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Abstract

Background: Plasmid-borne genetic editing tools, including the widely used CRISPR-Cas9 system, have greatly
facilitated bacterial programming to obtain novel functionalities. However, the lack of effective post-editing plasmid
elimination methods impedes follow-up genetic manipulation or application. Conventional strategies including
exposure to physical and chemical treatments, or exploiting temperature-sensitive replication origins have several
drawbacks (e.g., they are limited for efficiency and are time-consuming). Therefore, the demand is apparent for easy
and rapid elimination of the tool plasmids from their bacterial hosts after genetic manipulation.

Results: To bridge this gap, we designed a novel EXIT circuit with the homing endonuclease, which can be
exploited for rapid and efficient elimination of various plasmids with diverse replication origins. As a proof of
concept, we validated the EXIT circuit in Escherichia coli by harnessing homing endonuclease I-SceI and its cleavage
site. When integrated into multiple plasmids with different origins, the EXIT circuit allowed them to be eliminated
from the host cells, simultaneously. By combining the widely used plasmid-borne CRISPR-Cas9 system and the EXIT
circuit, we constructed an easy-to-use CRISPR-Cas9 system that eliminated the Cas9- and the single-guide RNA
(sgRNA)-encoding plasmids in one-step. Within 3 days, we successfully constructed an atrazine-degrading E. coli
strain, thus further demonstrating the advantage of this new CRISPR-Cas9 system for bacterial genome editing.

Conclusions: Our novel EXIT circuit, which exploits the homing endonuclease I-SceI, enables plasmid(s) with
different replication origins to be eliminated from their host cells rapidly and efficiently. We also developed an
easy-to-use CRISPR-Cas9 system with the EXIT circuit, and this new system can be widely applied to bacterial
genome editing.
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Background
Genome editing tools and editing strategies have enabled
bacteria to be programed for different functionalities
and their genetic architectures are engineered to make
microbial cell factories for generating products for
humans [1, 2], to provide workhorses for environmental
clean-up [3, 4], or to build vehicles for vaccine delivery

[5, 6]. The genetic tools developed on plasmid platforms
include genome editing [7, 8], large fragment integration
[9, 10], and experimental evolution [11, 12]. Although
great conveniences are brought by plasmid-borne tools,
eliminating such plasmids is an obstacle that impedes
follow-up genetic manipulation or application. Physical
methods such as microwaving [13] and chemical
methods such as exposure to clorobiocin [14] were
utilized to eliminate the tool plasmids. However, their
practical uses are limited for low efficiency and potential
damages to chromosomal DNA molecules. Another
solution for plasmid removal is the use of counter-
selection markers, but this approach often involves in
genetic modification of host strain, and is not applicable
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for strains other than the modified host [15]. Utilizing
temperature-sensitive origins of replication to build
plasmids is a widely used strategy for genome editing,
and examples of this include pW01ts for Clostridium
ljungdahlii [16], pWV01 for Lactococcus lactis [17], and
pSC101 for Escherichia coli [18]; however, this method
of plasmid elimination has low efficiency and is time-
consuming. Additionally, plasmids with temperature-
sensitive replication origins often have low copy
numbers [18, 19], a factor that often limits the expression
of target proteins as well as the efficiency of the editing
tools. Moreover, widely used two-plasmid systems [20, 21]
require at least two different types of plasmid replication
origins to avoid plasmid incompatibility [22].
The clustered regularly interspaced short palindromic

repeats-(CRISPR)-associated system (CRISPR-Cas system)
has emerged as an efficient genome editing technology
in several prokaryotes and eukaryotes, including E. coli
[10, 23], Saccharomyces cerevisiae [24], plants [25] and
mammalian cells [26]. The type II CRISPR-Cas system
from Streptococcus pyogenes uses a maturation CRISPR
RNA (crRNA) and trans-activating crRNA (tracrRNA) or
fused crRNA and tracrRNA as a single synthetic guide
RNA (sgRNA) guiding the nuclease Cas protein 9 (Cas9)
to the target of any DNA sequence, known as a protospa-
cer, with a protospacer-adjacent motif (PAM) present at
the 3′ end (NGG, where N represents any nucleotide)
[27]. The 20-bp complementary region (N20) with the
requisite NGG PAM that matches the genomic loci of
interest is programmed directly into a heterologously
expressed CRISPR array or synthetic guide RNA (sgRNA)
transcript. Typically, the CRISPR-Cas9 system is pro-
grammed on two plasmids for bacterial genome editing:
one encodes the Cas9 endonuclease, while the other en-
codes sgRNA to target a specific DNA sequence [8, 28–31].
However, eliminating the encoding plasmids can be an
issue in terms of the time and screening required [28]. In
E. coli, elimination of the CRISPR-Cas9 plasmids after
genome editing has been attempted. Jiang et al. [30] and
Li et al. [32] used inducible promoters to control the ex-
pression of the gRNA plasmid-targeting sgRNA, and as-
sembled the structure to the Cas9 encoding plasmids. In
order to eliminate the system, firstly the gRNA plasmid-
targeting sgRNA is induced, leading Cas9 nuclease to
cleave and eliminate the gRNA plasmid. Afterwards, the
Cas9 plasmid, which was built with the temperature sensi-
tive origin pSC101, is eliminated by changing the cultiva-
tion temperature. Ronda et al. designed a self-killing
plasmid to carry the gRNAs [33]. An L-rhamnose indu-
cible CRISPR natural array encoding two pre-crRNAs that
target the origin and the kanamycin antibiotic marker of
the plasmid. Upon induction, the gRNA plasmid was cut
and digested to facilitate sequential engineering cycles. In
another study, Reisch et al. [31] utilized the temperature

sensitive pSC101 replication origin to encode sgRNA. To
cure the system, the pSC101-encoded sgRNA targeting
the Cas9 plasmid was transformed to eliminate the Cas9
encoding plasmid, and this plasmid was then cured via the
temperature sensitive pSC101 replication origin. However,
with both of the aforementioned strategies, the CRISPR-
Cas9 encoding plasmids have to be eliminated sequen-
tially, consuming at least two days.
In this study, we exploited the rare-cutting restriction

feature of the homing endonuclease and its cognate
recognition site [34, 35] to rationally design a synthetic
circuit to eliminate one or more target plasmids
simultaneously (designated the EXIT circuit). The yeast
mitochondrial I-SceI endonuclease, which has an 18-bp
recognition site (5′-TAGGGATAACAGGGTAAT-3′),
has been employed to introduce specific double-strand
DNA breaks (DSBs) in many organisms [36–39]. As a
proof of concept, we constructed the EXIT circuit in E.
coli by harnessing the homing endonuclease I-SceI and
its recognition site in a modularized fashion. The modu-
larized EXIT circuit can be rapidly assembled to different
plasmids in a “plug-and-play” way. By patching this
novel EXIT circuit, we reconstructed an easy-to-use
CRISPR-Cas9 system that enabled both the Cas9- and
the sgRNA-encoding plasmids to be eliminated in a
single step. The new easy-to-use CRISPR-Cas9 system
facilitated editing of the E. coli genome, and a recombin-
ant E. coli strain capable of degrading the herbicide atra-
zine [40, 41] was rapidly constructed. Our results show
that the EXIT circuit is a simple, reliable and rapid
method for one-step plasmid elimination, and that the
reconstructed CRISPR-Cas9 system is an easy-to-use
and efficient editing tool for bacterial genomes.

