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Abstract 26 

Unlike eukaryotes, bacteria are less proficient in homologous recombination (HR) and 27 

non-homologous end joining (NHEJ). All existing genomic editing methods for 28 

Escherichia coli rely on exogenous HR or NHEJ systems to repair DNA double-strand 29 

breaks (DSBs). Although an E. coli native end-joining (ENEJ) system has been reported, 30 

its potential in chromosomal engineering has not yet been explored. Here, we present a 31 

CRISPR-Cas9-assisted native end-joining editing and show that ENEJ-dependent DNA 32 

repair can be used to conduct rapid and efficient knocking-out of E. coli genomic 33 

sequence of up to 83 kb. Moreover, the positive rate and editing efficiency is 34 

independent of high-efficiency competent cells. The method requires neither exogenous 35 

DNA repair systems nor introduced editing template. The Cas9 complex is the only 36 

foreign element in this method. This study is the first successful engineering effort to 37 

utilize ENEJ mechanism in genomic editing and provides an effective strategy for 38 

genetic engineering in bacteria that are inefficient in HR and NHEJ. 39 

Keywords: Escherichia coli, genetic engineering, CRISPR/Cas9, end-joining, Large 40 

fragment deletion 41 

Significance 42 

The application in prokaryotes is difficult because of the weak homologous 43 

recombination and non-homologous end joining systems. E. coli, as the most-used 44 

prokaryote in metabolic engineering, has no NHEJ system. All existing genomic editing 45 

methods for E. coli rely on exogenous HR or NHEJ systems to repair double-strand 46 

breaks introduced by CRISPR/Cas9. In this report, we firstly demonstrate that the weak 47 

and previously ignored end-joining mechanism in E. coli can be used for efficient large-48 

scale genetic engineering assisted by CRISPR/Cas9. Our efforts greatly simplify the 49 

genomic editing procedure of E. coli and provide an effective strategy for genetic 50 

engineering in bacteria that are inefficient in HR and NHEJ.  51 
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Introduction 52 

The ability to easily and efficiently edit the bacterial genome is highly desirable in  53 

metabolic engineering to produce valuable chemicals (1-4). Creating double strand 54 

breaks (DSBs) is a key step in driving genomic engineering (5). Novel applications 55 

of clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-56 

associated protein 9 (Cas9) can generate DSBs at desired genomic loci (6,7). Under 57 

the guidance of a trans-activating crRNA (tracrRNA):crRNA duplex or an 58 

engineered single-guide RNA (sgRNA), the Cas9 protein recognizes and cleaves a 59 

target DNA sequence with a required protospacer adjacent motif (PAM) (6,8). To 60 

survive, it is necessary for bacteria to repair the DSBs via homologous recombination 61 

(HR) or non-homologous end joining (NHEJ). Genomic editing events occur during 62 

DSBs repair. 63 

NHEJ is the prevalent DSB repair mechanism. It joins unrelated DNA ends and 64 

creates new genomic combinations between sequences that do not share homology 65 

(9-11). Unlike eukaryotes, bacteria are less proficient in or incapable of NHEJ (12). 66 

Some bacteria, including phylogenetically distant Mycobacteria and Bacillus subtilis, 67 

possess a rudimentary NHEJ machinery consisting of two proteins, namely the 68 

multifunctional ATP-dependent Ligase-D and Ku protein that collectively protect, 69 

process, and ligate DNA ends (13,14). Other bacteria, such as the prevalent gut 70 

commensal Escherichia coli where Ligase-D-like and Ku-like proteins have not been 71 

found are generally accepted to be NHEJ-free (12) and rely only on HR to repair 72 

DSBs. E. coli is frequently used as a negative control for NHEJ experiments in other 73 

bacteria (15). 74 

Generally, the artificial DSBs in E. coli must be repaired by RecA-mediated HR 75 

with a homologous sequence as the editing template (6). However, the native HR 76 

pathway is commonly recognized to be of low efficiency in repairing CRISPR-Cas9-77 

introduced DSBs. The introduction of bacteriophage-derived λ-Red recombinases 78 

made a breakthrough in the efficiency of making desired mutations in the genome 79 
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(6,16,17). Recently, Su et al. and Zheng et al. introduced a Mycobacteria-derived 80 

