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A B S T R A C T   

Escherichia coli strain K-12 MG1655 has been proposed as an appropriate host strain for industrial production. 
However, the direct application of this strain suffers from the transformation inefficiency and plasmid instability. 
Herein, we conducted genetic modifications at a serial of loci of MG1655 genome, generating a robust and 
universal host strain JW128 with higher transformation efficiency and plasmid stability that can be used to 
efficiently produce desired chemicals after introducing the corresponding synthetic pathways. Using JW128 as 
the host, the titer of isobutanol reached 5.76 g/L in shake-flask fermentation, and the titer of lycopene reached 
1.91 g/L in test-tube fermentation, 40-fold and 5-fold higher than that of original MG1655, respectively. These 
results demonstrated JW128 is a promising chassis for high-level production of value-added chemicals.   

1. Introduction 

Escherichia coli, as one of the most important microorganism hosts, 
has been widely used for producing value-added chemicals [1–3]. Up to 
now, many E. coli strains have served as the industrial hosts, including 
BL21, C, Crooks, DH5α, K-12 MG1655, K-12 W3110, and W [4–10]. By 
using genomics, phenomics, transcriptomics, and genome-scale 
modeling, Monk et al. computationally predicted that K-12 MG1655 
has the greatest producing potential among the seven E. coli strains for 
two types of compounds under aerobic and anaerobic conditions: (1) all 
20 amino acids using native pathways and (2) non-native compounds 
using 245 heterologous pathways [4]. Combining predicted fluxes with 
gene expression values would generate a relative production potential 
score (“R score”) that gauged a strain’s suitability for producing a given 
compound. Under both aerobic and anaerobic conditions, MG1655 
frequently had an R score >1 for amino acid production (12/20 and 
7/20, respectively), whereas K-12 MG1655 had the highest number of R 
scores >1 for 94 aerobic pathways during the production potential ex
amination across 245 heterologous pathways (corresponding to one of 

20 diverse industrial compounds, originated from cell native precursors) 
[4]. Besides an optimal metabolic network, high growth rate and strong 
robustness endow MG1655 a great potential to be applied in industrial 
production. Although MG1655 has many advantages as a metabolic 
engineering host, its large-scale application is limited by some intrinsic 
properties. 

MG1655 was chosen by the Blattner group for the first published 
sequence of E. coli, which is a wild-type laboratory strain that has few 
genetic manipulations from the archetypal E. coli K-12 strain [11]. Like 
other wild-type E. coli strains, MG1655 has poorer competency and 
plasmid stability compared with commercial E. coli strains, which in
fluence the ease and labor of genomic editing for constructing fermen
tation strains. For example, DH10B is one of the commercial strains that 
is frequently applied as a host strain for molecular cloning due to its 
incomplete defense system for exogenous DNA [12]. The MG1655 de
fense system mainly consists of DNA-specific endonuclease I EndA and 
the restriction modification system (R-M system). EndA is a periplasmic 
enzyme that cleaves double-strand DNA (dsDNA), thereby, affecting the 
stability of the plasmid DNA [13]. A classic R-M system includes an 
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endonuclease that cleaves a specific DNA sequence and a DNA methyl
transferase that methylates either adenosyl or cytosyl residues within 
the same DNA sequence [14–16]. The R-M system consists of seven 
genes including hsdRMS [16], mcrA [17,18], mcrBC [19,20], and mrr 
[21]. Apart from these, recA gene also contribute to the instability of 
plasmid DNA. Inactivation of genes of the defense system will greatly 
increase the plasmid DNA stability in MG1655, resulting in the increase 
of transformation efficiency and biomolecule productivity. Hence, an 
appropriate genetic manipulation tool is required to inactivate genes 
precisely and efficiently. 

During the last decades, a variety of genome editing methods have 
been developed, and the most popular ones are based on homologous 
recombination. A classic and commonly used method is recombineering 
that utilizes bacteriophage-derived λ-Red system to enhance the 
recombination activities of E. coli [22–24]. Though recombineering can 
handle simple DNA manipulations [25–27], its editing efficiency de
pends on the sequence length [22]. Moreover, eliminating selectable 
markers and plasmids is complicated and time-consuming, and the re
sidual FRT or loxP site may influence the next round of genome editing 
[28]. Generating a double-strand break in the target DNA during ho
mologous recombination is an effective strategy for improving the 
editing efficiency and avoiding the use of selectable markers and specific 
recombination sites. Compared with methods that utilize homing 
endonuclease I-SceI [29–31] and engineered endonucleases, such as 
zinc-finger nucleases (ZFNs) and transcription activator-like effector 
nucleases (TALENs) [32–35], to cleave dsDNA, clustered regularly 
interspaced short palindromic repeats (CRISPR)/CRISPR-associated 
protein 9 (Cas9) system is a more efficient and convenient route to 
generate DSB [36–38]. Taken together, the combination of recombin
eering and CRISPR/Cas9 technologies is a better strategy for gene 
knockouts. 

