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Abstract

Objectives To develop a convenient chemical trans-

formation mediated CRISPR/Cas9 (CT-CRISPR/

Cas9) system for genome editing in Escherichia coli.

Results Here, we have constructed a CT-CRISPR/

Cas9 system, which can precisely edit bacterial

genome (replacing, deleting, inserting or point mutat-

ing a target gene) through chemical transformation.

Compared with the traditional electroporation medi-

ated CRISPR/Cas9 (ET-CRISPR/Cas9) system, gen-

ome editing with the CT-CRISPR/Cas9 system is

much cheaper and simpler. In the CT-CRISPR/Cas9

system, we observed efficient genome editing on LB-

agar plates. The CT-CRISPR/Cas9 system has suc-

cessfully modified the target gene with the editing

template flanked by short homologous DNA frag-

ments (* 50 bp) which were designed in primers. We

used the lab-made CaCl2 solution to perform the CT-

CRISPR/Cas9 experiment and successfully edited the

genome of E. coli. Potential application of the CT-

CRISPR/Cas9 system in high-throughput genome

editing was evaluated in two E. coli strains by using

a multiwell plate.

Conclusions Our work provides a simple and cheap

genome-editing method, that is expected to be widely

applied as a routine genetic engineering method.

Keywords Chemical transformation � CRISPR/
Cas9 � Escherichia coli � Genome editing

Introduction

The CRISPR/Cas system, an RNA-guided immune

system identified in bacteria and archaea, is consisted

of the clustered regularly interspaced short palin-

dromic repeats (CRISPR) and CRISPR-associated

proteins (Cas) (Barrangou et al. 2007; Brouns et al.

2008; Marraffini and Sontheimer 2008; Barrangou and

Marraffini 2014; Marraffini 2015). Until now, seven

different types of CRISPR/Cas systems have been

characterized (Sorek et al. 2013; Wright et al. 2016;

Gootenberg et al. 2017). Among them, the type II

CRISPR/Cas9 system, consisted of a mature CRISPR

RNA (crRNA), a trans-activating crRNA (tracrRNA)

and an endonuclease Cas9 which generates double

strand breaks (DSBs), has been most widely applied in

editing genomes of prokaryocytes and eukaryocytes
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(Cong et al. 2013; Mojica and Montoliu 2016; Wang

et al. 2016; Heidari et al. 2017; Komor et al. 2017). For

example, the CRISPR/Cas9 system is able to generate

DSBs close to a protospacer adjacent motif (PAM),

making the sequence near DSBs editable through

either non-homologous end joining (NHEJ) or homol-

ogous recombination (HR) in the presence of template

DNA for repairing and small guiding RNA (sgRNA)

for guiding Cas9 to the target loci in the genome

(Wang et al. 2016).

Genome editing with electroporation mediated

CRISPR/Cas9 (ET-CRISPR/Cas9) system has been

developed (Jiang et al. 2013, 2015; Li et al. 2015; Pyne

et al. 2015; Su et al. 2016; Zhao et al. 2016) and

validated in large scale in E. coli (Zerbini et al. 2017).

The ET-CRISPR/Cas9 system has been well applied in

metabolic engineering of E. coli (Heo et al. 2017; Zhu

et al. 2017). Because a commercial electroporator and

disposable electroporation cuvettes are required for

ET-CRISPR/Cas9 system, it is quite expensive to

create mutants through this method. The cost of ET-

CRISPR/Cas9 limits the application of genome edit-

ing. Chemical transformation, which only needs cheap

standard-buffers made in-lab, has been widely used as

a routine experiment in many labs. However, to our

knowledge, chemical transformation mediated

CRISPR/Cas9 system (CT-CRISPR/Cas9) has not

been established. Here, we report a CT-CRISPR/

Cas9 system for genome editing. In this new genome

editing system, template DNA is delivered into the

chemically competent E. coli cell by heat shock. High-

throughput genome editing is useful in many fields

(e.g. metabolic engineering and synthetic biology).

Although ET-CRISPR systemmediated high-through-

put genome editing is available, a low-cost genome

editing method is still in demand. In this study, we

established a CT-CRISPR method, that can edit

bacterial genome by simple and cheap means. We

anticipate that this method would facilitate the appli-

cation of CRISPR/Cas9 genome editing in a broader

scope.