Results
Designing and constructing the synthetic EXIT circuit
To rapidly eliminate plasmids from their bacterial hosts,
the homing endonuclease and its cognate recognition
site [34, 35] were exploited to construct the synthetic
EXIT circuit. As outlined in Fig. 1, the EXIT circuit com-
prises a control module and an exit module. The control
module consists of the homing endonuclease under the
control of a tightly-regulated promoter, with two termi-
nators flanking both sides to insulate the cassette from
adjacent sequences, and two cognate endonuclease
recognition sites at both ends. The exit module has an
antibiotic resistance cassette bordered by two homing
endonuclease recognition sites. When the tightly regu-
lated promoter is activated by the inducer, the homing
endonuclease recognizes and cleaves its recognition sites
in the control and exit modules, resulting in DSBs and
plasmid elimination. By integrating the two modules, the
plasmid(s) can be efficiently eliminated from the host.
The EXIT circuit can be integrated into plasmids with
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any replication origin, thus allowing multiple plasmids
present in the same cell to be simultaneously eliminated
later on.
As a proof of concept, we employed the I-SceI homing

endonuclease and its cleavage site to build the EXIT
circuit in E. coli (Fig. 2a). The pEC101 plasmid with the
p15A-origin [42] that carries the EXIT circuit was
created. In this EXIT circuit, the functional I-SceI endo-
nuclease was tightly controlled under an L-arabinose-
inducible promoter PBAD [43], with two terminators
(TET and T1 T2) added to both sides and two I-SceI
cleavage sites inserted at both ends. Two linkers (L1 and
L2) from R2oDNA Designer [44] were used for the easy
assembly of plasmids with various replication origins in
a plug-and-play fashion.
The expression level of the I-SceI endonuclease (under

control of the PBAD promoter) was evaluated using the
pEC001 I-SceI-GFPmut3b fusion plasmid. As shown in
Fig. 2b, I-SceI expression increased with increasing
concentrations of L-arabinose (0–100 mM). L-arabinose
at 100 mM showed the fastest and greatest response for
I-SceI expression.

Evaluating the EXIT circuit
To determine the plasmid elimination efficiency of the
EXIT circuit, the GFPmut3b reporter gene was used as
an indicator. GFPmut3b equipped with a strong consti-
tutive promoter, was inserted into the pEC101 plasmid
to generate plasmid pEC201. When the EXIT circuit was
activated by L-arabinose, the I-SceI endonuclease cleaved
its cognate sites and the plasmid was killed. As a result,
the fluorescence from GFPmut3b decreased. We evalu-
ated the elimination efficiencies at both the population
(Fig. 2c) and single-cell levels (Fig. 2d).

First, we characterized the elimination efficiency of the
EXIT circuit at the population level using different
concentrations of L-arabinose as the inducer. As shown in
Fig. 2c, we found that 1 mM L-arabinose induced a
dramatic decrease in GFPmut3b fluorescence. However,
increasing the L-arabinose concentrations up to 100 mM
resulted in the most significant and fastest decrease of
fluorescence, suggesting that the plasmids were more effi-
ciently and rapidly eliminated (Fig. 2c). Second, we tested
the dynamic response of the EXIT circuit at the single-cell
level (Fig. 2d). The average GFPmut3b fluorescence
decreased significantly and continuously from 0 h, when
L-arabinose was added, to 12 h afterwards. We also deter-
mined the average fluorescence of the cells at 18 h post-
treatment (see Additional file 1: Figure S1) and the results
showed that it was similar to that at 12 h. That some cells
retained fluorescence might be caused by a remnant of
the GFPmut3b protein remaining in the cells.
We further evaluated the elimination efficiency of the

EXIT circuit by monitoring the loss of chloramphenicol
resistance in recombinant E. coli harboring pEC101. It
was expected that E. coli would fail to grow on chloram-
phenicol plates when pEC101 was eliminated. Samples
were taken at 0, 1, 2, 3, 6, 9 and 12 h, and the results
indicated that approximately 100% elimination was
achieved at 3 h and afterwards (Fig. 2e). A representative
determination of plasmid elimination in uninduced and
induced cells (at 12 h) is shown in Fig. 2f. The EXIT
circuit-encoding plasmid was very stable even without
antibiotic selection pressure in the uninduced sample
(Fig. 2f, panel L); however, it was rapidly and efficiently
eliminated when the EXIT circuit was activated by
L-arabinose (Fig. 2f, panel R). Elimination of the pEC101
plasmid was confirmed by PCR verification with the
pEC101-specific primer pair (Additional file 1: Figure S2A).

Validation of the EXIT circuit using different plasmid
origins and simultaneous elimination of two plasmids
The modularity and orthogonality of the functional
elements of the newly designed EXIT circuit means that
this circuit may be readily applicable to a wide variety of
plasmids with different replication origins. To confirm
this, the EXIT circuit was assembled in other plasmid
types with different replication origins, and four plas-
mids (pEC105, pEC102, pEC103 and pEC104) were con-
structed from pBelobac11 (single copy) [45], pBR322
(medium copy) [46], colE1 (high copy) [47] and pMB1
(very high copy) [48], respectively. The elimination effi-
ciencies of these plasmids were determined (Fig. 3a), and
the results indicated that all four plasmids were elimi-
nated at high efficiency even after only a 3 h induction.
Approximately 100% plasmid elimination was observed
after a 12 h induction. The plasmid elimination was also
confirmed by PCR (Additional file 1: Figure S2, B-E).