In this study, we demonstrated advantages of MG1655 in growth rate 
and robustness by comparing it with several commonly used commercial 
E. coli strains. Genes involved in the defense system against foreign DNA 
were inactivated, generating a robust and universal chassis strain for 
metabolic engineering. The engineered strain not only reserved all 
merits of MG1655, but also acquired new merits including superior 
competency and plasmid stability. We also demonstrated the potential 
of the strain in metabolic engineering applications by using it as a host to 
produce isobutanol and lycopene. 

2. Materials and methods 

2.1. Strains, plasmids, reagents and growth conditions 

The plasmids and strains used in this study, as well as their relevant 
characteristics, were shown in Supplementary Table 3and Table 4. E. coli 
DH5α was used as a plasmid cloning host strain and MG1655 was used as 
the chassis strain. Luria-Bertani (LB) medium was used for cell growth in 
all cases unless otherwise noted. Agar was added at 20 g/L for LB solid 
medium. The M9Y medium was used for the production of isobutanol. 
SOC medium was used for cell recovery in the transformation process 
and genome editing procedure. LB, SOB, and SOC mediums were also 
used in the process of the optimization of making competent cells. 
Where appropriate, ampicillin (Amp), kanamycin (Kan), IPTG, L-arabi
nose, glucose was added. The reagents and mediums used in this study 
were shown in supplementary Table 1. 

2.2. Determination of growth curves and robustness of E. coli strains via 
OD measurement 

Eight strains MG1655, DH5α, DH10B, TOP10, BL21 (DE3), XL1-blue, 
XL10-gold, and Mach1-T1 were tested in this study. For the preculture, a 
colony was picked and cultured overnight in 5 mL LB at 37 ◦C, and 1 mL 
overnight culture was added to 100 mL LB medium in 250 mL flask. The 
initial OD600, of each strain in the main culture should be consistent. 

For the measurement of growth curves, these strains grew at 37 ◦C 
with shaking for 12 h. During the 12 h, samples were taken every hour 
and stored at 4 ◦C. The optical density of the samples was measured by 
using a spectrophotometer (METASH, V-5100) at 600 nm. For the 
robustness measurement, these strains were cultured under three types 
of stressed conditions for 12 h and the OD600 of eight strains were 
measured. The three types of stressed factors are temperature, acid, and 
salinity. 

2.3. Preparation of chemical and electroporation competent cells 

Competent cells were prepared via two methods: the classic CaCl2 
and electroporation methods. The electrocompetent cells were used for 
genome editing. The chemical competent cells were used for plasmid 
construction and transformation efficiency measurement. 

The plasmid p-PBAD-cas9/PT5-Redγβα was transformed into E. coli 
MG1655 and the transformant was made into electrocompetent cells for 
genome editing. A colony was cultured overnight in 5 mL LB at 37 ◦C, 
then 0.5 mL overnight medium and 1 mL glucose were transferred into 
50 mL LB medium. The medium was cultured at 37 ◦C, 220 rpm until the 
OD600 reached 0.4–0.6. After 30 min in the ice bath, the bacterial so
lution was pelleted by centrifugation at 1520×g for 10 min at 4 ◦C. The 
cells were washed twice with 10 mL ice-cold 10% glycerol and resus
pended with 1.5 mL ice-cold 10% glycerol. Then the cells were divided 
into 100-μl aliquots and stored at -80 ◦C. 

For making chemical competent cells, glucose was needless and the 
operations before wash the cells were the same as described above. The 
chemical competent cells were washed twice with ice-cold CaCl2 (0.1 M) 
and resuspended in the mixture of 0.9 mL CaCl2 and 0.6 mL 50% glyc
erol. The competent cells were also divided into 100-μl aliquots and 
stored at -80 ◦C. 

2.4. Iterative genome editing procedure 

The genome editing process mainly included three steps. Firstly, the 
Kan-resistant plasmid p-PBAD-cas9/PT5-Redγβα was transferred into the 
MG1655 to obtain the transformant MG1655/p-PBAD-cas9/PT5-Redγβα. 
Secondly, the temperature-sensitive Amp-resistant plasmid p-PBAD- 
sgRNA-X was transformed into the strain MG1655/p-PBAD-cas9/PT5- 
Redγβα, the recombinant strain MG1655/p-PBAD-cas9/PT5-Redγβα/p- 
PBAD-sgRNA-X was cultured on LB plate carrying Amp, Kan, and glucose 
at 30 ◦C. A single colony was picked and cultured in 0.5 mL SOC at 30 ◦C. 
After 2 h of cultivation, 4.5 mL LB, 5 μl Amp, 5 μl Kan, and 50 μl IPTG 
were added to the cultures. After 1 h, 100 μl L-arabinose was added to the 
cultures and incubated for another 3 h. A 1 μl aliquot of the cultures was 
added to the 100 μl sterile water and cultured on LB plate containing 
Amp, Kan, and L-arabinose overnight at 30 ◦C. The colonies were 
analyzed by the colony polymerase chain reaction (PCR). The positive 
PCR products were subject to verification by DNA sequencing for further 
confirmation. After one round of editing, the strain was cultured over
night in LB supplemented with Kan at 37 ◦C to cure the temperature- 
sensitive plasmid p-PBAD-sgRNA-X. The strain harboring plasmid p- 
PBAD-cas9/PT5-Redγβα was made into competent cells and another 
editing plasmid p-PBAD-sgRNA-X was transformed into the competent 
cells for the next round of editing. The primers used in this study were 
shown in supplementary Table 5. 

