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Abstract

The A-Red recombination system is a popular method for gene editing. However, its applica-
tions are limited due to restricted electroporation of DNA fragments. Here, we present an
electroporation-free A-Red recombination method in which target DNA fragments are
excised by I-Crel endonuclease in vivo from the landing pad plasmid. Subsequently, the I-
Scel endonuclease-cutting chromosome and DNA double-strand break repair were
required. Markerless deletion and genomic replacement were successfully accomplished by
this novel approach. Eight nonessential regions of 2.4—104.4 kb in the Escherichia coli DH1
genome were deleted separately with selection efficiencies of 5.3—100%. Additionally, the
recombination efficiencies were 2.5-45%, representing an order of magnitude improvement
over the electroporation method. For example, for genomic replacement, lycopene expres-
sion flux (3.5 kb) was efficiently and precisely integrated into the chromosome, accompa-
nied by replacement of nonessential regions separately into four differently oriented loci.
The lycopene production level varied approximately by 5- and 10-fold, corresponding to the
integrated position and expression direction, respectively, in the E. colichromosome.

Introduction

Chromosomal modifications are critical tools for genomic and metabolic engineering [1-4].
In Escherichia coli, the A-Red recombination system can be used for chromosomal modifica-
tions, including gene deletions, mutations, and integration. This system is constituted by three
proteins: Exo, Gam, and Beta. Exo protein binds to the end of linear DNA and generates 3’
overhangs, whereas Gam binds to the RecBCD complex, thereby preventing the degradation
of double-stranded DNA. Beta mediates annealing between complementary strands [5-7].
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Based on Red recombineering, many approaches have been established for genomic mar-
kerless deletion through electroporation into cells with polymerase chain reaction (PCR) frag-
ments, including selection markers, such as the chloramphenicol (Cm)-resistance gene SacB
box and I-Scel site [8-11]. However, the electroporation method is limited by its very low effi-
ciency; only a small percentage of cells can accept target DNA fragments introduced by elec-
troporation [12]. Moreover, Lee et al achieved lower electroporation efficiency in pathogenic
E. coli strains compared with that in MG1655 [13]. Thus, not all species or E. coli mutants are
readily transformed with linear DNA fragments.

Another method for deletion is supply of target DNA by a donor plasmid that can then be
cleaved by an endonuclease in vivo, eliminating the need for electroporation of DNA frag-
ments into cells. “Gene gorging” is based on the employment of a donor plasmid, excised by
the I-Scel endonuclease, to yield donor fragments in living cells [12]; however, the low effi-
ciency of recombination in pathogenic E. coli strains limits the universal application of this
method [13]. Thus, Lee et al. [13] developed a high efficiency method, called “Gene Doctor-
ing,” which leaves an 80-bp DNA “scar,” thus limiting the repeated use of recombineering in
the same bacterium. Kuhlman and Cox [14] described a two-step A-Red system that permitted
integration of a 7-kb fragment into the target location. In this method, donor fragments are
generated in vivo; however, the fragments containing the landing pad (the DNA sequence used
as a homologous region in the second recombination step flanking the antibiotic gene cassette)
had to be electroporated into cells. Recently, Tas et al [15] developed an integrated system
based on a series of plasmids that could precisely modify the genome of E. coli; however, this
system is limited by the use of a heavy metal, i.e., nickel chloride, to achieve negative selection
against fetA expression, eventually causing adverse effects on the environment and increasing
health hazards.

Therefore, in this study, we aimed to establish an electroporation-free method for genomic
modification of E. coli and to overcome the shortcomings of existing methods simultaneously,
using a landing pad plasmid containing I-Scel and I-Crel sites for successive DNA double-
strand cleavage to deliver an antibiotic cassette for entry and exit from the E. coli chromosome.

Materials and methods
Strains, plasmids, and reagents

The strains and plasmids used in this study are described in S1 Table. E. coli DH5a. and E. coli
DHI were used for plasmid construction and chromosomal modification, respectively. Plas-
mids pKOBEG and pKOBEGA were acquired from Christophe d’Enfert [5]. Gene I-Crel and
I-Scel were artificially synthesized by GENEWIZ Company and cloned into the Kpnl/BamHI
site of pUC19 to generate pUCIS and pUCIC. The sequences of I-Scel and I-Crel are described
in S2 Table. The commercial plasmid pET28a was purchased from EMD Biosciences (Nova-
gen). Plasmids pKOBEGK, pSNA, pSNK, and pCNA were derived from pKOBEG or pKO-
BEGA, and plasmid maps of all plasmids containing the A-Red system or endonuclease gene
used in this study are shown in S1 Fig. The construction process for pPKOBEGK, pSNA, pSNK,
and pCNA is shown in S2 Fig. The Rapid DNA Ligation Kit, DNA polymerase, Gel Extraction
Kit, and Plasmid Miniprep Kit were purchased from Thermo Fisher Scientific Inc. (MA,
USA), TaKaRa Biotechnology Co. (Dalian, China), or Corning Inc. (Wujiang, China). All
assays were performed according to the manufacturer’s instructions.