Fig. 1 Conceptual illustration of the EXIT circuit. The EXIT circuit
comprises a control module and an exit module. The two modules
can be assembled into one or more plasmids. Activation of the
homing endonuclease gene (HEG) will result in cleavage of the
control and exit modules, thereby eliminating the host plasmids
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The results indicate that the EXIT circuit possesses the
important feature of robustness across various plasmids.
Another important feature of the EXIT circuit is its

ability to allow multiple plasmids in the same cell to be
eliminated simultaneously. To demonstrate this feature,
the control module and the exit module of the EXIT cir-
cuit were assembled in two plasmids. The plasmid en-
coding the I-SceI endonuclease (Control module, Fig. 1)
was designated the elimination plasmid, while the other
plasmid encoding the antibiotic cassette flanked by two
I-SceI cleavage sites (Exit module, Fig. 1) was designated
the exit plasmid. The pEM106 exit plasmid was con-
structed and co-transformed with pEC101 elimination
plasmid into E. coli NEB10β (Fig. 3b). At 12 h post-
induction, the two plasmids were successfully and simul-
taneously eliminated from 75% of the cells (Fig. 3c),

while the pEC101 plasmid was completely eliminated
(Fig. 3d). The two-plasmid elimination was also confirmed
by PCR amplification (Additional file 1: Figure S3). The
results suggest that the EXIT circuit has potential to elim-
inate more plasmids simultaneously.

Construction of the easy-to-use CRISPR-Cas9 system
CRISPR-Cas9 systems were developed for genome
editing in E. coli [8, 30–32], and the Cas9- and sgRNA-
encoding plasmids persist in cells [8], or have to be
eliminated sequentially [30–32] after genome editing. To
solve this problem, we constructed a new and easy-to-
use CRISPR-Cas9 system by patching the EXIT circuit,
thus allowing one-step elimination of the two plasmids
(Fig. 4a). The Cas9 protein under control of an IPTG-
inducible Plac promoter, and the exit module of the EXIT

Fig. 2 Validation of the control module of the EXT circuit. a Schematic of the control module of the EXIT circuit constructed in E. coli. b Characterization
of I-SceI expression from the I-SceI-GFPmut3b pEC001 plasmid in response to different concentrations of the L-arabinose inducer. c-d Evaluation of control
module responses to different L-arabinose concentrations at the population level (c) and at the single-cell level (d). e Elimination efficiencies of the
control module at different induction times. f Visual demonstration of elimination efficiency on plates. Symbols in Panel c: (■) No inducer and (●) 1 mM;
(▲) 5 mM; (▼) 10 mM; (♦) 100 mM L-arabinose. For panels c and e, three samples were evaluated and the standard errors are indicated
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circuit were assembled in a p15A-origin plasmid, namely
pCAS92. The sgRNA (under control of promoter
PJ23119) and the control module of the EXIT circuit were
assembled in a ColE1-origin plasmid, namely pGRNA2.
When genome editing was performed, the λ-Red recom-
binase was utilized to improve the frequency of homolo-
gous recombination (HR) [30, 31]. Additional file 1:
Figure S4 shows the detailed procedure used for the
easy-to-use CRISPR-Cas9 system.
We demonstrated the usefulness of the easy-to-use

CRISPR-Cas9 system by editing the E. coli genome for
scarless integration of the lacZ expression cassette. A
target-sequence (5′-CGTAATATACGGGGTCAATA-3′)
located between the ompW and yciE loci in the E. coli
genome was chosen to build the pGRNA2-1 sgRNA
plasmid (Additional file 1: Figure S5A). E. coli NEB10β,
which harbors pCAS92 and pKD46, was co-transformed
with pGRNA2-1, and the linear lacZ cassette with
homology arms was supplied as a PCR product. The
rescued colonies increased in number as the donor
concentrations increased (Additional file 1: Figure S5B).
The lacZ cassette integrated into the E. coli chromosome
with 99.7% efficiency and formed blue colonies on

5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal)
plates (Fig. 4b), a result confirmed by PCR amplification
(Fig. 4c) and DNA sequencing (Additional file 1: Figure S6).
The advantage of the CRISPR-Cas9 system lies in its

easy-to-use manner (Fig. 4d). One-step plasmid elimin-
ation is achievable unlike the stepwise elimination
method of previously developed CRISPR-Cas9 systems
[30–32]. The plasmids, pCAS92 and pGRNA2-1 were
eliminated by induction with L-arabinose, and pKD46
was simultaneously eliminated by cultivation at 37 °C for
12 h [49]. Thus, all three plasmids were eliminated at
one-step. Their elimination was achieved with high effi-
ciency and was confirmed by PCR analysis. The plasmid
pCAS92 (Fig. 4e, panel upper) and pKD46 (Fig. 4e, panel
bottom) were eliminated from all 23 of the recombinant
E. coli clones that were tested, while pGRNA2-1 was
eliminated from 21 clones (Fig. 4e, middle panel).
We further utilized the easy-to-use CRISPR-Cas9

system to construct a scarless, plasmid-free atrazine
degrading strain. Atrazine chlorohydrolase (AtzA) was
able to catalyze the hydrolytic dechlorination of atrazine
(Fig. 4f ), yielding 2-hydroxyatrazine, which is non-
herbicidal and non-phytotoxic [50]. AtzA driven by a
strong promoter, was rapidly integrated into the wild-
type E. coli MG1655 chromosome and the integration
was confirmed (Additional file 1: Figure S7). Our results
showed that the integrated AtzA was functionally
expressed from the edited chromosome, and the recom-
binant E. coli acquired the ability to degrade atrazine. A
clear ring resulting from the hydrolysis of atrazine was
apparent on the agar plate supplemented with atrazine
(Fig. 4g), and the diameter of this hydrolyzing ring in-
creased as the incubation time was extended (Fig. 4h).