2.5. Plasmid curing 

After five rounds of genome editing, in order to cure the plasmid, the 
strain harboring KanR plasmid p-PBAD-cas9/PT5-Redγβα was cultured in 
LB at 37 ◦C for 16 h with no antibiotics. The culture was diluted and 
plated onto an LB plate with no antibiotics and then incubated overnight 
at 37 ◦C. The colonies were randomly picked and transferred on LB 
plates containing Kan and no antibiotics, respectively, and cultured at 
37 ◦C. The colonies lacking plasmid cannot survive in the culture with 
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Kan. The plasmid-free strains were used in other experiments in this 
study, such as transformation efficiency, growth curve measurement, 
and chemical production. 

2.6. Measurement of the transformation efficiency 

Plasmid pUC19 was used to measure the transformation efficiency of 
chemical competent cells. One tube of a competent cell (100 μl) from 
-80 ◦C was thawed on ice. A total of 10 ng pure pUC19 plasmid DNA was 
added to cells. The tube was stored on ice for 30 min, heated at 42 ◦C for 
1 min, and then immediately transferred on ice for 2 min. 1 mL SOC 
medium was added into the tube and incubated with gentle shaking 
(220 rpm) at 37 ◦C for 40 min. 100 μl of the cell suspension cultures were 
plated on LB plate with Amp and cultured overnight at 37 ◦C. The 
transformation efficiency was N × 103 cfu/μg DNA. (“N” refers to the 
total colony forming units). 

2.7. The fermentation of higher alcohol 

Two pairs of combinational plasmids were used to produce iso
butanol, one was pSA65 and pSA69, the other one was pSA69 and 
pYX97. The plasmids pSA69 and pSA65 were transferred into the 
experimental strains MG1655, JW128, and JCL16. To prepare the seed 
culture, one colony containing two plasmids was cultured in 5 mL LB 
with 5 μl Amp and 5 μl Kan at 37 ◦C and 220 rpm overnight. The seed 
culture was inoculated into a 250 mL shake flask with 20 mL M9Y me
dium, 0.1 mM IPTG, 0.1 g/L Amp, 0.05 g/L Kan, and incubated at 30 ◦C 
and 250 rpm. The inoculation ratio of seed culture was 1/100, the other 
strains were adjusted according to the OD600 value of seed culture to 

make the initial OD600 consistent. The plasmids pSA69 and pYX97 were 
transferred into the strains JW128, and JCL260, the other operations 
were the same as mentioned above. The samples were taken every 12 h 
and the biomass concentration was evaluated by using a spectrometer 
(METASH, V-5100) at 600 nm. The remaining samples were centrifuged 
at 16,060 ×g for 2 min, and the supernatants were stored at -20 ◦C for 
the determination of isobutanol content. 

2.8. Gas chromatography (GC) detection of higher alcohol 

Production of isobutanol was quantified by Agilent 6890 GC chro
matograph equipped with a flame ionization detector (Agilent Tech
nologies, CA, USA). Nitrogen was used as a carrier gas. The GC oven 
temperature was initially at 80 ◦C for 3 min, and increased to 230 ◦C at a 
rate of 115 ◦C/min, and held for 1 min. The injector and detector were 
maintained at 250 ◦C and 280 ◦C, respectively. The supernatant (1 μl) 
was sampled and injected at a split ratio of 1:30 and pentanol was used 
as an internal standard [39]. The internal standard method was used to 
measure the production of biofuels. All experiments were done in a 
triple, and data were expressed as the mean ± standard error by using 
GraphPad prism. 

2.9. The production of lycopene 

The plasmid p-PfumAp-crtEBI was transformed into four strains 
MG1655, JW128, DH10B, and DH5α to produce lycopene. To make the 
seed culture, a colony was picked and cultured overnight in 5 mL LB 
containing 5 μl Amp at 37 ◦C and 220 rpm. Then 50 μl seed culture was 
inoculated into 5 mL LB with 5 μl Amp and cultured at 37 ◦C, 220 rpm 

Fig. 1. The comparison of MG1655 and 
seven E. coli strains in growth rate and 
robustness. (a) The detailed number of 
specific growth rate (h− 1) and max OD 
of the eight strains cultured in the un
stressed condition (LB, pH 7, 37 ◦C). (b) 
The fluctuation of max OD of eight 
strains under three stressed conditions 
compared to the unstressed condition. 
Three stressed conditions changed the 
culture temperature, pH, and the 
salinity of LB medium, respectively. The 
relative changes = (max OD unstressed – 
max OD stressed)/max OD unstressed * 
100%. Error bars indicate s.d. (n = 3).   
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for 22 h. The volume of the seed culture of other strains was adjusted 
according to the OD600 value to make the initial bacterial amount as 
consistent as possible. After 22 h, the OD600 of four strains were 
measured and 4 mL bacterial cultures were pelleted at 16,060×g for 3 
min. Cell pellets were resuspended in 1 mL ultrapure water and centri
fuged again to remove the supernatant. 1 mL acetone was added to the 
cell and the mixture of cell and acetone was placed at 56 ◦C for 20 min. 
Then the cell mixture was centrifuged at 16,060 ×g for 3 min 500 μl of 
supernatant was removed for analysis by using a spectrometer (MET
ASH, V-5100) at 474 nm [40], 3 mL ultrapure water was used as an 
internal standard. The standard lycopene (CAS:502-65-8) was used to 
measure the standard curve. All experiments were done in a triple, and 
data were expressed as the mean ± standard error by using GraphPad 
prism. 