Cell culture

E. coli DH50. was grown in tubes containing 5 mL Luria Bertani (LB) medium at 37°C. Cells
containing helper plasmid (pCNA or pSNK) were grown at 30°C, and for helper plasmid
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curing, these cells were incubated at 42°C. LBS agar plates (LB agar plates without NaCl but
containing 6% sucrose) were used for sacB counter-selection. For lycopene production,

single colonies were picked, placed into tubes containing 5 mL LB medium, and cultured over-
night at 30°C with shaking at 220 rpm. Next, the overnight culture was diluted into 5 mL
FMGT medium (per 600 mL: 9 g tryptone, 7.2 g yeast extract, 1.8 g NaH,PO,-2H,0, 4.2 g
K,HPO,-3H,0, 1.5 g NaCl, 3 g Tween 80, 6 g glycerol, 0.3 g MgSO,, 1.2 g glucose), resulting
in an original inoculum concentration of 0.05 (ODgponm)- The strains were then grown under
the same conditions for 24 h, and lycopene was then extracted for further evaluation. Ampicil-
lin (Amp, 50 pg/mL), Cm (25 pg/mL), kanamycin (Kan, 25 pg/mL), and tetracycline (Tc,

10 pug/mL) were added as required.

Measurement of lycopene production

Extraction of lycopene from E. coli was carried out as described previously [16]. The E. coli
cultures were centrifuged at 11,340 X g for 3 min and washed once with water. Samples were
extracted with acetone in the dark at 55°C for 15 min. To quantify lycopene production, a
spectrophotometric method was employed at a wavelength of 474 nm (UV-2100 Spectropho-
tometer; UNICO Company, Shanghai, China). Lycopene (Sigma-Aldrich) was used as the
standard. The results represent the means + standard deviations of three independent
experiments.

Construction of the landing pad plasmid pBDC-Xd

The plasmid pBDC-Xd was based on pBDC (Fig 1) for deletion of E. coli DH1 genomic nones-
sential regions. In this study, X’ in the names of strains, plasmids, fragments, and primers rep-
resents the number of nonessential regions (X =1, 2, 5, 7, 8, 19, 55, or 63). The Cm-resistance
cassette flanked by the I-Scel recognition site was amplified by PCR from pBDC with primers
T7 and T7t. The 1000-bp PCR fragment was digested with EcoRI-BamHI, generating CmlIS.
To generate the right homology region (XR), a 500-bp PCR fragment was amplified using the
primers XR-5/XR-3 from the genome of E. coli DH1 and digested with BamHI-Xhol. Primers
XL-5/XL-3d, designed according to the methods of Yu et al. [11], were used to amplify the left
homology region and landing pad region (50 bp DNA sequence of the 5'-end of the right
homology region) from the genome of E. coli DH1. The PCR products were digested with Hin-
dIII-EcoRI, generating the fragment XL. Three fragments, i.e., CmIS, XR, and XL, were cloned
into the HindIII-Xhol site of pBDK together, generating pBDC-Xd. All primers used in this
study are listed in S3 Table.

Construction of the landing pad plasmid pBDC-Yi and counter-clockwise
landing pad plasmid pBDC-Y'i

Plasmid pBDC-Yj, designed following the methods of Kuhlman and Cox [14], was used to
introduce the cat cassette flanked by I-Scel recognition sites and two landing pad regions into
the nonessential region of E. coli DH1. Here, Y’ represents the number of nonessential regions
as well, but for integration (Y = 8, 23, 57, or 64). The method for construction of the landing
pad plasmid pBDC-Yi was similar to that for pBDC-Xd. Landing pad sequences were used as
short homology regions for the second step of integration. The plasmid pBDC-Yi carried two
landing pads, as shown in Fig 2a. Landing pad 1 (LP1) was 381-430 bp of plasmid pET3b, and
landing pad 2 (LP2) was 788-837 bp of pET3b. LP1 was a part of primer Y-L3i at the 3’ side of
fragment YLi-LP1, which was amplified by PCR from the DH1 genome with the primers Y-L5
and Y-L3i. Primer Y-R5i, containing LP2, was employed with its partner primer Y-R3 to
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Fig 1. Plasmid maps of pCNA, pSNK, and pBDC. The helper plasmids pCNA and pSNK, which could be eliminated by incubation at 42°C,
were obtained upon insertion of /-Crel and I-Scel, respectively, into pKOBEG. The bla cassette was obtained from pET3b (Novagen), and
the kan cassette was obtained from pET28a (Novagen). The p15A ori and cat cassettes of the landing pad plasmid pBDC were obtained
from pACYCDuet-1 (commercial plasmid purchased from EMD Biosciences). IC and IS represent the I-Crel endonuclease recognition site
and I-Scel endonuclease recognition site, respectively.

https://doi.org/10.1371/journal.pone.0186891.9001

amplify the E. coli DH1 genome, generating the right homology region flanked by landing pad
sequences, YRi-LP2.

Plasmid pBDC-Yri was similar to pBDC-Yi. However, the left homology region of
pBDC-Yri was flanked by the reverse complementary sequence of LP2 (LP2 RCS). The
reverse complementary sequence of LP1 (LP1 RCS) was at the 5’ site of the right homology
region (Fig 2a).

Construction of the GC cassette and donor plasmid pBRIS-GC

The GC cassette included idsA from Archaeoglobus fulgidus DSM 4304 and crtI-crtB amplified
from Pantoea agglomerans (Fig 2b). The idsA sequence contained the geranylgeranyl diphos-
phate synthase (gps) gene and its constitutive promoter. Thus, the GC cassette would be consti-
tutively expressed without induction. The products of the GC cassette were Gps, phytoene
synthase (CrtB), and phytoene desaturase (CrtI), which catalyzed the generation of geranylger-
anyl diphosphate (GGPP), then phytoene, and finally lycopene from endogenous IPP. The
sequence of the GC cassette is given in S2 Table.