Methods

Strains, plasmids, primers and growth conditions

The bacterial strains and plasmids used in this study

are provided in Table 1. Primers used in this study are

provided in Table S1. Plasmids were isolated with

SanPrep column plasmid mini-preps kit (Sangon

Biotech Co., Ltd). E. coli was grown in the LB

medium (1% tryptone, 0.5% yeast extract and 1%

NaCl) or on the LB-agar plate supplemented with

ampicillin (100 lg/ml), kanamycin (50 lg/ml),

spectinomycin (100 lg/ml) or chloramphenicol

(50 lg/ml) at 37 �C or 30 �C when necessary.

Plasmid and editing template DNA construction

To construct pTargetF-pMB1 serial plasmids that

express sgRNA for guiding Cas9 to the target gene,

inverse PCR was performed with pTargetF-pMB1 as

the template and a pair of reverse primers containing

20 nucleosides (N20) homologous to the sequence

adjacent to the protospacer adjacent motif (PAM) in

the target gene (Table S2). The PCR product was

treated by Dpn I to degrade the template plasmid

before being transformed into chemical competent

E. coli cells. Construction of the pTargetF-pMB1

derivative plasmids was confirmed by sequencing.

To construct the template DNA used for genome

editing, the DNA fragment homologous to the

upstream of the target, the DNA fragment for editing

the target and the DNA fragment homologous to the

downstream of the target were assembled together

through overlapping PCR (Heckman and Pease 2007).

Genome editing with chemical transformation

E. coli strains carrying pCas were grown overnight in

5 mL LB cultures at 30 �C. 1 mL of the culture was

transferred to 50 mL LB and incubated with shaking

(180 rpm). To induce the expression of the k-Red
recombination system, arabinose (15 mM final con-

centration) was added to the culture with an OD600 of

0.2–0.3. The chemical competent cells were prepared

with either a Competent Cell Preparation Kit (Takara,

Co., Ltd) or the CaCl2 solution. Briefly, 50 ml of the

culture at an OD600 of 0.45 was precipitated and then

washed twice with the solution A or the solution of

CaCl2 at different concentrations, followed by resus-

pension in 500 lL of the solution B or the CaCl2
solution supplemented with 10% glycerol.

For chemical transformation, 50 lL of the compe-

tent cell culture was mixed with 1.38 lg of the

pTargetF- pMB1 derivative plasmid and 1–3 lg of the
editing template DNA. To evaluate the effect of the
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concentration of Ca2? on CT-CRISPR, competent

cells were prepared with the solution of CaCl2 at

concentrations of 0, 25, 50, 100, 200, 300, 400 and

500 mM. To evaluate the effect of the template DNA

concentration on editing efficiency, a serial concen-

trations (0, 0.5, 1, 3, 6 lg) of template DNA was

mixed with 1.38 lg of pTargetF-panD. To evaluate

the effect of the length of the homology on editing

efficiency, the template DNA fragments flanked by

homologies of different lengths (0.05, 0.25, 0.5, and

1 kb) were constructed. The mixture of pTargetF-

panD and the editing template DNA, together with the

chemical competent cell, was heated at 42 �C for 90 s

and then rapidly placed on ice for 1–2 min, followed

Table 1 Strains and plasmids used in this study

Strain or plasmid Characteristics Reference

E. coli strains

DH5a F–endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 u80 dlacZ DM15

D(lacZYA-argF) U169, hsdR17 (rK
– mK

?)