3. Results and discussion 

3.1. Growth advantage of MG1655 under unstressed and stressed 
conditions 

To investigate the comparative growth of MG1655 with its sibling 
E. coli strains, seven common commercial E. coli strains were selected as 
the control group. The OD600 values of eight strains were measured 
under all conditions and the growth curves were plotted by the Growth 
fitting. The unstressed growth condition was set as the 37 ◦C in LB 
culture, while the stressed condition groups included heat-, acid-, and 
osmotic shocks which frequently occur during the routine 
fermentations. 

At 12 h, the OD600 of MG1655 under unstressed growth condition 
reached 5.49 ± 0.17 while the one of DH5α, DH10B, TOP10, BL21 
(DE3), XL1-blue, XL10-gold, and Mach1-T1 was 3.64 ± 0.28, 2.99 ±
0.23, 3.20 ± 0.24, 5.01 ± 0.18, 4.64 ± 0.15, 3.78 ± 0.29, and 3.85 ±
0.14, respectively. Based on the growth curve (Fig. 1a and Fig. S1), the 
specific growth rate (h− 1) of each strain was calculated (Fig. 1a). Under 
unstressed growth condition, the specific growth rate of MG1655 was 
1.40 ± 0.28 h− 1 while the one of other strains varied from 1.02 ± 0.07 
h− 1 to 1.38 ± 0.15 h− 1. By comparison of the values of OD600 and the 
specific growth rate, MG1655 showed the biomass and growth rate 
advantages under unstressed condition. To represent the robustness, the 
rangeability of OD600 of eight strains were calculated when the strains 
were cultured under the three stressed conditions (Fig. 1b). Among the 
three stress factors, osmotic stress had the strongest impact for all 
strains, while the acid stress had the weakest impact for all strains. 
Under osmotic-shock condition, the relative changes of OD600 of 
MG1655 was 15.8% while the one of DH5α, DH10B, TOP10, BL21 
(DE3), XL1-blue, XL10-gold, and Mach1-T1 was 39.3%, 92.4%, 26.9%, 
39.9%, 44.6%, 66.8%, and 42.1%, respectively. Under acid-shock con
dition, the OD600 relative changes of MG1655 was 0.5%, while the one 
of other strains ranged from 2.5% to 21.4%. During the heat-shock 
condition, the OD600 relative changes of MG1655 were 2.6%, while 
the one of other strains were between 5.2% and 27%. The maximum 
tolerability of each strain under osmotic-, acid- and heat-stressed con
ditions were also measured (Fig. S2). The growth of eight strains 
weakened with the increase of environmental stresses. Under osmotic- 
stressed conditions with 60 g/L NaCl, MG1655 was least affected by 
the osmotic stress and the OD600 reached 1.40 ± 0.04, while the one of 
other strains ranged from 0.1 ± 0.01 to 0.55 ± 0.02 (Fig. S2a). Under 
acid-stressed conditions, the maximum pH tolerability of XL10-gold was 
4.5, the other seven strains could survive in the medium of pH 4. 
Moreover, in the medium of pH 4, the OD600 value of MG1655 was 
highest, it reached 1.71 ± 0.08, while that of other six strains ranged 
from 1.06 ± 0.04 to 1.38 ± 0.03 (Fig. S2b). Under heat-stressed con
ditions, the maximum tolerability of eight strains were 45 ◦C. However, 
the OD600 value of MG1655 was highest and it reached 4.01 ± 0.13, 
while the one of other strains were between 2.11 ± 0.04 and 3.47 ± 0.08 
(Fig. S2c). 

Taken together, MG1655 presented the highest growth rate 
comparing with its seven sibling E. coli strains. Generally, a higher 
growth rate will endow a stronger biomass building capacity of the 
strain, therefore efficiently promoting the strain to convert available 
carbon source into key metabolic intermediates. Since the key metabolic 
intermediates could be hijacked into bulk chemicals producing path
ways through synthetic biology, the strains with higher growth rate have 
a higher potential to be constructed into a microbial cell factory for the 
overproduction of bulk chemicals. Thus, MG1655 is such a potential 
strain for the production of bulk chemicals. Furthermore, during the 
industrial fermentation, high fermentation temperature could lower the 
cost, the accumulated by-products and toxic compounds might cause the 
acid and osmotic shocks. Therefore, a strain with high resistant to the 
heat-, osmotic- and acid-shock will be more robust and economical 
during the fermentation processes. Our results showed that MG1655 has 
the stronger tolerance to the heat-, acid-, and osmotic stress than that of 
other strains, and indicated that some MG1655 derivatives might be 
engineered into a productive and robust platform for bulk chemicals 
overproduction. 

