaps, flaps or nicks will

occur at the junctions of the DNA fragments after Exo III assembly.

Construction of A phage genome

The in vitro packaging system of A phage has long been used to introduce DNA into E. coli cells >°. It
was reported that the A phage system allows packaging of heterogeneous DNA with an aberrant
structure *. Therefore, I thought it may be possible to package even DNA containing gaps, flaps or
nicks. Then, I examined whether it is possible to package the temporarily assembled DNA that was

simply annealed after chewing back with Exo III, and to transduce it into E. coli.

For this purpose, I attempted to construct a A phage genome from five PCR fragments of ~9.7 kb (A 1
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to A _5), each end of which overlaps with the adjacent fragment by 50 bp (Figure 2A, B). The cos site,
which is the packaging site of A phage, is included in A_1 fragment. The PCR fragments were designed
to be circular when assembled so that concatemers as packaging substrates could be formed. It is
expected that plaques of A phage will be detected, only when all these fragments are assembled,
packaged into phage capsid, and introduced into E. coli cells. No plaque appeared when the PCR
fragments without Exo III treatment as a negative control were subjected to a packaging reaction and
subsequently mixed with E. coli culture (Figure 2C). On the other hand, indeed, many plaques
appeared with Exo III treatment (Figure 2D). Approximately 3,000 plaques appeared using at total of
8.6 ng PCR fragments with 5 minutes of heat treatment after Exo III addition and 60 minutes of
packaging time. This corresponds to 1 x 10° PFU/ug DNA.

The number of plaques is expected to increase with improved efficiency in assembly or packaging, so
that the plaque number can be a good indicator for better conditions. From this point of view, the most
efficient heat time at 75°C for inactivation during Exo III treatment was 1 minute and increasing the
heat time reduced the efficiency (Figure 2E). As for the packaging time before mixing with E. coli
culture, there was almost no plaques in 10 minutes. Enough plaques of about 5 x 10° PFU/ug DNA
were appeared with packaging time of 60 minutes, and the efficiency was further improved to 1 x 10°
PFU/ug DNA by extending it to 120 minutes (Figure 2F). These results indicate that the temporarily
assembled PCR fragments were efficiently packaged by A phage packaging system and introduced
into E. coli cells. Here, I call the DNA assembly method using in vitro packaging of bacteriophage as
iPac (in vitro Packaging-assisted DNA assembly). The assembly procedure before in vitro packaging
will not be essentially limited to the method using Exo III. Various other assembly methods are also

expected to work in iPac.
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Figure 2. Construction of A phage by iPac.
A. Design of A phage genome fragments. A phage genome was divided into 5 fragments of about 9.8

kb (A_1 to A_5). The ends of each fragment overlap by 50 bp. The cos site is included in the A 1
fragment.

B. The five PCR-amplified fragments were analyzed by agarose gel electrophoresis.

C, D. Agar plates containing indicator E. coli cells after in vitro packaging and transduction of the
DNA fragments without (C) or with (D) Exo III assembly.

E. Transduction efficiency according to the heat time after exonuclease treatment.

F. Transduction efficiency according to the time of in vitro packaging. The average plaque forming

units of three independent experiments are shown. Error bars and crosses indicate the standard

deviations and individual values, respectively.

Modification of A phage genome by iPac
Next, I examined whether A phage with various deletion mutants could be easily constructed using

iPac by changing the PCR fragments used. The PCR fragments were designed so that the ends of
adjacent fragments overlap by 50 bp to delete the target regions (Figure 3A). The deletions were
introduced into regions of A phage genome that are not essential for the lytic cycle of A phage. As a
result of NGS analysis of obtained phage genomes, it was confirmed that the regions of ea47 (1,690
bp), ea3l-ea59 (2,938 bp), p35-orf61 (1,843 bp), orf61-gam (2,278 bp), exo (1,063 bp), bet (750 bp),
kil-sieB (1,754 bp), rexB-cl (2,359 bp), ren-ninl (3,496 bp) and bor-p79 (1,877 bp) genes were
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successfully deleted (Figure 3B). Furthermore, by combining two (ren-ninl and bor-p79) and four (kil-
sieB, rexB-cl, ren-ninl and bor-p79) of these deletions, I succeeded in construction of A phage with
deletions of total 5,373 bp and 9,486 bp, respectively, by iPac (Figure 3B). In the genome-reduced A

phage, the size of the right arm was reduced from 15.7 kb to 6.3 kb, and the entire genome size was

reduced to 39 kb.
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Figure 3. Construction of various deletion mutants of A phage.

A. Design of fragments for deletion construction. Deletions were introduced between the indicated

fragments. The ends of each fragment overlap by 50 bp.

B. NGS analysis of the constructed A phage genomes. The structure of the A phage genome is shown
at the top. Reads obtained from NGS analysis of the indicated deletion mutants were mapped to the

reference A phage genome sequence (Genbank accession number: NC 001416).