TransGen Biotech

MG1655 F- k- ilvG- rfb-50 rph-1 ATCC 700926

BW25113 rrnBT14 DlacZWJ16 hsdR514 DaraBADAH33 DrhaBADLD78 lacI
q (Datsenko and

Wanner 2000)

MC4100 Lab reserve

ZJUTCBB0001 MG1655 Dcrp::cat, cmr This study

ZJUTCBB0002 MG1655 DpanD::cat, cmr This study

ZJUTCBB0003 MG1655 DstpA::cat cmr This study

ZJUTCBB0004 MG1655 Dhns::cat, cmr This study

ZJUTCBB0005 MG1655 DleuO::cat, cmr This study

ZJUTCBB0006 BW25113 Dcrp::cat, cmr This study

ZJUTCBB0007 BW25113 DpanD::cat, cmr This study

ZJUTCBB0008 BW25113 DstpA::cat, cmr This study

ZJUTCBB0009 BW25113 Dhns::cat, cmr This study

ZJUTCBB0010 BW25113 DleuO::cat, cmr This study

ZJUTCBB0011 BW25113 DdsrA::cat, cmr This study

ZJUTCBB0012 MG1655 DpanD This study

ZJUTCBB0013 MG1655 panD::cat, cmr This study

ZJUTCBB0014 MG1655 rpsLA128C, cmr This study

Plasmids

pCas repA101 (Ts) kan Pcas-cas9 ParaB-Red lacIq Ptrc -sgRNA-pMB1 (Jiang et al. 2015)

pTargetF-

pMB1

pMB1 aadA sgRNA-pMB1, Specr (Jiang et al. 2015)

pTargetF-panD pMB1 aadA sgRNA-panD, Specr This study

pTargetF-crp pMB1 aadA sgRNA-crp, Specr This study

pTargetF-stpA pMB1 aadA sgRNA-stpA, Specr This study

pTargetF-hns pMB1 aadA sgRNA-hns, Specr This study

pTargetF-leuO pMB1 aadA sgRNA-leuO, Specr This study

pTargetF-dsrA pMB1 aadA sgRNA-dsrA, Specr This study

pTargetF-rpsL pMB1 aadA sgRNA-rpsL, Specr This study

pKD3 Chloramphenicol resistance gene, Cmr (Datsenko and

Wanner 2000)

pKD4 Kanamycin resistance gene, Kanr (Datsenko and

Wanner 2000)
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by the addition of 945 lL of preheated LB medium.

Cells were recovered at 30 �C for 1 h before being

spread onto LB-agar plates supplemented with appro-

priate antibiotics. To eliminate DNA after transfor-

mation in the liquid, DNase I (0.4 U/ll) was added to

the transformed liquid cell culture prior to plating.

Antibiotic resistance of transformants on plates was

examined by replica-plating with toothpicks. Geno-

types of transformants were examined by colony PCR,

when necessary.

Editing efficiency evaluation

To evaluate the editing efficiency, the chlorampheni-

col resistance gene flanked by homologous arms was

set as the editing template (conferring chlorampheni-

col resistance, Cmr). Editing efficiency was evaluated

through direct plating and replica-plating. For the

direct plating method, competent E. coli cells harbor-

ing pCas (conferring kanamycin resistance, Kanr)

were transformed with pTargetF-panD (conferring

spectinomycin resistance, Specr) and the editing

template DNA (Cmr). Transformed cells were par-

tially spread onto plates supplemented with appropri-

ate antibiotics. Editing efficiency was determined by

the ratio of Cmr Kanr Specr colonies to Kanr Specr

colonies. For editing efficiency evaluated by the

replica-plating method, the transformed cell culture

was spread onto plates supplemented with kanamycin

plus spectinomycin, followed by the examination of

Cmr colonies from the Kanr Specr colonies by replica-

plating with toothpicks. Editing efficiency was also

determined by the ratio of Cmr Kanr Specr colonies to

Kanr Specr colonies. For both of the two methods, Cmr

Kanr Specr colonies were examined by colony PCR to

confirm the modification of targeted gene.

Genome editing with multiwell plate

In each well of the 12-well plate, 30 lL of the

competent cell culture was mixed with 1.38 lg of the

pTargetF-pMB1 derivative plasmid and 3 lg of the

corresponding editing template DNA unless otherwise

indicated. The mixture was heat shocked at 42 �C for

90 s with a metal bath, followed by ice bath for 1 to

2 min and addition of 170 lL of preheated LB

medium. Transformed cells were recovered at 30 �C
for 1 h, before being spread onto LB agar plates

supplemented with appropriate antibiotics (refer to the

supplemental materials for procedures of genome

editing with multiwell plate).