3.2. Construction a MG1655 derivative with increased transformation 
efficiency 

Compared with the seven commercial strains described above, wild- 
type MG1655 has a lower transformation efficiency, around 103 (cfu/μg 
DNA) due to the genetic characteristics [41,42]. In comparison to the 
seven strains, MG1655 has no artificial genomic modification (Table 1). 
To improve the transformation efficiency, a MG1655 derivative was 
constructed by deleting the genes involved in the defense system. 

The whole process of genome editing included the replacement of the 
gene cluster araB-araA-araD (araBAD) with the tetracycline resistance 
gene (tetr), deletion of the R-M system of MG1655, and inactivation of 
genes mcrA, endA, and recA (Fig. 2a). These five genome modifications 
of MG1655 could facilitate the circular DNA or linear DNA to cross the 
cell membrane into the cell, improve the exogenous DNA stability, and 
the anti-contamination ability of MG1655. All genome modifications 
were completed precisely by using the CRISPR-Cas9-coupled λ-Red 
recombineering system [43]. In the CRISPR-Cas9 system, gene cas9 in 
the plasmid was under the control of arabinose-inducible promoter. To 
effectively enhance the induction intensity, prolong the induction time, 
and increase the anti-contamination ability, the arabinose degradation 
gene cluster araBAD was replaced with tetr gene. The inactivation of 
genes mcrA, endA, and recA were completed by inserting a 20-bp frag
ment into the target site to make a frame shift mutation. The corre
sponding gel pictures and sequencing results were shown in Fig S3 and 
Fig S4. And the detailed gene sequences of modifications were shown in 
supplementary unit 1. As a result, the five rounds of iterative gene 
editing changed the genotype of MG1655 and increased the trans
formation efficiency by 168 times to 1.68 × 105 (cfu/μg DNA). The 
transformation efficiency of these five intermediate strains were further 
investigated (Fig. 2c). As shown in the results, compared with the 
parental strain MG1655, the deletion of araBAD and mcrBC-hsdSMR-mrr 
gene cluster did not have a significant influence on the transformation 
efficiency, but the transformation efficiency of JW080, JW081, and 

Table 1 
Artificial genomic modifications in eight common microbial cell factories.  

Strains Artificial genomic modifications 

DH5α recA1 endA1 hsdR17(rK-, mK + )  
DH10B recA1 endA1 Δ(mrr-hsdRMS-mcrBC) mcrA 
TOP10 recA1 endA1 Δ(mrr-hsdRMS-mcrBC) mcrA 
XL1-blue recA1 endA1 hsdR17(rK-, mK + )  
XL10-gold recA1 endA1 Δ(mcrCB-hsdSMR-mrr)173 Δ(mcrA)183 
BL21 (DE3)   hsdSB(rB–mB–)  
Mach1-T1 ΔrecA1398 endA1 hsdR (rK–, mK+)  
MG1655 none  
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JW128 were significantly improved. Particularly, inactivating recA 
caused an order of magnitude increase on transformation efficiency 
from 5.7 × 104 to 1.68 × 105 (cfu/μg DNA). In conclusion, the five 
rounds of gene editing synergistically improved the transformation 
efficiency. 

The growth and robustness of engineered strain JW128 were also 
measured under the unstressed and three stressed conditions as 
described previously. The fitted growth curve of JW128 was almost the 
same as for that of MG1655 (Fig. 2b). At 12 h, the OD600 of JW128 and 
MG1655 were 5.4 ± 0.23 and 5.49 ± 0.17, respectively. According to the 

growth curves, the specific growth rates of JW128 and MG1655 were 
1.2 ± 0.15 h− 1 and 1.4 ± 0.28 h− 1, respectively (Fig. S5). For the 
robustness, the resistance of JW128 to three stresses decreased a little 
compared with that of MG1655 because of the bigger relative changes of 
OD600 of JW128, the robustness of JW128 was still maintained, 
compared with most of the other seven strains (Fig S5). In conclusion, 
JW128 was an engineering strain with high growth rate, strong 
robustness, and great anti-contamination ability. 

Fig. 2. Construction a MG1655 derivative with increased transformation efficiency. (a) The detail gene editing of the modification. (b) The comparison of the growth 
curve of JW128 and MG1655, the growth curves were fitted by the model of Growth. (c) The transformation efficiency of the strains (from JW022 to JW128) 
involved in genome editing. The genotypes of corresponding strains were shown in the table. The asterisk on the line represented the significance level between the 
two columns. More asterisk means greater differences between the two strains. *P < 0.1, **P < 0.01, ****P < 0.0001 by one-way ANOVA with Tukey multiple 
comparison test (P < 0.05). Error bars indicate s.d. (n = 3). 