The plasmid pBRIS-GC carries the GC cassette flanked by I-Scel recognition sites. Its back-
bone contains pBM1 ori and the Tc resistance gene from plasmid pBR322 (New England Bio-
labs, Inc.). The construction process is shown in S3 Fig.

a LP1 LP2
pBDC-Yi: 5’ — CCGGATATAGTTCCTCCTTTCAGCAAAAAACCCCTCAAGACCCGTTTAGA //// GGTATGGTGGCAGGCCCCGTGGCCGGGGGACTGTTGGGCGCCATCTCCTT _ 3

left homology region LP2 RCS LP1 RCS right homology region

pBDC-Yri: 5 — AAGGAGATGGCGCCCAACAGTCCCCCGGCCACGGGGCCTGCCACCATACC// // TCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGG _ 3

b Constitutive

1-Scel recognition site LP2 RCS """“°"§{35 RBS RBS LP1 RCS I-Scel recognition site
PBRIS-GC: 5" e e @ e e 4
Apal aps crtl crtB Not |
idsA

GC cassette

Fig 2. The landing pad plasmid and donor plasmid used for genomic replacement. (a) The landing pad regions of plasmids pBDC-Yi
and pBDC-Yri. (b) Linearized vector map of donor plasmid pBRIS-GC. RCS indicates the reverse complementary sequence.

https://doi.org/10.1371/journal.pone.0186891.g002
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Genomic deletion and replacement

For markerless deletion, the landing pad plasmid pBDC-Xd and helper plasmid pCNA were
transformed into E. coli DH1 chemically competent cells. After incubation for about 1 hin LB
medium, 500 pL was plated on LB agar plates containing Amp and Cm and grown overnight
at 30°C. A single colony was picked and suspended in 5 mL LB medium supplemented with
Amp and Cm, followed by overnight shaking at 30°C. Next, 50 pL of overnight culture was
diluted into 5 mL LB medium supplemented with Amp followed by shaking at 30°C. When
the ODggonm reached 0.2-0.3, L-arabinose was added to the medium at a final concentration of
0.2% to induce the expression of A-Red proteins and I-Crel endonuclease. After induction for
4 h at 30°C, the medium was diluted 10x and then plated on LBS agar plates containing Cm to
select against pBDC plasmids. After incubation at 42°C for about 16 h, the potential recombi-
nant colonies were picked from agar plates and placed into LB medium for further confirma-
tion by PCR using the primers X-0 and X-1 flanking the sides of the recombinant region.
Positive colonies yielded a product of about 2300 bp. In addition, pCNA harbored a tempera-
ture-sensitive replication origin, which was easily controlled by growing the cells at 42°C.
Later, positive colonies were plated on LB agar plates containing Amp to verify the elimination
of the helper plasmid pCNA. The residual pBDC-Xd was easily verified by PCR using primers
T7/T7t or M13F/M13R.

After insertion of the cat cassette into the nonessential region of the E. coli DH1 genome,
the recombinant cells were transformed with the helper plasmid pSNK. Subsequently, after
incubation for about 1 h in LB medium, cells were plated on LB agar plates containing Kan
and were then incubated again for about 20 h at 30°C. Colonies were then picked, suspended
in 5 mL LB medium supplemented with Kan, and incubated overnight at 30°C with shaking.
Subsequently, samples were then diluted in 5 mL LB medium supplemented with Kan, fol-
lowed by addition of L-arabinose when the ODgyonm, reached 0.2-0.3. Cells were then incu-
bated at 30°C for 4 h, after which they were diluted 100x and grown overnight on LB agar
plates at 42°C. Colonies were then identified by PCR using the primers X-0 and X-1, and the
product was about 1000 bp. In addition, the plasmid pSNK harboring the temperature-sensi-
tive replication origin was easily cured by growing the cells at 42°C. Positive samples were
plated on LB agar plates containing Cm and LB agar plates containing Kan to verify the elimi-
nation of the cat cassette and pSNK, respectively, upon sequencing with the primers X-0 and
X-1.

The method for genomic replacement of nonessential regions with the lycopene expression
flux was similar to that used for deletion, but with different landing pad plasmids and donor
plasmids. In the first step, E. coli DH1 cells were transformed with pCNA and pBDC-Yi. Then,
the same operation was carried out as the first step of genomic deletion. To confirm potential
recombinant colonies, PCR was carried out using the primers Y-0 and Y-1, and the correct
product was about 2300 bp in length. LB agar plates containing Amp were used to verify the
elimination of the helper plasmid, pCNA, in positive colonies. The second step was the trans-
formation of the strain with pSNK and pBRIS-GC. Cells were plated on LB agar plates contain-
ing Kan and Tc and incubated for about 20 h at 30°C. A colony was picked and suspended in 5
mL LB medium containing Kan and Tc; the cells were then incubated overnight at 30°C with
shaking. Samples were diluted in 5 mL LB medium supplemented with Kan, and r-arabinose
was added when the ODggopr, reached 0.2-0.3 to induce the expression of A-Red proteins and
I-Scel endonuclease. Cells were then incubated at 30°C for 4 h, after which they were diluted
100x and grown overnight on LB agar plates at 42°C. Cm-sensitive colonies were confirmed
by PCR using the primers Y-0 and Y-1, and positive colonies yielded a product of about 4500
bp. The donor plasmid pBRIS-GC was cured by I-Scel endonuclease. To confirm the
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elimination of plasmids pSNK and pBRIS-GC, positive colonies were plated on LB agar plates
containing Kan and LB agar plates containing Tc, respectively.