In the cloning using A phage vector, the total length of the left and right arms and the DNA fragment
to be cloned should be within 52 kb which can be packaged in the capsid of A phage, so the shorter the
left and right arms of A phage, the longer DNA fragment can be cloned. Therefore, this genome-
reduced A phage will be used as a A phage vector that is able to clone up to 27 kb, which is longer than
the common AEMBL vector that can be cloned up to 23 kb 3,

Construction of various phages by iPac

So far, the A phage genomes have been generated by using the packaging system of A phage. Then,
can the genomes of other phages be constructed by the A phage system? To address this question, I
selected the four other phages, T1, T3, T7 and ¢80 to construct. The genome size of these phages is
39 — 49 kb, which is packageable size with the A phage system. I designed the genomes of T1/¢80 or
T3/T7 to be constructed from 5 or 4 DNA fragments of about 9 - 10 kb, respectively, in addition to a
0.3 kb fragment containing the cos site (Figure 4A-D). The DNA fragments were prepared by PCR


https://doi.org/10.1101/2022.08.01.502418

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.01.502418; this version posted August 2, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(figure 4E-H). The cos site for packaging with A phage system was placed avoiding regions that might
affect transcription; intergenic region between T1p26 (putative tale fiber) and T1p27 (hypothetical
Lrich region between T7 promoter A1 and A2 and between @80 gp35 (hyphothetical protein) and damL
(pseudogene) for T1, T3, T7 and ¢80, respectively (Figure S2A - D). As a result of introduction of the
phage genomes assembled from these DNA fragments into E. coli cells by iPac, plaques were obtained
in all cases (Figure 41). The PCR products used for packaging and introduced into E. coli cells were
78, 61, 64 and 74 ng for phage T1, T3, T7 and @80, respectively. And the efficiency was 9,600 = 1,200,
18,600 + 1,600, 13,200 £ 1,400 and 829,000 + 10,500 PFU/pg DNA for phage T1, T3, T7 and ¢80,
respectively (Table 1).
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Figure 4. Construction of various phages.

A-D. Design of fragments for construction of phage T1(+cos) (A), T3(+cos) (B), T7(+cos) (C) and
¢80(+cos) (D) phage genomes. The inserted cos sites are indicated as magenta.

E - H. PCR amplified fragments of phage T1 (E), T3 (F), T7 (G) and ¢80 (H) genomes were analyzed
by agarose gel electrophoresis.

1. Plaques of the indicated phages that appeared after the transduction into E. coli.

Table 1: Number of plaques obtained by iPac in the construction of various phages

Constructed | Number of plaques | Average plaque | DNA used Efficency
phage #1 #2 #3 number + SD (ng) (PFU/pg DNA £ SD)
T1(+cos) 33 35 44 37+5 78 9,600 + 1,200
T3(+cos) 64 53 54 57+5 61 18,600 + 1,600
T7(+cos) 426 415 420 420+ 4 64 13,200 + 1,400
¢80(+cos) | 3,484 2,544 3,116 3,048 + 387 74 829,000 + 10,500

The phage genomes were recovered from the obtained plaques and analyzed by NGS. For the phage
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T3, T7 and ¢80, the genome was successfully constructed as designed (Figure S2B-D). In the T1 phage,
the reads of the inserted cos site were reduced to one third compared to the other genomic regions
(Figure S2A). It is considered that, due to the PCR primer design in T1 phage construction, a
homologous sequence of 10 bp was generated on both sides of cos site, where deletion of the cos site
by homologous recombination occured (Figure S2E). However, the other region of T1 phage genome
was successfully constructed. Thus, it is possible to construct the phages other than A phage by iPac

using the packaging system of A phage.

Thus, iPac has also succeeded in constructing and re-booting the genomes of other phages including
lytic phages such as T1, T3 and T7. Because the genome engineering of phages by iPac is simple and
rapid, it will be one of the useful options in addition to the conventional phage engineering tools such

as for phage therapy *>°.

Construction of a Plasmid by iPac

Next, | examined whether it is also possible to construct a plasmid by iPac. Therefore, I designed a 48
kb plasmid consisting of 4 fragments from P1 phage genome, cat (chloramphenicol acetyltransferase)
gene and a vector fragment containing ampicillin resistance gene and cos site (Figure 5A). Each
fragment was prepared by PCR and was confirmed by agarose gel electrophoresis (Figure 5B). When
these PCR fragments were introduced into E. coli DH5a strain by iPac and selected only by the
ampicillin, more than 1,000 ampicillin-resistant colonies appeared (Figure 5C). When I recovered the
plasmids from 20 randomly selected colonies, surprisingly, all 20 recovered plasmids were of the
desired size (Figure 5D). Furthermore, as a result of confirming the plasmid structure by restriction
fragment length analysis, all the plasmids were correctly constructed (Figure SE). The average number
of colonies in the three independent experiments using 38.2 ng of packaged DNA was 1,785. And
therefore, the average transformation efficiency was 4.67 + 0.85 x 10* CFU/ug DNA (Table 2). Thus,

iPac could accurately and efficiently construct large plasmid from multiple PCR fragments.
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Figure 5. Construction of 48 kb plasmid.