Results

Establishment of the CT-CRISPR/Cas9 genome

editing system

We constructed the CT-CRISPR/Cas9 genome editing

system which delivered editing template DNA simply

by heat shocking. In this system, the editing template

DNA was acquired by overlapping PCR and the

sgRNA was expressed by the pTargetF-pMB1 deriva-

tive plasmid which had been generated by PCR

amplification with a pair of reverse primers (Fig. 1).

Chemical competent cells were prepared with a

Competent Cell Preparation Kit. The edited genome

was obtained after co-transfer of the editing template

DNA and the pTargetF-pMB1 derivative plasmid

(Fig. 1). To evaluate the CT-CRISPR/Cas9 editing

system, the chloramphenicol resistance gene (cat)

flanked with the left and the right homologies

(* 1 kb) of crp was constructed through overlapping

PCR (Fig. S1). The PCR product was used as the

editing template DNA, that was expected to replace

the chromosomal gene crp with the cat gene, yielding

chloramphenicol resistance (Cmr) colonies. Colony

PCR with the Cmr colonies as the template showed

that the loci of crp was replaced by cat, in accordance

with the prediction (Fig. S2). In a similar way, another

E. coli chromosomal gene panD was successfully

edited with the CT-CRISPR/Cas9 system (Figs. S3,

S4).

Genome editing efficiency of CT-CRISPR/Cas9

was evaluated by calculating the ratio of transformants

with the target gene replaced by a cat gene (making the

transformant confer chloramphenicol resistance) to

the total transformants. Two methods, direct plating

and replica-plating (see Materials and Methods for

details), were used to evaluate genome editing

efficiency. Direct plating method has been commonly

used (Jiang et al. 2015; Zhao et al. 2016). In this

method, Cmr transformants were screened on plates

supplemented with chloramphenicol by plating trans-

formed liquid cell culture. While in the replica-plating

method, the transformed liquid cell culture was plated

on LB-agar plates without chloramphenicol and Cmr

transformants were screened out by replica-plating.
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Our results showed that CT-CRISPR/Cas9 achieved

genome editing efficiencies of 19.0% ± 6.9% and

95.7% ± 1.45% respectively, evaluated by the direct

plating and replica-plating methods.

We observed that genome editing efficiency was

significantly affected by the concentration of the

editing template DNA. Through the direct plating

method, the editing efficiency was gradually increased

from 0% to the highest level 27.0% ± 0.60% when

the concentration of the template DNA was increased

from 0 to 3 lg, followed by a slight decrease to

23.4% ±1.7% when 6 lg of the template DNA was

provided (Fig. 2). The dosage effect of the editing

template DNA on genome editing efficiency was more

dramatic when measured by the replica-plating

method: the editing efficiency reached 98.7% ±0.6%

and 98% ± 2.8% respectively, when 3 lg and 6 lg of
the template DNA were provided (Fig. 2). The results

also clearly showed that the genome editing efficiency

was much higher with the replica-plating method than

with the direct-plating method.

Application of the CT-CRISPR/Cas9 system

in gene deletion and insertion

Marker-free gene deletion

To construct a scarless mutant with deleted target

gene, the editing template DNA was constructed by

assembling the two DNA fragments homologous to

the upstream and downstream of the target gene panD

through overlapping PCR (Fig. S5). Chemical com-

petent cells transformed with the editing template

DNA were screened on plates and the corresponding

mutants were further confirmed by colony PCR

(Fig. S6). Transformation efficiency for marker-free

gene deletion was 60 ± 14 CFU/lg and the gene

editing efficiency was 100%.

Gene insertion

To insert an exogenous gene into the genome, the

template DNA of a chloramphenicol resistant gene cat

flanked by two DNA fragments homologous to the

upstream and downstream of the target locus (at

position of 146443 of E. coli MG1655) was con-

structed with the One Step Cloning Kit (Fig. S7).

Chemical competent cells transformed with the edit-

ing template DNA were screened on selective plates

Fig. 1 Procedures of

chemical transformation

mediated CRISPR/Cas9

(CT-CRISPR/Cas9).