Results
Strategy of markerless deletion

Lee et al reported the method of “Gene Doctoring,” which involves two steps, i.e., inserting
and delivering the Kan-resistance gene [13]. The I-Scel endonuclease was used for generating
the target DNA fragment in vivo in the first step, and the FLP recombinase was used for
breaking the chromosome in the second step, leaving a FLP scar [13]. In this study, I-Scel
endonuclease was employed in the second step to achieve markerless deletion, and another
endonuclease I-Crel was employed in the first step. First, the helper plasmid pCNA and the
landing pad plasmid pBDC-Xd were transformed into E. coli DHI cells. Second, transforma-
tion to recombinant cells was achieved by insertion of the plasmid pSNK. The helper plasmid
pCNA contained the genes of A-Red recombinases and I-Crel endonuclease under the control
of P,,, (L-arabinose-inducible promoter; Fig 1). There were two I-Crel recognition sites and a
sacB cassette in the backbone of pBDC-Xd. Between the I-Crel recognition sites, there were
two 500-bp homologous arms (XL and XR) and a cat cassette flanked by two I-Scel recognition
sites. With the help of the A-Red system and I-Crel, the homologous fragment generated by
double-strand breaks (DSBs) was integrated into the genome to replace the nonessential
region (Fig 3a-1 and 3b-1).

Subsequently, the recombinant was transformed with pSNK (Fig 1) carrying the genes of
Red recombinases and I-Scel endonuclease. After inducing the enzymes, the cat cassette was
excised by I-Scel, and the generated DSB was repaired through Red recombination by a 50-bp
homologous sequence in the XL arm (Fig 3a-2 and 3b-1).

Strategy of genomic replacement

The genomic replacement strategy was similar to the deletion strategy. In the first step, the
landing pad plasmid pBDC-Yi included a modified cat cassette, which was flanked by I-Crel
sites, landing pads (LP1 and LP2), and homologous arms (YL and YR), that was transformed
into E. coli DH1 with the helper plasmid pCNA. After induction with L-arabinose, the cat cas-
sette was integrated into the genome to replace the nonessential region (Fig 3c-1). Subse-
quently, the recombinant was transformed with the helper plasmid pSNK and donor plasmid
pBRIS-GC. Upon the action of I-Scel endonuclease and Red recombinases, the chromosome
DSB was produced by excision of the cat gene and then repaired with the lycopene expression
flux (designated the GC cassette) flanked by LP1 and LP2, which was released from pBRIS-GC
(Fig 3b-2 and 3c-2). For example, lycopene expression flux was employed for genomic replace-
ment because the native E. coli could not produce lycopene, which can be easily detected on a
quantitative basis. Compared with that in the genomic replacement method of Kuhlman and
Cox [14], in this study, the target DNA fragment was generated in vivo with the assistance of
the I-Crel endonuclease, without the need of electroporation.

Markerless deletion of nonessential regions in the chromosome

Sixty-four nonessential regions of E. coli DH1 (S4 Table) were obtained by our laboratory
through sequence alignment, using Mauve software, between the genome of E. coli DH1,
miniMG1655, and miniW3110 [17,18]. Eight nonessential regions (Fig 4a and Table 1) in the
E. coli DH1 chromosome were selected (ranging from 2.4 to 105 kb in length). All eight regions
were successfully deleted individually using this method, generating DH-1d, DH-2d, DH-5d,
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Fig 3. Strategy for markerless deletion and genomic replacement. (a) Progress of markerless deletion. In the
first step, the pPCNA and pBDC-Xd plasmids were transformed into E. coliDH1. With the addition of L-arabinose,
pCNA expressed |-Crel endonuclease and A-Red recombinases. The plasmid pBDC-Xd was digested by |-Crel
endonuclease to release the landing pad fragment, which was the substrate for recombination. The landing pad
fragment integrated into the E. colichromosome. In the second step, the helper plasmid pSNK providing I-Scel
endonuclease function was transformed into the host. Finally, the chromosome was cleaved by I-Scel
endonuclease at the integration site. Recombination with the two homology regions, 50 bp of the right side of the
left homology arm and left side of the right homology arm, led to chromosome repair with DSB-mediated
recombination and resulted in a clean deletion. (b) Events of identifying markerless deletion and genomic
replacement. In the protocol for markerless deletion, samples were verified by PCR with the primers X-0/X-1
(X=1,2,5,7,8,19, 55, or 63). Positive colonies were about 2300 bp in the first step and about 1000 bp in the
second step. In the protocol for genomic replacement, samples were verified by PCR with the primers Y-0/Y-1
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(Y =8, 23, 57, or 64). Positive colonies were about 2300 bp in the first step and about 4500 bp in the second step.
(c) Genomic replacement protocol. pBDC-Yi was employed as a landing pad plasmid in the first step. In the
second step, the host cells were transformed with pSNK and pBRIS-GC (donor plasmid). pSNK expressed I-Scel
endonuclease and A-Red recombinases when L-arabinose was added. The donor plasmid and chromosome were
cleaved at I-Scel endonuclease recognition sites. The integration of the donor fragment was accomplished by the
expression of the A-Red system.

https://doi.org/10.1371/journal.pone.0186891.9003

DH-7d, DH-8d, DH-19d, DH-55d, and DH-63d, respectively. The deletion region was
sequenced using primer X-0, and the DNA sequencing results are shown in S4 Fig.