A. Design of 48 kb plasmid. pBR322-cos vector, 4 fragments from P1 phage genome and cat
(chloramphenicol acetyltransferase) gene were used. The ends of adjacent fragments overlap by 50 bp.
B. Verification of PCR-amplified DNA fragments by agarose gel electrophoresis.

C. Ampicillin-resistant colonies that appeared after the transduction into E. coli DH5a strain.

D. Agarose gel analysis of the plasmids recovered from 20 randomly selected colonies. Linear DNA
is due to contamination of genomic DNA or double-strand breaks of the plasmid DNA.

E. Verification of plasmid construction by a restriction enzyme. The plasmids digested by Nde I were

analyzed by agarose gel electrophoresis. The expected sizes of the restriction fragments are indicated

on the right.

Table 2: Number of colonies obtained by iPac in the construction of 48 kb plasmid

Number of colonies Average colony DNA used Efficency
#1 #2 #3 number £+ SD (ng) (CFU/pg DNA)
1,821 2,161 1,372 1,785 +323 38.2 46,700 + 8,500

The problem with the current iPac system is that the DNA size that can be packaged in the capsid of
A phage is limited to about 38 — 52 kb. By using the in vitro packaging system of phages with larger
genomes, such as P1 or T4 phage with the genome size of 94 and 169 kb, respectively, it will be
possible to construct DNA larger than the packaging limit of A phage system. Furthermore, by using
packaging system of phages that infect other bacteria, iPac system may be applicable to other bacteria.
On the contrary, limiting the size of the packaged DNA can also be beneficial. Generally, in the
assembly of multiple DNA fragments, it is inevitable that the wrong assembly results in the
construction of the wrong size plasmid. In iPac system, the assembled DNA that is too small or too

large to complete packaging into the phage capsid is excluded during the packaging process. It is

10
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considered that this size elimination mechanism made it possible to construct the plasmid with
extremely high accuracy (Figure 5D, 5E). In this study, up to 6 DNA fragments were assembled by
iPac. There is room for further research as to whether it can be applied to the assembly of more
fragments. By Golden Gate assembly, 40 kb genome of T7 phage was constructed from 52 DNA
fragments *’. Combining iPac with Golden Gate assembly may improve the efficiency of multi-

fragment construction.

When constructing a large plasmid from multiple DNA fragments, the concentration of the DNA
fragments should be lowered to increase the efficiency of self-circularization by joining intramolecular
ends, although the efficiency of assembly between each DNA fragment decreases. On the other hand,
the efficiency of the assembly rises by increasing the concentration of the DNA fragments. But in this
case, the concatemers produced by intermolecular end joining are more likely to form instead of
circular plasmids. In iPac system, the concatemer is the substrate for packaging, and the circularization
occurs inside the cells after transduction. Therefore, this conflicting problem is solved, enabling highly
efficient assembly. In addition, iPac doesn’t require special equipment such as electroporator or high-
performance competent cells, which are generally required for the introduction of large DNA into E.
coli. The transduction in iPac is completed simply by mixing the E. coli cells prepared from the

overnight culture and is performed at low cost.

To use the iPac system presented here, the packaging extract and the cos sequence is required. There
are commercially available in vitro packaging kits, but the packaging extract can also be homemade
63839 The homemade packaging extract will further reduce the cost for iPac. Recently, an in vitro
transcription / translation system have been put into practical use for phage reconstitution *’, which
may allow the reconstitution of the packaging extracts not limited to A phage as well. The cos sequence
is required for the packaging using the A phage system. The cos site is included in some of the
commonly used vectors such as BAC vector, pBeloBAC11 and fosmid vector, pFOS1 *!. Therefore,
plasmid construction by iPac can be readily performed using these vectors without preparing the cos

fragment individually.

Conclusions
I have presented that it is possible to construct large DNA rapidly and accurately using only the
materials accessible to many researchers such as E. coli and in vitro packaging system. This method

will lower the barriers to entry for research using larger DNA.

Methods

Bacterial strains and medium

11
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Escherichia coli strains used for this study were listed on Table 3. SN1171, BL21(DE3) and DH5a
were used for the recipient strains for transduction. LB broth (1% trypton, 0.5% yeast extract, 1%
NaCl) (Nacalai Tesque) was used for liquid culture. The agar plates were made by adding 1.5% agar
to LB broth. 50 pg/mL of Ampicillin was added to the medium when antibiotic resistance selection is
needed. MgSO, with final concentration of 10 mM and 0.7% agar was added to LB broth to make soft

agar for plaque assay.