Template DNA flanked by

homologous regions was

constructed by overlapping

PCR and co-transformed

with the pTargetF-pMB1

derivative plasmid

containing sgRNA to

chemical competent cells

expressing Cas9 and k Red

recombinase, in which the

target gene is editable with

the template DNA
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and the mutants were confirmed by colony PCR

(Fig. S8). Transformation efficiency for gene insertion

was 16 ± 3 CFU/lg and the gene editing efficiency

was (89 ± 15)%.

CT-CRISPR/Cas9 genome editing

with the standard lab-made CaCl2 solution

To further reduce the cost of CT-CRISPR/Cas9

mediated genome editing, we replaced the reagents

of the Competent Cell Preparation Kit with the lab-

made CaCl2 solution. The mutation (A128C) on rpsL

(named rpsL* hereafter) make E. coli resistant to

streptomycin (StrepR). CT-CRISPR/Cas9 genome

editing was evaluated via transforming the strepto-

mycin-sensitive (StrepS) E. coli cells expressing Cas9

with rpsL* and pTargetF-rpsL. StrepR transformants

were detected with an efficiency of * 150 CFU/lg
when competent cells were prepared with 100 mM

Ca2? (Fig. 3a). To optimize the condition, the effect of

CaCl2 concentration on CT-CRISPR/Cas9 mediated

genome editing was evaluated. Competent cells were

prepared with the solution of CaCl2 at different

concentrations (0 mM to 500 mM). We observed the

highest transformation efficiency ([ 500 CFU/lg)
when competent cells were prepared with 200 mM

CaCl2 (Fig. 3a).

We applied the CT-CRISPR/Cas9 mediated gen-

ome editing in gene scarless deletion. To construct the

panD mutant, competent cells expressing the Cas9

system were prepared with the lab-made solution of

CaCl2 and transformed with the marker-free up- and

down- stream homologue arms. A transformation

efficiency of 45 ± 10 CFU/lg was detected in com-

petent cells prepared with 200 mM CaCl2 solution

(Fig. 3b). Twenty transformants were examined by

colony PCR with primers targeted to the up- and

down- stream of panD. The PCR results showed that

panD was deleted in all tested transformants.

Simplified CRISPR-Cas9 genome editing system

with short homologous region designed in primers

We asked if short homologous sequences, which could

be designed in primers, were sufficient for genome

editing with CT-CRISPR/Cas9. As a first step, we

examined the genome editing efficiencies with short-

ened DNA fragments homologous to the upstream and

downstream of panD. As expected, the editing

efficiency dramatically decreased with shortened

homologous sequences (Figs. 4, S9). With the direct

plating method, no transformants were detected on the

LB-agar plates supplemented with chloramphenicol

when the homologous fragment was decreased to

250 bp (Figs. 4, S9). However, with the same homol-

ogous fragment (Fig. S9), we detected an editing

efficiency of 54.6% ± 0.4% by using the replica-

plating method (Fig. 4). We further shortened the

Fig. 2 Effect of template DNA concentration on editing

efficiency. Genome editing efficiency was evaluated through

the direct plating method (a) and the replica-plating method (b).
Editing efficiency was calculated by dividing the number of

Kanr and Specr colonies by the number of Cmr colonies (refers

to the Materials and methods for detailed information). Each

experiment was performed in triplicate and representative data

were shown
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homologous arm to 50 bp which had been designed in

primers (Fig. S9). A mutation efficiency of

5.88% ± 0% was detected (Fig. 4). Successful gen-

ome editing with short homologous fragments was

confirmed by colony PCR (Fig. S10). With short

homologous sequences designed in primers, we also

successfully edited other two genes (crp and dsrA) in

E. coli BW25113 (Fig. S10). These results demon-

strated that the CT-CRISPR/Cas9 genome editing

process could be further simplified by designing the

homologous region in primers, omitting the procedure

for assembling long homologous DNA fragments via

overlapping PCR (Fig. 5).