The selection efficiency of the Cm-resistance cassette for entry from the E. coli DH1 chro-
mosome was 5.3-100% (Table 1). Additionally, the findings showed that there were no signifi-
cant correlations between the size of the deletion region and the selection efficiency of
deletion. For example, the efficiency was only 5.3% of the first nonessential region (9.9 kb) in
the first step of genomic deletion. The size and location of the second nonessential region
(11.1 kb) were similar to those of the first nonessential region; however, a much higher selec-
tion efficiency (50%) was achieved. The sizes of the fifth region and 55™ region were 2.4 and
104.4 kb, respectively, with efficiencies of 100% and 88.9%, respectively (Table 1). To further
investigate the recombination efficiency, serial dilutions of the same cultures were plated on
LB agar plates containing Cm and LBS agar plates, respectively. Theoretically, six types of
mutants could be achieved after addition of L-arabinose and culture for 4 h in the first step of
genomic deletion (S5 Fig). Mutants 1, 3, 4, and 6 could grow on LBS agar plates, whereas
mutants 1, 2, 3, 5, and 6 could grow on LB agar plates containing Cm. The ODgggp, of undi-
luted cultures was 2.0-2.6; however, only 6-36 colonies were obtained on LBS plates at a dilu-
tion of 10x, and no colonies were observed at a dilution of 1000x. This result indicated that
there were extremely low proportions of mutants 1, 3, 4, and 6 in cultures. Notably, 27-132
colonies were obtained on LB plates containing Cm with a dilution of 10°x. Thus, most cells
were either mutant 2 or mutant 5, and their amounts were expected to be 10*~10° higher than
those of mutants 1, 3, 4, and 6. Thus, recombination efficiency could be calculated as the num-
ber of mutant 2 relative to the total number of mutants 2 and 5, regardless of whether both
mutants 2 and 5 had residual pBDC plasmids. Twenty colonies were picked from LB agar

b 8GC oriC

E. coli K-12 DH1 E. coli K-12 DH1

4.6 Mbp 4.6 Mbp

23GC \
23rGC
terC terC

Fig 4. Chromosomal modification positions. (a) Eight nonessential regions were chosen for markerless
deletion. (b) GCflux was integrated into four positions, symmetrically distributed throughout the genome. The
arrows denote the direction of gene expression.

https://doi.org/10.1371/journal.pone.0186891.g004
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Table 1. Efficiency of pPCNA/pSNK mediated deletions.

Target genomic region First replacement Selection efficiency of second step
Selection efficiency?® Recombination efficiency®

First 9.9 kb /6254-16165 1/19 (5.3%) 2/20 (10%) 15/19 (78.9%)
Second 11.1 kb / 1743228605 2/4 (50%) 1/40 (2.5%)° 17/18 (94.4%)
Fifth 2.4 kb /230444-232865 9/9 (100%) 9/20 (45%) 717 (41.2%)
Seventh 3.9 kb /299113-303017 1/5 (20%) 4/20 (20%) 7/15 (46.7%)
Eighth 16.4 kb / 413909-430258 1/9 (11.1%) 2/20 (10%) 6/19 (31.6%)
19" 8.3 kb / 1359035-1367343 8/19 (42.1%) 3/20 (15%) 17/19 (89.5%)
55" 104.4 kb / 3912835-4017200 16/18 (88.9%) 3/20 (15%) 15/17 (88.2%)
63" 19.8 kb / 4434265-4454029 4/19 (21.1%) 1/20 (5%) 6/14 (42.9%)
23" 9.2 kb / 1487032—-1496241 — — —

44" 15.5 kb / 3033115-3048652 — — —

58" 16.4 kb / 4184313-4200717 — — —

3The selection efficiency was calculated as the number of positive colonies relative to the total number of colonies verified by PCR.
®The recombination efficiency was the number of successful integration events per total number of cells.
°Among the first twenty colonies, none was positive and thus, another twenty colonies were picked and verified by PCR.

https://doi.org/10.1371/journal.pone.0186891.t001

plates containing Cm and verified by PCR using primers X-0 and X-1. A relatively high recom-
bination efficiency of 2.5-45% was achieved (Table 1). Additionally, the recombination effi-
ciency was not correlated with either selection efficiency or the size of the targeted region
(Table 1). The positive recombinants achieved in the second step depended on I-Scel cutting
and DSB repair, with a selection efficiency of 31.6-94.4% (Table 1).

Lycopene flux integration into the chromosome to efficiently replace
nonessential regions

The GC cassette was successfully inserted into four loci of E. coli DH1, i.e., the 8™, 237, 58,
and 64™ nonessential regions, distributed symmetrically throughout the chromosome (Fig
4b), generating DH-8GC, DH-23GC, DH-58GC, and DH-64GC, respectively. In order to com-
pare the lycopene expression level with the transcription direction of GC in the chromosome,
we also integrated the GC cassette in a counter-clockwise direction to generate DH-8rGC and
DH-23rGC.