Discussion
The CRISPR-Cas9 system has been widely used in
genome-scale editing for microorganisms [8, 28–31, 49].
Upon completion of genome editing, removal of the
CRISPR-Cas9 encoding plasmids is often essential for
the next round of genome editing or to reuse the encod-
ing plasmids with the same replication origins. Stepwise
methods to eliminate CRISPR-Cas9-encoding plasmids
have been reported [30–32]. With our newly established
easy-to-use CRISPR-Cas9 system, the encoding plasmids
were eliminated in a single step in 3–12 h. By compari-
son, the methods of Jiang et al. [30], Li et al. [32] and
Reisch et al. [31] (Fig. 4d) reported that eliminating two
encoding plasmids took at least 2 days and much more
laboratory work was needed. Ronda et al. also exploited
CRISPR-Cas9 cleavage ability to efficiently eliminate the
gRNA plasmid, but did not demonstrated the Cas9
plasmid elimination [33]. Our easy-to-use CRISPR-Cas9
system significantly reduces the experimental workload
and time requirements. Plasmid elimination using the

Fig. 3 Validation of the EXIT circuit with different plasmid replication
origins and simultaneous plasmid elimination. a Robustness of the
EXIT circuit with four different plasmid replication origins. N: not
induced. b Scheme used for one-step elimination of two plasmids.
c Efficiency determination for eliminating both pEC101 and pEM106
(bar represents standard error; n = 3 independent cultures). d Visual
demonstration of pEC101 and pEM106 elimination on plates
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current version of the easy-to-use CRISPR-Cas9 system is
controlled by the same L-arabinose signal as in the original
system, therefore the pCAS92 plasmid needs to be re-
introduced into the cells when performing iterative gen-
ome editing. Thus, a modified version of the easy-to-use
CRISPR-Cas9 system is needed in the future, where the
EXIT circuits controlled by different signals would be
patched to achieve sequential or simultaneous plasmid
elimination as required. The λ-Red recombinase system
has been demonstrated its ability to improve genome

editing efficiency [30, 31]. In our present work, the λ-Red
system was carried on a separate plasmid (pKD46) and
worked together with the pCAS92 plasmid to enhance HR
efficiency. Such λ-Red system is possibly assembled into
the pCAS92 plasmid to build an all-in-one plasmid thus
facilitate plasmid transformation and genetic manipulation.
In addition to the easy-to-use CRIPR-Cas9 system de-

veloped in this study, the newly designed EXIT circuit
may have wider applications for plasmid elimination
during genetic manipulation in various microorganisms.

Fig. 4 Construction and application of the easy-to-use CRISPR-Cas9 system. a Plasmid maps for the new easy-to-use CRISPR-Cas9 system. b Visual
demonstration of efficient LacZ cassette integration via blue-white colony selection. c PCR verification of lacZ integration using a forward primer
upstream of the left arm and a reverse primer downstream of the right arm of the chromosome. C-, with parent E. coli cells as the template.
d Comparison of the easy-to-use CRISPR-Cas9 system versus previously developed CRISPR-Cas9 systems. The easy-to-use CRISPR-Cas9 system can
eliminate plasmids in one single step instead of stepwise elimination. e PCR verification of plasmid elimination for pCAS92 (Upper), pGRNA2
(Middle) and pKD46 (Bottom). f AtzA catalyzes the hydrolytic dechlorination of atrazine to 2-hydroxyatrazine. g Atrazine degradation is indicated
by the clear ring on an agar plate supplemented with atrazine. h The diameter of this degradation ring increased with extended incubation time
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Physical and chemical methods [13, 14] are tedious to use
and can damage chromosomal DNA molecules, while the
methods that involve using counter-selection markers [15]
or temperature-sensitive origins [16–18] usually involve
construction of a host mutant [15] or construction of a
replication origin mutant library with massive selection
[51], all of which are labor-intensive and time-consuming.
In contrast, the rationally designed EXIT circuit uses mild
conditions and requires little labor. The EXIT circuit can
also be used with other genome manipulation tools or
strategies. We propose a new road map for developing
next-generation tools and strategies for genome engineer-
ing involving the use of the EXIT circuit (Additional file 1:
Figure S8). By patching the EXIT circuit, the plasmids in
routine use can be modified as an easy-to-use plasmid kit.
Through use of this kit, the plasmid-based genome engin-
eering tools can be easily eliminated from hosts after gen-
ome manipulation is complete.

Conclusion
In this study, we used the EXIT circuit as a proof of
concept tool for plasmid elimination following genome
editing. The EXIT circuit that is comprised of a control
module and an exit module exploits the I-SceI homing
endonuclease and its cognate recognition site. Our data in-
dicates that the EXIT circuit can be used for efficient and
rapid elimination of one or more plasmids with diverse
replication origins. The easy-to-use CRISPR-Cas9 system
has been developed to allow for rapid, one-step elimination
of Cas9- and the sgRNA-encoding plasmids. Although our
work was carried out with E. coli, we consider that modi-
fied versions of the current EXIT circuit and the easy-to-
use CRISPR-Cas9 system are potentially applicable to other
microorganisms to bring about rapid plasmid elimination
after genome editing.

Methods
Strains, plasmids, and cultivation conditions
The bacterial strains and plasmids used in this study are
listed in Table 1. E. coli NEB10β was used for general plas-
mid construction and the validation experiments. WT E.
coli MG1655 was used to construct the atrazine degrad-
ation strain. All E. coli strains were cultivated in liquid
Luria-Bertani (LB) medium at 37 °C, or at 30 °C when
pKD46 was present. When necessary, appropriate antibiotics
were added to the cultures at the following concentrations
(μg/mL): ampicillin (100), kanamycin (50), chloramphenicol
(20), and erythromycin (200). L-arabinose was added to the
medium as an inducer at the concentrations indicated. X-gal
was plated onto LB agar for blue-white colony selection.

Genetic manipulation and transformation
Plasmid and chromosomal DNAs were isolated using the
E.Z.N.A. Plasmid Mini Kit and the E.Z.N.A. bacterial DNA

kit (OMEGA, Beijing, China). DNA fragments for plasmid
assembly were purified using the E.Z.N.A. Gel Extraction
Kit (OMEGA). PCR enzymes, Gibson reaction enzymes and
restriction enzymes were purchased from New England
BioLabs (MA, US). Q5 High-Fidelity DNA Polymerase was
used for amplifying fragments for DNA assembly. PCR veri-
fication was performed with OneTaq 2X Master Mix. DNA
sequencing was undertaken by Genewiz (Beijing, China).
E. coli electro-competent cells were prepared according

to the method reported earlier [52]. Electroporation was
performed in a pre-chilled 2 mm gap electroporation
cuvette (Bio-Rad) at 2.5 kV with a Bio-Rad MicroPulser.
LB (1 mL) was added to the shocked cells, which were
allowed to recover for 1 h before plating them onto LB
agar with the appropriate antibiotics.