Fig. 3 CT-CRISPR/Cas9 genome editing with lab-made CaCl2
solution. a Competent E. coli cells were prepared with the

solution of CaCl2 at concentrations of 0, 25, 50, 100, 200, 300,

400 and 500 mM. 50 ll of the competent cell culture was

transformed with 1 lg of the template DNA and pTargetF-rpsL

for providing the sgRNA which targets to rpsL. b Competent

E. coli cells were prepared with 200 mM CaCl2 solution. The

up- and down- stream homology of panD with no selection

marker (1 lg) were mixed with 40 ll of the competent cell

culture. Transformants were screened on plates supplemented

with appropriate antibiotics. The experiment was performed in

duplicate and representative data were shown

Fig. 4 Effect of the length of homologous region on editing

efficiency. With template DNA flanking with a serial of

homologous sequences of different length (0, 50, 250, 500,

1000 bp), genome editing efficiency was evaluated through the

direct plating method and the replica-plating method as

described. The experiment was performed in duplicate and

representative data were shown
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Application of CT-CRISPR/Cas9 system in high-

throughput genome editing

To evaluate potential application of our CT-CRISPR/

Cas9 system in high-throughput genome editing, we

attempted to edit 6 individual genes (panD, crp, hns,

stpA, leuO and dsrA) in 2 different E. coli strains

(MG1655 and BW25113) with a 12-well pate (refers

to the supplemental materials for detailed experimen-

tal procedures). The 6 genes were divided into two

groups: 4 genes (panD, crp, hns and stpA) were edited

with long homologous DNA sequences and the other 2

genes (leuO and dsrA) were edited with short homol-

ogous DNA sequences designed in primers. The

delivery of the template DNA was accomplished by

using a metal bath. All of the four genes (panD, crp,

hns and stpA) were successfully modified with tem-

plate DNA flanked by long homologous DNA frag-

ments (* 1 kb) in both of the two E. coli strains in the

12-well plate (Table 2, Fig. S11). With template DNA

flanked by short homologous DNA fragments (50 bp)

designed in primers, modification of the other two

genes (leuO and dsrA) was not successful in the

12-well plate. All edited E. coli strains were confirmed

by colony PCR (Table 2, Fig. S11). The results

showed potential application of the CT-CRISPR/

Cas9 system in high-throughput genome editing.

Discussion

In this study, we established a simple and cheap

CRISPR/Cas9 mediated genome editing method by

delivering editing template DNA via chemical trans-

formation. We have successfully achieved genome

editing with both the commercial competent cell

preparation kit and the lab-made standard CaCl2
solution. By simply heat shocking, the target loci in

the genome can be edited in the chemically competent

cell. Our CT-CRISPR/Cas9 genome editing system

has been applied in gene replacement, scarless dele-

tion, insertion and multigene editing. In the traditional

ET-CRISPR/Cas9 genome editing systems (Jiang

et al. 2013, 2015; Li et al. 2015; Pyne et al. 2015; Su

et al. 2016; Zhao et al. 2016), the template DNA is

delivered into bacteria with an electroporator

(* 2000 USD) and a disposable cuvette (* 10

USD). For the CT-CRISPR/Cas9 genome editing

Fig. 5 Simplified CT-

CRISPR/Cas9 genome

editing with short

homologous DNA

fragments. Short

homologous DNA fragment

was designed in primers for

amplifying the editing

template (Step 1). To edit

the target loci in the genome,

chemical competent cells

expressing Cas9 and k Red

recombinase were

transformed with the editing

template DNA and

pTargetF-Pmb1 derivative

plasmid (Step 2 and 3).

Finally, the plasmid

expressing Cas9 were

eliminated in the edited cells

by increasing the

temperature for cell

incubation (Step 4)
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system, the above expenditure can be saved. With lab-

made CaCl2 solution, transformation efficiency for

marker-free gene deletion reached 45 ± 10 CFU/lg
and the editing efficiency reached as high as 100%.

This advantage is extremely useful for large-scale

genome editing in metabolic engineering and syn-

thetic biology. We exemplified the potential applica-

tion of our CT-CRISPR/Cas9 method in high-

throughput genome editing by editing multiple

genomes in parallel with a 12-well plate. With the

template DNA flanked by * 1 kb homologous frag-

ments, all of the tested genomes (8/8) were successful

edited by the CT-CRISPR/Cas9 system. Although

single-gene knockout mutant collection is readily

available in E. coli BW25113, our CT-CRISPR/Cas9

gene editing system provides a simple method for

constructing mutants in E. coli strains beyond

BW25113, by either transferring the mutated gene

from the KO mutant collection or de novo construc-

tion. Moreover, our CT-CRISPR/Cas9 provides a

method for genome editing beyond gene inactivation

(i.e. point mutation, gene insertion and double gene

inactivation).