Expression of lycopene integrated into the chromosome in different loci
and directions

The collected mutants that could biosynthesize lycopene are shown in S6 Fig, indicating that
the lycopene production level varied with the position and direction of integration (Table 2
and Fig 4b). When the GC transcription direction was the same as the replication direction, a
five-fold difference in lycopene production was observed for the different integrated loci (DH-
8rGC, DH-23rGC, DH-44GC, and DH-58GC), and there were no obvious relationships

Table 2. Strains used for lycopene production.

Strain DH-8GC DH-23GC DH-44GC DH-58GC DH-8rGC DH-23rGC
Titer (mg/L) 0.52+0.07 0.71+0.18 1.85+0.25 1.70+£0.11 3.63+0.21 8.36 +0.27
ODgoonm 28.85+1.01 28.03+1.04 27.88+0.84 28.33+0.44 25.72+0.63 25.13+0.88

https://doi.org/10.1371/journal.pone.0186891.t002
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between the expression level and the distance to the replication site [19,20]. The integrated
gene expression may be influenced by the structure of DNA nearby the integration position
and by its neighboring upper gene expression [19]. Further, the integration direction had a
strong effect on lycopene production. There was a more than 10-fold difference in lycopene
levels between DH-23rGC and DH-23GC (Table 2). This contributed to lycopene production
when the lycopene flux transcription direction was the same as the replication direction
(Table 2 and Fig 4b). These results manifested that the expression direction of a gene strongly
affected its expression to a greater degree than the chromosomal location. This conclusion is
expected to guide further research of gene regulation and metabolic optimization. Interest-
ingly, the highest expression strain DH1-23rGC had the lowest growth ability, potentially due
to the excess consumption of isopentenyl diphosphate (IPP), implying that increasing the sup-
ply of IPP will be useful for high-level lycopene production [21].

Discussion

Our method exploited the advantages of genomic deletion from studies by Yu et al, Lee et al,
and Kuhlman et al [11,13,14] and has the added feature of genomic replacement and elimi-
nation of the ~80-bp DNA scar. Compared with the existing electroporation method [5-7,
11], our method does not require a high-voltage electroporation apparatus. In addition, our
landing pad plasmids and donor plasmids could be re-used at any time and have long-term
storage capacity, without the requirement for generating PCR target fragments before
transformation.

To improve recombination, several units have been employed in the A-Red system, includ-
ing FLP recombinase, I-Scel endonuclease, and the sacB counter-selection marker [6, 11-14].
In this study, we employed I-Crel endonuclease to act on I-Crel endonuclease sites of the
landing pad plasmid and generated target DNA fragments in vivo in the first step of genomic
modification. The selection and recombination efficiencies were 5.3-100% and 2.5-45%,
respectively. The selection efficiency was lower than that described by Yu et al (70-100%) [11].
The unwanted colonies were thought to be related to the inefficiency of sacB counter-selection
—some Cm-resistant colonies formed due to having an intact plasmid, instead of chromo-
somal integration of the Cm-resistance cassette. However, high recombination efficiency was
achieved, which was 10*-10” higher than that of the electroporation method (3.5 x 107 [12]
and 2.9 x 107® [13] respectively). The achieved high recombination efficiency could be
explained by the observation that nearly all cells yielded target DNA fragments and that the
500-bp homology region was long enough for recombination. Thus, the low recombination
efficiency of the electroporation method could be explained by the low efficiency of electropo-
ration. After addition of L-arabinose and culture for 4 h, most cells had the residual landing
pad plasmid; thus, sacB counter-selection was necessary for pBDC plasmids. This study
expanded our understanding of available elements for genomic modification. To the best of
our knowledge, this is the first time that the I-Crel endonuclease and sacB counter-selection
marker have been combined as assistant units to eliminate the plasmid and generate target
DNA fragments in vivo for genomic modification. Compared with the I-Crel endonuclease,
I-Scel showed higher efficiency of incision and introduction of DSBs both at the landing pad
region of the chromosome and in high-copy donor plasmids without the need for the sacB cas-
sette [14], thereby increasing the recombination efficiency by 5000x [22]. To eliminate the
pBDC plasmids completely, further studies are needed to examine the evolution of the I-Crel
endonuclease or to identify another endonuclease with higher efficiency in vivo. Thus, a one-
step A-Red recombination system could be established based on this method because of its
high recombination efficiency.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186891 October 24, 2017 10/13


https://doi.org/10.1371/journal.pone.0186891

@° PLOS | ONE

Electroporation-free method for markerless deletion and genomic replacement in E. coliDH1 genome

Supporting information

S1 Fig. Plasmid containing the A-Red system or endonuclease gene used in this study.
(DOCX)

S2 Fig. Construction of helper plasmids pKOBEGK, pSNA, pSNK, and pCNA.
(DOCX)

S3 Fig. Construction of the donor plasmid pBRIS-GC.
(DOCX)

S4 Fig. Results of markerless deletion. The deletion region was confirmed by sequencing
with primer X-0, here, X =1, 2, 5,7, 8, 19, 55, or 63.
(DOCX)

S5 Fig. Six types of mutants theoretically obtained before being plated in the first step of
markerless deletion.
(DOCX)

S6 Fig. Collected strains before extraction by acetone. The E. coli cultures (500 pL) were cen-
trifuged at 11,340 x g for 3 min. The supernatant was discarded.
(DOCX)

S1 Table. Strains and plasmids used in this study.
(DOCX)

$2 Table. Sequences of I-Scel, I-Crel, and GC cassette.
(DOCX)

$3 Table. Primers used in this study.
(DOCX)

S$4 Table. Nonessential sequences in the Escherichia coli DH1 genome (Our laboratory).
(DOCX)

Acknowledgments
We thank Christophe d’Enfert for kindly providing the plasmids pKOBEG and pKOBEGA.