Fig. 3. The optimization of methods to 
make high-efficiency competent cells of 
JW128. TE: transformation efficiency 
(cfu/μg DNA). Based on CaCl2 method 
(the first column in e), the trans
formation efficiency of strain by only 
changing culture medium (a), culture 
temperature (b), adding PEG8000 to the 
mixture of DNA and competent cells 
when doing the transformation (c), or 
adding MnCl2 to wash buffer (0.1 M 
CaCl2) (d). (e) The transformation effi
ciency of strains by using optimized 
methods. Error bars indicate s.d. (n =
3).   
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3.3. Optimization of the JW128 transformation procedure 

Though the transformation efficiency of JW128 had been improved 
compared with MG1655, it still could not meet the requirements of the 
existing commercial strains. Thus, the methods were further optimized 
to make high-efficiency competent cells. The control method was 
defined as culturing the competent cells in LB medium at 37 ◦C, 0.1 M 
CaCl2 was used as the wash buffer. Since lower culture temperature [44, 
45], metal ions [46,47], and the hypertonic solution polyethylene glycol 
(PEG) or DMSO [48–50] could improve the transformation efficiency of 
E. coli competent cells, culture medium (Fig. 3a), culture temperature 
(Fig. 3b), PEG8000 (40% w/v) (Fig. 3c), and wash buffer (0.1 M CaCl2) 
(Fig. 3d) were adjusted to investigate the optimal methods in our study. 

Firstly, with three different mediums, the transformation efficiency 
did not increase with the enrichment of nutrients in the medium (LB, 
SOB, and SOC medium). LB medium, as the most prevailing one among 
all the options, was proved to be the optimal medium for the preparation 
of competent cells (Fig. 3a). Secondly, the transformation efficiency was 
increased from 1.68 × 105 to 5.05 × 105 (cfu/μg DNA) as the temper
ature changed from 37 ◦C to 30 ◦C (Fig. 3b). When various volumes of 
PEG8000 was added to the 100 μl mixture of DNA and competent cells, 
the transformation efficiency kept increasing till the volume of PEG8000 
reached 3 μl. The highest efficiency was 4.65 × 106 (cfu/μg DNA), about 
38-fold higher than that obtained by the control method (Fig. 3c). Then 
as the volume of PEG8000 went up to 5 μl, the efficiency decreased to 
the initial level of the control method. Then the transformation effi
ciency was measured by using the mixture of CaCl2 (0.1 M) and MnCl2 
with various concentrations (from 25 mM to 100 mM) as wash buffer 

(Fig. 3d). As shown in the results, the transformation efficiency first 
increased but then decreased along with the MnCl2 concentration 
increasing to 100 mM. The highest transformation efficiency was 2.44 ×
106 (cfu/μg DNA) with 75 mM MnCl2 and then the transformation ef
ficiency was decreased to 9.68 × 105 (cfu/μg DNA) with 100 mM MnCl2. 
In conclusion, all experimental groups with the additional MnCl2 and 
CaCl2 could improve the transformation efficiency of competent cells 
compared with the control group. Based on the optimized parameters, 
the transformation efficiency of competent cells made by five optimized 
methods were measured (Fig. 3e). The transformation efficiency of all 
these five methods were increased compared with that of the pre- 
optimization method. Furthermore, among the five methods, incu
bating the culture medium at 30 ◦C and adding 3 μL PEG8000 (40% w/ 
v) to the mixture of competent cells and DNA fragments was proved to 
be the optimal method, in which transformation efficiency could reach 
up to 7.52 × 106 (cfu/μg DNA) and was about 46 times higher than that 
obtained by the control method and comparable to the commercial 
strains. 

As JW128 possessed the comparable transformation efficiency and 
the mutations of endA and recA genes [13,51], we speculated that 
JW128 could also be applied in recombinant plasmids construction. A 
recombinant plasmid was indeed successfully constructed in JW128 by 
using T5 exonuclease DNA assembly (TEDA) [52] method in the study 
(The data not shown). Furthermore, the strains mentioned in the pre
vious reports about making high-efficiency competent cells mostly were 
DH5α, XL1-Blue, DH10B, JM109, and BL21 [44,53,54], except for 
MG1655. Our study provided a new sight on improving the trans
formation efficiency of MG1655. 

Fig. 4. The production of biofuels. 3 MB (3-methyl-1-butanol), 2 MB (2-methyl-1-butanol). KIC, 2-ketoisocaproate; KMV, 2-ketomethylvalerate; KDC, 2-keto acid 
decarboxylase; ADH, alcohol dehydrogenase. (a) Isobutanol (C4) and MB (3 MB and 2 MB, C5) are produced by synthetic pathway, the essential genes are integrated 
into three plasmids, they are pSA65, pSA69 and pYX97. (b) The isobutanol production aggregation of strains in panel c to g. ****P < 0.0001 by one-way ANOVA with 
Tukey multiple comparison tests (P < 0.05). (c–e) The biofuels production of strain JCL16, MG1655, JW128 harboring the plasmids pSA69 and pSA65. The iso
butanol production of strain JW128 (f) and JCL260 (g) harboring the plasmids pSA69 and pYX97. (h) The percentage of the theoretical yield of isobutanol (C4) 
produced by five strains. Error bars indicate s.d. (n = 3). 
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3.4. The higher alcohol production using a JW128 derivative 

To verify the potential of JW128 being a microbial cell factory, we 
introduced the isobutanol synthetic pathway into four strains including 
MG1655, JW128, JCL16, and JCL260 to produce isobutanol (C4) and 
methylbutanols (3-methyl-1-butanol and 2-methyl-1-butanol, C5) 
(Fig. 4a). JCL16 is the common isobutanol production host strain [55, 
56], and JCL260 is currently reported as the best isobutanol producing 
strain [56,57]. 