Plasmid construction
The Gibson assembly method [53] was used for plasmid
construction. The resultant plasmids were confirmed by
restriction enzyme digestion and sequencing. The pEC100
plasmid was constructed by amplifying terminator TET
and terminator T1 T2 from plasmid pCP202, amplifying
the araC-PBAD cassette from plasmid pKD46, amplifying
the I-SceI open reading frame (ORF) from the synthesized
template (Genewiz, Beijing), and cloning into pACYC184.
The pEC001 I-SceI-GFPmut3b fusion plasmid was con-
structed by inserting GFPmut3b into pEC100 downstream
of I-SceI. The control module of the EXIT circuit was
constructed by inserting two I-SceI cleavage sites into
both ends of the TET-araC-PBAD-I-SceI-T1 T2 cassette of
pEC100 to generate plasmid pEC101. The GFPmut3b
pEC201 indicator plasmid was constructed by amplifying
the PJ23119-driven GFPmut3b reporter gene from plasmid
pP103 and inserting it into plasmid pEC101. The control
module was assembled in pbeloBac11 to generate plasmid
pEC105, in pET-19(b) (pBR322 origin) to generate plas-
mid pEC102, in plasmid pIC202 (ColE1 origin) to gener-
ate plasmid pEC103, and in plasmid pUC-EM (pMB1) to
generate plasmid pEC104. The exit module pEM106-en-
coding plasmid was constructed by introducing two I-
SceI cleavage sites at both ends of the original ampi-
cillin marker in plasmid pET-19(b).
To construct the easy-to-use CRISPR-Cas9 system,

two I-SceI cleavage sites were introduced to both ends
of the kanamycin cassette of plasmid pICK1 to generate
plasmid pICK2. The Cas9 protein-encoding gene was
then amplified from pCas9 to replace the GFP ORF of
pICK2, resulting in plasmid pCAS92. The sgRNA scaf-
fold, together with the strong PJ23119 promoter, was
synthetized by Genewiz (Beijing, China), after which it
was PCR-amplified and cloned into plasmid pEC103 to
generate plasmid pGRNA2. A DNA annealing procedure
was used to obtain the N20 pairing of the targeted gen-
ome sequence. The 20 nucleotide sequence region (N20,
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Additional file 1: Figure S5) between ompW and yciE
was introduced using the primers that amplified the
pGRNA2 scaffold to generate plasmid pGRNA2-1.

Validating the control module at population and
single-cell levels
An overnight culture of E. coli NEB10β/pEC001 or E.
coli NEB10β/pEC201 was inoculated into LB broth with
different concentrations of L-arabinose, and then trans-
ferred to separate wells in a 96-well flat clear-bottom
plate (Corning Costar, cat. # 3603). The plate was
incubated at 37 °C overnight on a microplate reader
(BioTek, SynergyH4) and measurements were taken.

GFP fluorescence was continuously read (excitation
wavelength of 488 nm; emission wavelength of 520 nm),
and cellular growth was detected at 600 nm (optical
density, OD600).
An overnight culture of E. coli NEB10β/pEC201 was

inoculated to LB broth with 100 mM L-arabinose, and
samples were taken every 6 h. One mL samples were
spun down and the pellets were re-suspended in 1 mL
of PBS and then stored on ice until analysis. The GFP
distribution in the cell population was analyzed by flow
cytometry using a BD FACS Calibur cytometer. For each
sample, 30,000 events were analyzed. Data processing
was performed using Flowjo7.5.

Table 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) References

Strains

Escherichia coli NEB10β Δ(ara-leu) 7697 araD139 fhuA ΔlacX74 galK16 galE15 e14- ϕ80dlacZΔM15 recA1
relA1 endA1 nupG rpsL (StrR) rph spoT1 Δ(mrr-hsdRMS-mcrBC)

NEB

E. coli MG1655 K-12 F− λ−ilvG−rfb-50 rph-1 Lab stock

Plasmids

pACYC184 p15A, CmR [42]

pCP202 Broad host vector pBBR1-MCS2 derivative, TET, PCN-GFPmut3b-T1T2 Lab stock

pKD46 Exo, bet, gam, rep and arabinose operon [55]

pEC100 p15A, CmR, TET-araC-PBAD-I-SceI-T1T2 This study

pEC001 p15A, CmR, araC-PBAD-I-SceI-GFPmut3b fusion This study

pEC101 p15A, CmR, the control module composed of TET-araC-PBAD-I-SceI-T1T2,
bordered by two I-SceI cleavage sites

This study

pP103 p15A, CmR, PJ23119-GFPmut3b Lab stock

pEC201 p15A, CmR, the control module, PJ23119-GFPmut3b This study

pET-19(b) pBR322, AmpR Lab stock

pEC102 pBR322, AmpR, the control module This study

pIC202 colE1, CmR Lab stock

pEC103 colE1, CmR, the control module This study

pUC-EM pMB1, EmR Lab stock

pEC104 pMB1, EmR, the control module This study

pbeloBac11 repE, CmR, sopA, sopB, sopC, cos Lab stock

pEC105 pBeloBAC11 derivative, CmR, the control module This study

pEM106 pBR322, the exit module of AmpR This study

pCAS9 Cas9 [8]

pICK1 p15A, KanR, lacI-Plac-GFP Lab stock

pICK2 p15A, lacI-Plac-GFP, the exit module of KanR This study

pCAS92 p15A, lacI-Plac-Cas9, the exit module of KanR This study

pGRNA2 colE, CmR, sgRNA scaffold, the control module This study

pGRNA2-1 pGRNA2 derivative, sgRNA with the N20 sequence targeting region between
ompW and yciE

This study

pCM1001 incP broad host vector, PTEF1-lacZ-T1T2 This study

PCT100 Broad host vector pBBR1-MCS2 derivative, PCN23-atzA-T1T2 This study
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Plasmid elimination procedure and elimination efficiency
determination
E. coli for the plasmids patching the EXIT circuit were
induced with L-arabinose and then plated onto
antibiotic-free plates. The colonies grown up were
picked and streaked onto plates containing the appropri-
ate antibiotics for growth tests. Antibiotic-sensitive col-
onies were considered to have had their plasmid(s)
eliminated. The results were confirmed by PCR verifica-
tion with plasmid-specific primer pairs.
To determine the elimination efficiency, 100 colonies

formed on antibiotic-free plates were picked for streaking
onto LB broth containing appropriate antibiotics. Colonies
with sensitivity to the appropriate antibiotics were
counted as those with successfully eliminated plasmids
(number of sensitive colonies per total number of colonies
tested). The experiments were performed in triplicate.