Author Contributions

Conceptualization: Meijin Guo, Hongqing Fang.

Data curation: Yanlong Wei, Meijin Guo, Hongqing Fang.
Formal analysis: Yanlong Wei, Meijin Guo, Hongging Fang.
Funding acquisition: Meijin Guo, Hongging Fang.

Investigation: Yanlong Wei, Pingping Deng, Ali Mohsin, Yan Yang, Huayan Zhou, Meijin
Guo, Hongging Fang.

Methodology: Hongqing Fang.
Project administration: Meijin Guo, Hongqing Fang.
Resources: Meijin Guo, Hongging Fang.

Software: Yanlong Wei, Meijin Guo, Hongqing Fang.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186891 October 24, 2017 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186891.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186891.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186891.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186891.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186891.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186891.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186891.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186891.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186891.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186891.s010
https://doi.org/10.1371/journal.pone.0186891

@° PLOS | ONE

Electroporation-free method for markerless deletion and genomic replacement in E. coliDH1 genome

Supervision: Meijin Guo, Hongqing Fang.

Validation: Yanlong Wei, Pingping Deng, Ali Mohsin, Yan Yang, Huayan Zhou, Meijin Guo,

Hongqing Fang.

Writing - original draft: Yanlong Wei.

Writing - review & editing: Yanlong Wei, Ali Mohsin, Meijin Guo, Hongqing Fang.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Wang JF, Meng HL, Xiong ZQ, Zhang SL, Wang Y. Identification of novel knockout and up-regulated
targets for improving isoprenoid production in E. coli. Biotechnol Lett. 2014; 36: 1021-1027. https://doi.
org/10.1007/s10529-014-1460-2 PMID: 24658737

Zhang J, Quan C, Wang C, Wu H, Li Z, Ye Q. Systematic manipulation of glutathione metabolism in
Escherichia colifor improved glutathione production. Microb Cell Fact. 2016; 15: 38. https://doi.org/10.
1186/s12934-016-0439-1 PMID: 26883423

Pines GPines G, Freed EF, Winkler JD, Gill RT. Bacterial recombineering: genome engineering via
phage-based homologous recombination. ACS Synth Biol. 2015; 4: 1176—1185. https://doi.org/10.
1021/acssynbio.5b00009 PMID: 25856528

Yin'Y, Wang H, Fu XZ, Gao X, Wu Q, Chen GQ. Effects of chromosomal gene copy number and loca-
tions on polyhydroxyalkanoate synthesis by Escherichia coliand Halomonas sp. Appl Microbiol Biotech-
nol. 2015; 99: 5523-5534. https://doi.org/10.1007/s00253-015-6510-8 PMID: 25758961

Chaveroche MK, Ghigo JM, d’Enfert C. A rapid method for efficient gene replacement in the filamentous
fungus Aspergillus nidulans. Nucleic Acids Res. 2000; 28: E97. PMID: 11071951

Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in Escherichia coliK-12 using
PCR products. Proc Natl Acad Sci U S A. 2000; 97: 6640—6645. https://doi.org/10.1073/pnas.
120163297 PMID: 10829079

Murphy KC. Use of bacteriophage A recombination functions to promote gene replacement in Escheri-
chia coli. J Bacteriol. 1998; 180: 2063—2071. PMID: 9555887

Kolisnychenko V. Engineering a reduced Escherichia coli genome. Genome Res. 2002; 12: 640-647.
https://doi.org/10.1101/gr.217202 PMID: 11932248

Hashimoto M, Ichimura T, Mizoguchi H, Tanaka K, Fujimitsu K, Keyamura K, et al. Cell size and nucle-
oid organization of engineered Escherichia coli cells with a reduced genome. Mol Microbiol. 2005; 55:
137—149. https://doi.org/10.1111/j.1365-2958.2004.04386.x PMID: 15612923

Mizoguchi H, Mori H, Fujio T. Escherichia coli minimum genome factory. Biotechnol Appl Biochem.
2007; 46: 157-167. https://doi.org/10.1042/BA20060107 PMID: 17300222

Yu BJ, Kang KH, Lee JH, Sung BH, Kim MS, Kim SC. Rapid and efficient construction of markerless
deletions in the Escherichia coligenome. Nucleic Acids Res. 2008; 36: e84. https://doi.org/10.1093/nar/
gkn359 PMID: 18567910

Herring CD, Glasner JD, Blattner FR. Gene replacement without selection: regulated suppression of
amber mutations in Escherichia coli. Gene. 2003; 311: 153—-163. PMID: 12853150

Lee DJ, Bingle LE, Heurlier K, Pallen MJ, Penn CW, Busby SJ, et al. Gene doctoring: a method for
recombineering in laboratory and pathogenic Escherichia coli strains. BMC Microbiol. 2009; 9: 252.
https://doi.org/10.1186/1471-2180-9-252 PMID: 20003185

Kuhlman TE, Cox EC. Site-specific chromosomal integration of large synthetic constructs. Nucleic
Acids Res. 2010; 38: €92. https://doi.org/10.1093/nar/gkp1193 PMID: 20047970