By introducing the keto-acid pathway, the strains JCL16, MG1655, 
and JW128 harboring plasmids pSA65 and pSA69 were screened for C4 
and C5 alcohol production. With 40 g/L glucose, JCL16/pSA65/pSA69 
produced 0.283 g/L isobutanol within 24 h (Fig. 4c), yielding a pro
ductivity of 0.012 g/L/h and 1.73% of the theoretical maximum 
(Fig. 4h). In comparison, MG1655/pSA65/pSA69 produced 0.107 g/L 
isobutanol at 60 h, which was 2-fold less than JCL16/pSA65/pSA69 
(Fig. 4d). Whereas 2.181 g/L isobutanol was produced by JW128/ 
pSA65/pSA69 within 24 h (Fig. 4e), representing 13% of the theoretical 
maximum (Fig. 4h). As for the production of C5 alcohol, the titer of 
JCL16/pSA65/pSA69, MG1655/pSA65/pSA69, and JW128/pSA65/ 
pSA69 were 0.187 g/L, 0.145 g/L, and 0.163 g/L, respectively. From the 
above data, the C5 alcohol productivity of three strains did not show a 
significant difference. Opposed to the C5 alcohol production, JW128/ 
pSA65/pSA69 had a nearly 20-fold and 5-fold increase in the produc
tivity of isobutanol production compared with that of MG1655/pSA65/ 
pSA69 and JCL16/pSA65/pSA69, respectively. To explore the iso
butanol productivity of JW128 derivative, a transamination and deam
ination cycle was introduced into the JW128 and JCL260 by 

overexpressing gene LeuDH [55] on plasmid pYX97. Using 
JCL260/pSA69/pYX97 as the expression host, the titer of isobutanol 
reached up to 8.26 g/L within 72 h (Fig. 4g) and the productivity was 
0.115 g/L/h, which was 50.39% of the theoretical maximum (Fig. 4h). 
For the strain JW128/pSA69/pYX97, 5.75 g/L isobutanol was produced 
within 72 h, reaching a productivity of 0.08 g/L/h and 35.11% of the 
theoretical maximum (Fig. 4h). 

As a whole (Fig. 4b), isobutanol productivity of MG1655 was subtly 
weaker (but not significant) than JCL16. However, after the genome 
editing, the engineering strain JW128 had a significant improvement on 
isobutanol productivity compared with MG1655 and JCL16. The iso
butanol produced by JW128 derivate was almost 5-fold more than that 
obtained by JCL16 derivate. Compared with JCL260/pSA69/pYX97, 
JW128/pSA69/pYX97 had a gap of around 3 g/L in the production of 
isobutanol. However, it should be noted that JCL260 harbors addition
ally six gene deletions to improve isobutanol production (adhE, ldhA, 
frdBC, fnr, pta, and pflB) [57–59], which are not present in JW128. Thus, 
we showed in this study that JW128 is an alternative host strain for 
biofuel production. 

During the bulk chemicals fermentation, the microbial cell factories 
usually need to balance the growth maintenance and chemical synthesis 
and to resist environment stresses. However, once entering the station
ary phase or confronting stresses, the cell will tend to allocate more 
resources to growth maintenance rather than chemical production [60]. 
Thus, a robust and growth phase-independent host strain urgently 
required for the value-added chemicals production, redistributing more 
resources to the producing part. Recently, for the isobutanol production, 
we discovered the σ38-dependent gadA promoter [61] and 

Fig. 5. The lycopene production of different 
strains in LB medium. (a) The production 
pathway of lycopene in E. coli, the genes in 
the ellipse are provided by the plasmid used 
in this study. IPP (Isopentyl pyrophosphate), 
DMAPP (dimethylallyl pyrophosphate), GPP 
(Geranyl pyrophosphate), FPP (farnesyl py
rophosphate), GGPP (Geranylgeranyl pyro
phosphate). (b) The cell pellet of 4 mL 
bacteria solution of four strains after 
cultured for 22 h. (c) The value of OD600 and 
OD474 of four strains. OD600 is measured to 
show the cell biomass, OD474 is used to 
qualify the lycopene content. (d) The lyco
pene yield of four strains, which converted 
by the standard curve. Error bars indicate s. 
d. (n = 3).   
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σ54-dependent glnAp2 [60] promoter that could drive the pathway gene 
overexpression in not only the exponential phase but also in stationary 
phase, which improved the yield of isobutanol sequentially. Moreover, 
under the stressed condition, such as low pH and high osmolarity, the 
pathway enzyme overexpression could still be driven by these two 
promoters. Therefore, a robust strain (e.g. MG1655) combined with the 
promoter will be more resistant to the stressed conditions during the 
fermentation and present a higher productivity in the stationary phase. 