Genome editing procedure
An overnight culture of E. coli harboring both pCAS92
and pKD46 was added to fresh LB medium containing
ampicillin and kanamycin for culturing at 30 °C with
150 rpm. When the OD600 reached 0.25–0.30, 1 mM
IPTG was added to induce Cas9 expression, and 10 mM
L-arabinose was added to induce λ-Red recombinase ex-
pression. When the OD600 reached 0.55–0.60, the cells
were harvested to prepare electro-competent cells. The
cells (50 μL) were mixed with 100 ng of the sgRNA plas-
mid and different amounts (as indicated) of the linear
dsDNA donor supplied as a PCR product, and electro-
poration was performed. After 2 h recovery at 30 °C, the
culture was plated onto LB agar containing kanamycin
and chloramphenicol. The colonies formed were con-
firmed as integration positive by colony PCR with a for-
ward primer upstream of the left homology arm and a
reverse primer downstream of the right homology arm.
E. coli parent strains were used as negative controls.
PCR products of the correct sizes were subjected to
DNA sequencing for verification.
Donor DNA was prepared as follows: The PTEF1-lacZ-

T1T2 cassette was PCR-amplified from plasmid
pCM1001, and the PCN23-atzA-T1T2 cassette was PCR-
amplified from plasmid pCT100. Both were assembled
with 600-bp upstream and downstream homology arms to
assist the integration site amplified from boiled E. coli cells
through splicing by overlapping extension PCR [54].
After genome editing, the plasmids were eliminated in

one step by growing the host cells at 37 °C and inducing
them with saturated L-arabinose. After 12 h cultivation,
the cells were diluted and plated onto antibiotic-free
plates. The colonies formed were confirmed to be plas-
mid eliminated by PCR verification with the following
three sets of primer pairs: CON.PCAS92 F/R, CON.
PGRNA2 F/R, and CON.PKD46 F/R.

Integration efficiency determination and rescue ability
calculations
The donor DNA for the PTEF1-lacZ-T1T2 cassette was
mixed with pGRNA2-1 and co-transformed into E. coli
NEB10β cells harboring pCAS92 and pKD46. After recov-
ery, the cells were plated onto X-gal plates for blue-white
colony selection. Blue colonies were considered to be suc-
cessfully integrated ones (number of blue colonies/total
number of colonies). The rescue ability of different
amounts of donor DNA was calculated by counting the
number of colony forming units (CFUs) in the experimen-
tal plates (i.e., cotransformation of the linear lacZ template
and genome targeting gRNA) with a control plate (trans-
formation of the genome targeting gRNA only).

Atrazine degradation strain construction and atrazine
degradation plate assays
The donor DNA for the PCN23-atzA-T1T2 cassette was
mixed with sgRNA plasmid pGRNA2-1 and then
cotransformed into E. coli MG1655, which harbored
pCAS92 and pKD46. The resultant colonies were con-
firmed by PCR and the atzA-integrated clone had elimi-
nated its plasmids. Atrazine was spread onto solid LB
plates at 100 μg per mL to produce an opaque LB agar
plate. Atrazine degradation was indicated by a clear ring
around the atrazine-degraded colonies.

Additional file

Additional file 1: Figure S1. Single-cell level evaluation of the control
module of EXIT circuit at 12-h and 18-h point. Figure S2. PCR verification
for elimination of plasmid pEC101 (A), pEC102 (B), pEC103 (C), pEC104 (D),
and pEC105 (E). DDW: with sterilized water as template; C-:with parent E.
coli harboring the corresponding plasmid as template. Figure S3. PCR verifi-
cation of two plasmid elimination. Lane 1, amplification with primer pair
CON.PEC101 F/R; Lane 2, PCR amplification with primer pair CON.PEM106 F/
R. DDW: template with sterilized water as control; C-:with parent E. coli har-
boring plasmid pEC101 and pEM106 as template. Figure S4. Detailed dia-
gram of genome editing procedure with the easy-to-use CRISPR-Cas9
system. Figure S5. Genome integration mediated by the easy-to-use
CRISPR-Cas9 system. (A) The design of single-guide RNA for targeted site in-
tegration. (B) The Rescue ability relative to donor concentrations. 3 samples
were determined and the standard errors are indicated. Figure S6. DNA se-
quencing of the upstream (A) and downstream (B) for confirmation of lacZ
cassette integration. Figure S7. DNA sequencing for confirmation of atzA
cassette integration. Figure S8. New roadmap proposed for developing
next-generation genetic editing tools and strategies. Table S1. Primers used
in this study. (DOC 9702 kb)

Abbreviations
AmpR: Ampicillin resistance gene; CFUs: Colony forming units;
CmR: Chloramphenicol resistance gene; CRISPR: Clustered regularly
interspaced short palindromic repeats; DSBs: Double-strand DNA breaks;
E. coli: Escherichia coli; EmR: Erythromycin resistance gene; FACS: Fluorescence
activate cell sorting; HEG: Homing endonuclease gene; HR: Homologous
recombination; IPTG: Isopropyl β-D-1-thiogalactopyranoside; KanR: Kanamycin
resistance gene; N20: 20-nt region complementary to the targeting region;
ORF: Open reading frame; PAM: Protospacer adjacent motif; PBS: Phosphate
buffered saline; PCR: Polymerase chain reaction; X-gal: 5-Bromo-4-chloro-3-
indolyl-β-D-galacto-pyranoside

Tang et al. Journal of Biological Engineering  (2017) 11:32 Page 9 of 11

dx.doi.org/10.1186/s13036-017-0072-5


Acknowledgements
We thank Dr. Tong Zhao for her assistance with the FACS experiments and
Drs. Jin-Feng Miao and Yang Wang for providing plasmid materials.

Funding
This work was supported by the CAS/SAFEA international partnership
program and the 973 Project from the Ministry of Science and Technology,
China (No. 2012CB7211-04).

Availability of data and materials
The data supporting the conclusions of this article is included within the
article and its Additional file 1.
The materials of the study are available from the authors upon reasonable
request. After publication of the paper, the materials will be shared to China
General Microbiological Culture Collection Center (CGMCC).

Authors’ contributions
SL supervised the study. QT conceived, designed and performed the
experiments. SL, QT, and CL wrote the manuscript. All authors have read and
approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1State Key Laboratory of Microbial Resources and Environmental
Microbiology Research Center, Chinese Academy of Sciences, Beijing 100101,
China. 2University of Chinese Academy of Sciences, Beijing 100049, China.
3CAS Key Laboratory for Microbial Physiology and Metabolic Engineering,
Chinese Academy of Sciences, Beijing 100101, China. 4Institute of
Microbiology, Chinese Academy of Sciences, Beichen Xilu 1, Chaoyang
District, Beijing 100101, China.