To evaluate the editing efficiency of the CT-

CRISPR/Cas9 system, we used two different methods:

direct plating and replica-plating. With the direct

plating method, genome editing should be completed

in the liquid culture before being spread on plates;

while with the replica-plating method, genome editing

could continue on non-selective plates before replica-

plating. Compared with the direct plating method, the

replica-plating method showed obviously higher

genome editing efficiency (Figs. 2, 4).

Our previous work showed plasmid transformation

on agar plates (Sun et al. 2006, 2009; Zhang et al.

2012; Sun et al. 2013; Sun 2016, 2018). High genome

editing efficiency with the replica-plating method

could be resulted from extended period for chemical

transformation or genome editing in E. coli cells on the

LB-agar plates. To check whether high genome

editing via replica-plating was resulted from extended

time for transformation with the template DNA on

plates, the heat shocked mixture of competent cells

and the template DNA was treated by DNase I before

spreading it onto LB-agar plates. We observed that,

without and with DNase I treatment, the editing

efficiencies were 99.3% ± 1.0% and 96.4% ± 0.9%

respectively, showing no obvious difference. The

results showed that DNase I treatment did not

significantly affect editing efficiency, revealing that

the increase of genome editing efficiency with the

replica-plating method could not be attributed to

extended time for DNA transfer on LB-agar plates.

Therefore, we conclude that efficient CRISPR/Cas9

mediated genome editing should occur on LB-agar

plates. The discovery of genome editing on LB-agar

plates would further expand the application scope of

the CT-CRISPR/Cas9 system.

Using template DNA flanked by short homologous

DNA fragments in primers, instead of long homolo-

gous DNA fragments which need to be constructed by

time-consuming overlap PCR, would further simplify

the parallel genome editing procedure, making it more

Table 2 Parallel genome editing with a 12-well plate

Gene Product E. coli strains Homolog length (bp)

MG1655 BW25113

panD L-aspartate-a-decarboxylase ? ? 1000

crp cAMP receptor protein ? ? 1000

stpA H-NS-like DNA-binding transcriptional repressor ? ? 1000

hns DNA-binding transcriptional repressor ? ? 1000

leuo DNA-binding transcriptional dual regulator - - 50

dsrA small regulatory RNA - - 50

Supplemental materials for detailed experimental procedures and examination of mutants

? Indicates successful genome editing

- Indicates unsuccessful genome editing
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amenable to high throughput genome-editing with

CT-CRISPR/Cas9. Although CRISPR/Cas9 genome

editing with short homology in a plasmid has been

documented, to our knowledge, unless both RecA and

the k RED recombinase are over-expressed (Zhao

et al. 2016), CRISPR/Cas9 genome editing with linear

DNA carrying homology no longer than 50 bp has not

been documented. Attempts to edit chromosomal gene

with short homology designed in primers were not

successful (Jiang et al. 2015). We observed that

shortening the length of homologous sequences dra-

matically reduced the CRISPR/Cas9 editing efficiency

(Fig. 4). It is noticeable that, we have successfully

used our CT-CRISPR/Cas9 system to edit the genome

with PCR product amplified with short homologies

designed in primers (Figs. 4, S10), while RecA over-

expression was omitted. With the multiwell plate, we

failed to edit the genome with short homology

designed in primers (Table 2). Optimizing the CT-

CRISPR/Cas9 editing system in the multiwell plate

could make it possible to edit genomes with primers

containing short homology in the future.

In conclusion, we have established a simple and

cheap CT-CRISPR/Cas9 system for genome editing in

E. coli. The application of the CT-CRISPR9 genome

editing method will largely facilitate the application of

genome editing. We anticipate that our CT-CRISPR9

genome editing method would become a routine

experiment in lab.
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