3.5. The lycopene production using a JW128 derivative 

As a type of antioxidant, lycopene plays an important role in 
reducing the risk of cardiovascular disease, genetic damage, and 
inhibiting tumor development [62]. In the pre-experiment of lycopene 
production with seven E. coli strains described above, DH5α and DH10B 
showed higher productivity than that of other strains. Thus, four strains 
including DH5α, DH10B, MG1655, and JW128 harboring plasmid 
p-PfumAp-crtEBI were cultured in LB medium for 22 h to investigate the 
productivities of lycopene. Since lycopene would not be secreted outside 
the cell, whether lycopene had been produced could be directly distin
guished from the cells’ colors (Fig. 5a). Among four strains, it can be 
preliminarily determined that MG1655 is the worst host strain of 

lycopene production because the color of MG1655/p-PfumAp-crtEBI cells 
had no observed changes while that of other strains became clearly red 
(Fig. 5b). The cell biomass of MG1655/p-PfumAp-crtEBI and 
JW128/p-PfumAp-crtEBI reached the highest level with the OD600 
reaching up to 4.05 and 4.22 at 22 h respectively (Fig. 5c). The OD474 of 
lycopene extract was measured to calculate the titer of lycopene. The 
OD474 of JW128/p-PfumAp-crtEBI and MG1655/p-PfumAp-crtEBI were 
0.746 and 0.154, respectively, which were two extremes of the four 
strains. Through the conversion with a standard curve, the titer of 
lycopene produced by MG1655, JW128, DH5α, and DH10B harboring 
the p-PfumAp-crtEBI plasmid was 0.37 ± 0.07 g/L, 1.91 ± 0.15 g/L, 1.36 
± 0.12 g/L and 1.32 ± 0.07 g/L, respectively (Fig. 5d). As a whole, 
though the cell biomass of MG1655/p-PfumAp-crtEBI and JW128/p-Pfu

mAp-crtEBI were similar, the titer of lycopene produced by 
JW128/p-PfumAp-crtEBI was the highest and almost 6 times of that ob
tained in MG1655/p-PfumAp-crtEBI. It can be speculated that the plasmid 
in JW128 expressed much stronger than in MG1655. 

In the previous study, to realize the efficient chemical production in 
MG1655, modification of the corresponding producing pathway to 
compensate for the low expression of plasmids was more labor- 
consuming (Table 2), In our study, we turned to the modification of 
MG1655 genome to improve the plasmid stability and producing ca
pacity, which engineered the MG1655 to be a universal chassis host. 
Thus, with this strategy and the promoters described above, MG1655 
derivatives might be transformed into an optimal platform for value- 
added chemicals overproduction. 

4. Conclusions 

In this work, an engineering strain JW128 was constructed by 
replacing araBAD with tetr, deleting mcrBC-hsdSMR-mrr, and inactivat
ing mcrA, endA, and recA. JW128 not only kept the growth and 
robustness advantage of MG1655 but also equipped with the enhanced 
transformation efficiency and plasmid stability. JW128, as a robust and 
universal chassis host, had the potential to be applied to construct re
combinant plasmid and produce the desired chemicals such as iso
butanol and lycopene. 
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Table 2 
The chemicals produced by MG1655 or MG1655 derivatives.   

Chemicals Titer 
(g/L) 

Approach Reference 

Acid Succinic acid 42.5 Deletion of pflB and ldhA. 
Overexpression of PEP 
carboxykinase. 

[63] 

Itaconic acid 47 Using temperature-sensitive 
promoter to control the TCA 
cycle dynamically 

[64] 

Citramalic 
acid 

46.5 Deletion of citrate synthase 
and acetate kinase 

[65] 

Fatty acid 82.64 
(mg/g) 

Overexpression of accA, 
accB, accC, fabD, and EC 
3.1.2.14 gene 

[66] 

Amino 
acid 

L-serine 11.7 Deletion of three L-serine 
deaminases (gene sdaA, 
sdaB, and tdcG) and serine 
hydroxyl methyl transferase 
(gene glyA). Overexpression 
of eamA 

[67] 

Alcohol 1,4- 
butanediol 

110 Containing Cat2 variants 
with improved BDO 
tolerance and Ald variant 
with improved in vitro 
activity, expression, and 
stability 

[68] 

1,2- 
Propanediol 

5.6 Overexpression of mgsA, 
gldA, and yqhD. Replacing 
the native PEP-dependent 
dihydroxyacetone kinase 
(DHAK) with an ATP- 
dependent DHAK. 
Disrupting the lactate and 
acetate synthesis pathway. 

[69] 

Ethylene 
glycol 

20 Deletion of xylB, aldA. 
Overexpressing fucO 

[70] 

Terpenoid Taxadiene 1 Separating the taxadiene 
metabolic pathway into two 
modules 

[71] 

Aldehyde Vanillin 0.119 Deletion of native aldehyde 
reductases and expression of 
key enzymes for converting 
3-dehydroshikimiate to 
vanillin 

[72] 

Ester 2-phenylethl 
acetate 

0.268 Combined the synthesis 
pathway of 2-phenylethanol 
and 2-phenylethylacetate by 
overexpressing an alcohol 
acetyltransferase ATF1 

[73]  
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