Received: 25 January 2017 Accepted: 1 August 2017

References
1. Bokinsky G, Peralta-Yahya PP, George A, Holmes BM, Steen EJ, Dietrich J, et

al. Synthesis of three advanced biofuels from ionic liquid-pretreated
switchgrass using engineered Escherichia Coli. Proc Natl Acad Sci U S A.
2011;108(50):19949–54.

2. Zhang F, Carothers JM, Keasling JD. Design of a dynamic sensor-regulator
system for production of chemicals and fuels derived from fatty acids.
Nat Biotechnol. 2012;30(4):354–9.

3. Furukawa K. 'Super bugs' for bioremediation. Trends Biotechnol.
2003;21(5):187–90.

4. Kurumbang NP, Dvorak P, Bendl J, Brezovsky J, Prokop Z, Damborsky J.
Computer-assisted engineering of the synthetic pathway for biodegradation
of a toxic persistent pollutant. ACS Synth Biol. 2014;3(3):172–81.

5. Liu W, Yuan C, Bao J, Guan W, Zhao Z, Li X, et al. Generation of an
attenuated strain oral vaccine candidate using a novel double selection
platform in Escherichia Coli. Appl Microbiol Biotechnol. 2015;99(2):855–67.

6. Liu W, Li X, Bao J, Guan W, Zhao Z, Yuan C, et al. Construction and
evaluation of a fluorescence-based live attenuated Escherichia Coli delivery
system for generating oral vaccine candidate. Appl Microbiol Biotechnol.
2015;99(9):4005–18.

7. Enyeart PJ, Chirieleison SM, Dao MN, Perutka J, Quandt EM, Yao J, et al.
Generalized bacterial genome editing using mobile group II introns and
Cre-lox. Mol Syst Biol. 2013;9:685.

8. Jiang WY, Bikard D, Cox D, Zhang F, Marraffini LA. RNA-guided editing
of bacterial genomes using CRISPR-Cas systems. Nat Biotechnol.
2013;31(3):233–9.

9. Miyazaki R, van der Meer JR. A new large-DNA-fragment delivery system
based on integrase activity from an integrative and conjugative element.
Appl Environ Microbiol. 2013;79(14):4440–7.

10. Bassalo MC, Garst AD, Halweg-Edwards AL, Grau WC, Domaille DW, Mutalik VK,
et al. Rapid and efficient one-step metabolic pathway integration in E. Coli.
ACS Synth Biol. 2016;5(7):561–8.

11. Chou HH, Keasling JD. Programming adaptive control to evolve increased
metabolite production. Nat Commun. 2013;4:2595.

12. Portnoy VA, Bezdan D, Zengler K. Adaptive laboratory evolution–harnessing
the power of biology for metabolic engineering. Curr Opin Biotechnol.
2011;22(4):590–4.

13. Berzin V, Kiriukhin M, Tyurin M. "curing" of plasmid DNA in acetogen using
microwave or applying an electric pulse improves cell growth and
metabolite production as compared to the plasmid-harboring strain.
Arch Microbiol. 2013;195(3):181–8.

14. Brana H, Benada O, Navratil O, Cejka K, Hubacek J. Stability of the hybrid
plasmid pIM138 and its curing by some eliminating agents. Folia Microbiol
(Praha). 1983;28(6):441–5.

15. Cui GZ, Zhang J, Hong W, Xu C, Feng Y, Cui Q, et al. Improvement of ClosTron for
successive gene disruption in clostridium cellulolyticum using a pyrF-based
screening system. Appl Microbiol Biotechnol. 2014;98(1):313–23.

16. Molitor B, Kirchner K, Henrich AW, Schmitz S, Rosenbaum MA. Expanding
the molecular toolkit for the homoacetogen clostridium ljungdahlii. Sci Rep.
2016;6:31518.

17. Seegers JF, Zhao AC, Meijer WJ, Khan SA, Venema G, Bron S. Structural and
functional analysis of the single-strand origin of replication from the
lactococcal plasmid pWV01. Mol Gen Genet. 1995;249(1):43–50.

18. Hashimoto-Gotoh T, Franklin FC, Nordheim A, Timmis KN. Specific-purpose
plasmid cloning vectors. I. Low copy number, temperature-sensitive,
mobilization-defective pSC101-derived containment vectors. Gene.
1981;16(1-3):227–35.

19. Watabe K, Forough R. Effects of temperature-sensitive variants of the
Bacillus subtilis dnaB gene on the replication of a low-copy-number
plasmid. J Bacteriol. 1987;169(9):4141–6.

20. Brzoska AJ, Firth N. Two-plasmid vector system for independently controlled
expression of green and red fluorescent fusion proteins in Staphylococcus
Aureus. Appl Environ Microbiol. 2013;79(9):3133–6.

21. Skowronek K, Kasprzak AA. A two-plasmid system for independent genetic
manipulation of subunits of homodimeric proteins and selective isolation of
chimeric dimers. Anal Biochem. 2002;300(2):185–91.

22. Uhlin BE, Nordstrom K. Plasmid incompatibility and control of replication:
copy mutants of the R-factor R1 in Escherichia coli K-12. J Bacteriol.
1975;124(2):641–9.

23. Chung ME, Yeh IH, Sung LY, Wu MY, Chao YP, Ng IS, et al. Enhanced
integration of large DNA into E. Coli chromosome by CRISPR/Cas9.
Biotechnol Bioeng. 2017;114(1):172–83.

24. DiCarlo JE, Norville JE, Mali P, Rios X, Aach J, Church GM. Genome
engineering in Saccharomyces cerevisiae using CRISPR-Cas systems. Nucleic
Acids Res. 2013;41(7):4336–43.

25. Shan Q, Wang Y, Li J, Zhang Y, Chen K, Liang Z, et al. Targeted genome
modification of crop plants using a CRISPR-Cas system. Nat Biotechnol.
2013;31(8):686–8.

26. Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex genome
engineering using CRISPR/Cas systems. Science. 2013;339(6121):819–23.

27. Deltcheva E, Chylinski K, Sharma CM, Gonzales K, Chao Y, Pirzada ZA, et al.
CRISPR RNA maturation by trans-encoded small RNA and host factor RNase
III. Nature. 2011;471(7340):602–7.

28. Oh JH, van Pijkeren JP. CRISPR-Cas9-assisted recombineering in
Lactobacillus reuteri. Nucleic Acids Res. 2014;42(17):e131.

29. Wang Y, Zhang ZT, Seo SO, Lynn P, Lu T, Jin YS, et al. Bacterial genome
editing with CRISPR-Cas9: deletion, integration, single nucleotide
modification, and desirable “clean” mutant selection in Clostridium
Beijerinckii as an example. ACS Synth Biol. 2016;5(7):721–32.