Tas H, Nguyen CT, Patel R, Kim NH, Kuhiman TE. An integrated system for precise genome modifica-
tion in Escherichia coli. PLoS One. 2015; 10: e0136963. https://doi.org/10.1371/journal.pone.0136963
PMID: 26332675

Yoon SH, Lee YM, Kim JE, Lee SH, Lee JH, Kim JY, et al. Enhanced lycopene production in Escheri-
chia coli engineered to synthesize isopentenyl diphosphate and dimethylallyl diphosphate from mevalo-
nate. Biotechnol Bioeng. 2006; 94: 1025—-1032. https://doi.org/10.1002/bit.20912 PMID: 16547999

Mizoguchi H, Sawano Y, Kato J, Mori H. Superpositioning of deletions promotes growth of Escherichia
coliwith a reduced genome. DNA Res. 2008; 15: 277-284. https://doi.org/10.1093/dnares/dsn019
PMID: 18753290

Poésfai G, Plunkett G. 3rd, Fehér T, Frisch D, Keil GM, Umenhoffer K, et al. Emergent properties of
reduced-genome Escherichia coli. Science. 2006; 312: 1044—1046. https://doi.org/10.1126/science.
1126439 PMID: 16645050

PLOS ONE | https://doi.org/10.1371/journal.pone.0186891 October 24, 2017 12/13


https://doi.org/10.1007/s10529-014-1460-2
https://doi.org/10.1007/s10529-014-1460-2
http://www.ncbi.nlm.nih.gov/pubmed/24658737
https://doi.org/10.1186/s12934-016-0439-1
https://doi.org/10.1186/s12934-016-0439-1
http://www.ncbi.nlm.nih.gov/pubmed/26883423
https://doi.org/10.1021/acssynbio.5b00009
https://doi.org/10.1021/acssynbio.5b00009
http://www.ncbi.nlm.nih.gov/pubmed/25856528
https://doi.org/10.1007/s00253-015-6510-8
http://www.ncbi.nlm.nih.gov/pubmed/25758961
http://www.ncbi.nlm.nih.gov/pubmed/11071951
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1073/pnas.120163297
http://www.ncbi.nlm.nih.gov/pubmed/10829079
http://www.ncbi.nlm.nih.gov/pubmed/9555887
https://doi.org/10.1101/gr.217202
http://www.ncbi.nlm.nih.gov/pubmed/11932248
https://doi.org/10.1111/j.1365-2958.2004.04386.x
http://www.ncbi.nlm.nih.gov/pubmed/15612923
https://doi.org/10.1042/BA20060107
http://www.ncbi.nlm.nih.gov/pubmed/17300222
https://doi.org/10.1093/nar/gkn359
https://doi.org/10.1093/nar/gkn359
http://www.ncbi.nlm.nih.gov/pubmed/18567910
http://www.ncbi.nlm.nih.gov/pubmed/12853150
https://doi.org/10.1186/1471-2180-9-252
http://www.ncbi.nlm.nih.gov/pubmed/20003185
https://doi.org/10.1093/nar/gkp1193
http://www.ncbi.nlm.nih.gov/pubmed/20047970
https://doi.org/10.1371/journal.pone.0136963
http://www.ncbi.nlm.nih.gov/pubmed/26332675
https://doi.org/10.1002/bit.20912
http://www.ncbi.nlm.nih.gov/pubmed/16547999
https://doi.org/10.1093/dnares/dsn019
http://www.ncbi.nlm.nih.gov/pubmed/18753290
https://doi.org/10.1126/science.1126439
https://doi.org/10.1126/science.1126439
http://www.ncbi.nlm.nih.gov/pubmed/16645050
https://doi.org/10.1371/journal.pone.0186891

o ®
@ : PLOS | ONE Electroporation-free method for markerless deletion and genomic replacement in E. coliDH1 genome

19. BryantJA, Sellars LE, Busby SJ, Lee DJ. Chromosome position effects on gene expression in Escheri-
chia coliK-12. Nucleic Acids Res. 2014; 42: 11383—-11392. https://doi.org/10.1093/nar/gku828 PMID:
25209233

20. Ying BW, Tsuru S, Seno S, Matsuda H, Yomo T. Gene expression scaled by distance to the genome
replication site. Mol Biosyst. 2013; 10: 375-379. https://doi.org/10.1039/c3mb70254e PMID: 24336896

21. Martin VJ, Pitera DJ, Withers ST, Newman JD, Keasling JD. Engineering a mevalonate pathway in
Escherichia colifor production of terpenoids. Nat Biotechnol. 2003; 21: 796—-802. https://doi.org/10.
1038/nbt833 PMID: 12778056

22. LiMZ, Elledge SJ. MAGIC, an in vivo genetic method for the rapid construction of recombinant DNA
molecules. Nat Genet. 2005; 37: 311-319. https://doi.org/10.1038/ng1505 PMID: 15731760

PLOS ONE | https://doi.org/10.1371/journal.pone.0186891 October 24, 2017 13/13


https://doi.org/10.1093/nar/gku828
http://www.ncbi.nlm.nih.gov/pubmed/25209233
https://doi.org/10.1039/c3mb70254e
http://www.ncbi.nlm.nih.gov/pubmed/24336896
https://doi.org/10.1038/nbt833
https://doi.org/10.1038/nbt833
http://www.ncbi.nlm.nih.gov/pubmed/12778056
https://doi.org/10.1038/ng1505
http://www.ncbi.nlm.nih.gov/pubmed/15731760
https://doi.org/10.1371/journal.pone.0186891