Table 3: Bacterial strains

Strain Genotype Source or reference
SN1171 F-, rph-1, AhsdR, dendA Nozaki and Niki, 2019
DHS5a F-, deoR, endAl, gyrA96, hsdR17(rK-, mK+), recAl, relAl, | Lab stock
supE44, thi-1, A(lacZYA- argF)U169, (Phi80lacZAM15)
BL21(DE3) | F-, dem, ompT, hsdS(rB-mB-), gal, ADE3 Lab stock
Bacteriophages

Genome of A phage (cI857, Sam7) was purchased from NIPPON GENE. The lambda phage strain
(cI857) in which Sam7 mutation was reverted to the wild type was obtained from a plaque that
appeared after infection of A ¢/857 Sam7 to E. coli SN1171 strain without the amber suppressor
mutation. Phages T1, T3, T7, ¢80 and P1kc were distributed from Biological Resource Center, NITE,

Japan

Plasmids

pBR322-cos, a plasmid containing the packaging site of A phage, was constructed by inserting cos
sequence between replication origin and B-lactamase gene of pBR322 *? by iVEC method as described
previously %°. For amplification of chloramphenicol acetyltransferase (cat) gene, pKD3 ** was used as

a template.

Preparation of PCR products

PCR was carried out with KOD One DNA polymerase (TOYOBO) according to the manufacturer’s
instruction. The oligonucleotide primers were designed so that the DNA fragments to be assembled
overlap each other by 50 bp at the ends. The oligonucleotide primer sequences, and combinations of
the primers and templates are listed in Table S1 and S2. The PCR products were purified using
NucleoSpin PCR clean-up kit (Takara).

in vitro packaging-assisted DNA assembly and transduction

For preparing the assembly reaction, 2x Assembly Solution (20 mM Tris-HCI (pH 7.9), 100 mM of
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NaCl, 20 mM MgCls, 10% (w/v) PEGS,000, 2 mM Dithiothreitol, 1.2 U/pL Exonuclease III (Takara))
and an equal amount of 4.8 nM each of DNA fragments was mixed to carry out the assembly reaction.
In practice, 5 pL volume of the reaction (2.5 uL of 2x Assembly Solution + 2.5 uL. of DNA mix) was
prepared on ice and incubated at 75°C for 1 minute immediately after the addition of DNA mix. The
combinations of DNA fragments to be assembled for each construct were shown in Table S3. Then,
the reaction was incubated at 25°C for 5 minutes to allow annealing at exposed single-stranded ends.
0.5 pL of assembly reaction was mixed with 4 pL of packaging extract from in vitro packaging kit,
LAMBDA INN (NIPPON GENE) and stand for 60 — 120 minutes at 25°C for in vitro packaging. For
transduction, 1 mL of overnight culture of E. coli cells were collected by centrifugation (5,000 g for 1
min). For construction of phages, E. coli strain SN1171 was used except for T3 phage construction in
which BL21(DE3) was used. For construction of the 48 kb plasmid, DH5a was used. The collected
cells were resuspended in 500 pL of 10 mM MgSOs. 100 pL of the cell suspension were mixed with
4.5 uL of the in vitro packaging reaction and incubated at 25°C for 15 min. For plaque formation in
phage construction, the transduced cells were mixed with 2.5 mL of soft agar prewarmed at 50°C and
spread on LB agar plate. For plasmid construction, the transduced cells were spread on LB agar plate
with 50 pg/mL ampicillin. The agar plates were incubated at 37°C for overnight and plaques or

colonies that emerged on the plates were analyzed.

Next-Generation Sequencing (NGS) analysis

The libraries from recovered phage genomes for NGS analysis were prepared with Nextera DNA Flex
Library Prep kit (illumina). The libraries were sequenced by iSeq 100 system (illumina). The obtained
reads were analyzed by Geneious software (Biomatters Ltd.) with the reference genome sequences of
phages; A, T1, T3, T7 and phi80 (Genbank accession numbers NC 001416, NC 005833, NC_003298,
NC_001604 and NC_ 021190, respectively).

Plasmids analysis

Plasmids constructed by iPac were recovered with Qiaprep spin miniprep kit (Qiagen). The purified
plasmids were analyzed by 0.7% agarose gel electrophoresis. The plasmid structure was verified by
restriction enzyme treatment. For restriction enzyme digestion, 2.5 uL of purified plasmids were

digested with Nde I (New England BioLabs) and analyzed by 0.7% agarose gel electrophoresis.

Abbreviations

PCR Polymerase Chain Reaction
NGS Next Generation Sequencing
PEG Polyethylene Glycol
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PFU Plaque Forming Unit
CFU Colony Forming Unit
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