30. Jiang Y, Chen B, Duan C, Sun B, Yang J, Yang S. Multigene editing in the
Escherichia Coli genome via the CRISPR-Cas9 system. Appl Environ
Microbiol. 2015;81(7):2506–14.

31. Reisch CR, Prather KL. The no-SCAR (Scarless Cas9 assisted Recombineering)
system for genome editing in Escherichia Coli. Sci Rep. 2015;5:15096.

Tang et al. Journal of Biological Engineering  (2017) 11:32 Page 10 of 11



32. Li Y, Lin Z, Huang C, Zhang Y, Wang Z, Tang YJ, et al. Metabolic
engineering of Escherichia Coli using CRISPR-Cas9 meditated genome
editing. Metab Eng. 2015;31:13–21.

33. Ronda C, Pedersen LE, Sommer MO, Nielsen AT. CRMAGE: CRISPR optimized
MAGE Recombineering. Sci Rep. 2016;6:19452.

34. Belfort M, Roberts RJ. Homing endonucleases: keeping the house in order.
Nucleic Acids Res. 1997;25(17):3379–88.

35. Belfort M, Bonocora RP. Homing endonucleases: from genetic anomalies to
programmable genomic clippers. Methods Mol Biol. 2014;1123:1–26.

36. Fairhead C, Dujon B. Consequences of unique double-stranded breaks
in yeast chromosomes: death or homozygosis. Mol Gen Genet.
1993;240(2):170–8.

37. Chen Z, Ling W, Shang G. Recombineering and I-SceI-mediated
Pseudomonas putida KT2440 scarless gene deletion. FEMS Microbiol Lett.
2016;363(21):fnw231.

38. Rouet P, Smih F, Jasin M. Expression of a site-specific endonuclease
stimulates homologous recombination in mammalian cells. Proc Natl Acad
Sci U S A. 1994;91(13):6064–8.

39. De Moraes MH, Teplitski M. Fast and efficient three-step target-specific
curing of a virulence plasmid in salmonella enterica. AMB Express.
2015;5(1):139.

40. De Souza ML, Wackett LP, Boundy-Mills KL, Mandelbaum RT, Sadowsky MJ.
Cloning, characterization, and expression of a gene region from pseudomonas
sp. strain ADP involved in the dechlorination of atrazine. Appl Environ
Microbiol. 1995;61(9):3373–8.

41. Copley SD. Evolution of efficient pathways for degradation of
anthropogenic chemicals. Nat Chem Biol. 2009;5(8):559–66.

42. Rose RE. The nucleotide sequence of pACYC184. Nucleic Acids Res.
1988;16(1):355.

43. Newman JR, Fuqua C. Broad-host-range expression vectors that carry the
L-arabinose-inducible Escherichia Coli araBAD promoter and the araC
regulator. Gene. 1999;227(2):197–203.

44. Casini A, Christodoulou G, Freemont PS, Baldwin GS, Ellis T, MacDonald JT.
R2oDNA designer: computational design of biologically neutral synthetic
DNA sequences. ACS Synth Biol. 2014;3(8):525–8.

45. Hu S, Liu Z, Zhang X, Zhang G, Xie Y, Ding X, et al. “Cre/loxP plus BAC”: a
strategy for direct cloning of large DNA fragment and its applications in
Photorhabdus luminescens and Agrobacterium tumefaciens. Sci Rep.
2016;6:29087.

46. Chakravartty V, Cronan JE. A series of medium and high copy number
arabinose-inducible Escherichia Coli expression vectors compatible with
pBR322 and pACYC184. Plasmid. 2015;81:21–6.

47. Freudenau I, Lutter P, Baier R, Schleef M, Bednarz H, Lara AR, et al.
ColE1-plasmid production in Escherichia Coli: mathematical simulation
and experimental validation. Front Bioeng Biotechnol. 2015;3:127.

48. Parke D. Construction of mobilizable vectors derived from plasmids RP4,
pUC18 and pUC19. Gene. 1990;93(1):135–7.

49. Qi LS, Larson MH, Gilbert LA, Doudna JA, Weissman JS, Arkin AP, et al.
Repurposing CRISPR as an RNA-guided platform for sequence-specific
control of gene expression. Cell. 2013;152(5):1173–83.

50. Vail AW, Wang P, Uefuji H, Samac DA, Vance CP, Wackett LP, et al.
Biodegradation of atrazine by three transgenic grasses and alfalfa
expressing a modified bacterial atrazine chlorohydrolase gene. Transgenic
Res. 2015;24(3):475–88.

51. Nallapareddy SR, Singh KV, Murray BE. Construction of improved temperature-
sensitive and mobilizable vectors and their use for constructing mutations in
the adhesin-encoding acm gene of poorly transformable clinical Enterococcus
faecium strains. Appl Environ Microbiol. 2006;72(1):334–45.

52. Moore SJ, Lai HE, Kelwick RJ, Chee SM, Bell DJ, Polizzi KM, et al. EcoFlex: a
multifunctional MoClo kit for E. Coli synthetic biology. ACS Synth Biol.
2016;5(10):1059–69.

53. Gibson DG, Young L, Chuang RY, Venter JC, Hutchison CA III, Smith HO.
Enzymatic assembly of DNA molecules up to several hundred kilobases.
Nat Methods. 2009;6(5):343–5.

54. Warrens AN, Jones MD, Lechler RI. Splicing by overlap extension by PCR
using asymmetric amplification: an improved technique for the generation
of hybrid proteins of immunological interest. Gene. 1997;186(1):29–35.

55. Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in
Escherichia Coli K-12 using PCR products. Proc Natl Acad Sci U S A.
2000;97(12):6640–5.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Tang et al. Journal of Biological Engineering  (2017) 11:32 Page 11 of 11


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Designing and constructing the synthetic EXIT circuit
	Evaluating the EXIT circuit
	Validation of the EXIT circuit using different plasmid origins and simultaneous elimination of two plasmids
	Construction of the easy-to-use CRISPR-Cas9 system

	Discussion
	Conclusion
	Methods
	Strains, plasmids, and cultivation conditions
	Genetic manipulation and transformation
	Plasmid construction
	Validating the control module at population and �single-cell levels
	Plasmid elimination procedure and elimination efficiency determination
	Genome editing procedure
	Integration efficiency determination and rescue ability calculations
	Atrazine degradation strain construction and atrazine degradation plate assays

	Additional file
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