NHEJ pathway into E. coli to repair the DSBs generated by CRISPR-Cas9 at desired 81 

genomic loci and demonstrated the rapid and efficient inactivation of bacterial genes 82 

in a HR-independent manner (1,18). According to the views of Su et al. and Zheng 83 

et al., E. coli acquired end-joining activity after overexpressing Mycobacteria-84 

derived Ligase-D and Ku protein. Taken together, all existing genomic editing 85 

methods of E. coli rely on HR pathways, generally assisted by λ-Red recombinases, 86 

or exogenous NHEJ pathways to repair DSBs generated by CRISPR-Cas9. 87 

A Ligase-D- and Ku-independent E. coli native end-joining (ENEJ) mechanism 88 

differs from classic NHEJ mechanism has been reported in E. coli and was named as 89 

alternative end-joining (A-EJ) (11). In that study, DSBs generated by restriction 90 

endonuclease I-SceI were repaired by A-EJ with an efficiency of 10-5. However, we 91 

have not seen any report on the application of ENEJ in genetic engineering. To fill 92 

in the gap and add to the toolbox of genetic engineers, we developed CRISPR-Cas9-93 

assisted native end-joining editing (CNEE), in which the ENEJ was utilized to repair 94 

DSBs generated by CRISPR-Cas9. Using a systematically optimized protocol, we 95 

demonstrated that ENEJ could be used to enable the rapid and efficient deletion of E. 96 

coli genomic sequence up to 83 kb in length. The method requires neither editing 97 

template and λ-Red recombinases nor exogenous NHEJ associated proteins, thus 98 

realizing the E. coli genomic editing with the lowest number of foreign elements. 99 

The method has a similar, if not higher, editing efficiency to previous methods that 100 

overexpress exogenous DNA repair proteins. Moreover, the method does not require 101 

high-competency host strains, greatly decreasing the difficulty of genomic editing of 102 

wild-type strains. 103 

We hypothesized that the strategies used in our method might be useful for other 104 

CRISPR-Cas9-mediated genomic editing methods in which DSBs are repaired by 105 

RecA-mediated HR, λ-Red-mediated HR or NHEJ. To verify that, we applied the 106 
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similar strategies in these methods. After modification, the efficiencies of these 107 

methods significantly increased. 108 

Taken together, this work is the first to utilize ENEJ in genomic editing in E. coli 109 

and demonstrates that genomic editing of prokaryotes can be independent of exogenous 110 

DNA repair systems. 111 

  112 
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Results 113 

All existing E. coli genomic editing methods are dependent on the exogenous DNA 114 

repair system 115 

In E. coli, CRISPR-Cas9-introduced DSBs lead to cell death unless repaired in a timely 116 

manner by DNA repair pathways (19) such as native RecA-mediated HR or A-EJ (11). 117 

CRISPR-Cas9-based genomic editing methods achieve genetic modifications by 118 

introducing DSBs in the genome and repairing it via DNA repair pathways. In all 119 

existing methods, bacteriophage-derived λ-Red system, a HR system, or 120 

Mycobacteria-derived NHEJ system is introduced into E. coli to increase the 121 

efficiency of HR or end-joining. 122 

To compare the performances of existing E. coli genomic editing methods, we 123 

tested all reported methods for lacZ inactivation in the wild-type MG1655 [MG1655 124 

(WT)] strain (Table 1). These methods rely on either λ-Red mediated-HR or NHEJ to 125 

repair CRISPR-Cas9-induced DSBs. When using HR-dependent methods, a 20-bp-126 

designed DNA sequence was inserted into the open reading frame (ORF) of the lacZ 127 

gene to generate a frameshift mutation. When using NHEJ-dependent protocols, the 128 

stochastic length of the DNA sequence of the ORF was deleted, thus destroying the 129 

lacZ gene (Fig. 1a). Edited colonies were verified via blue-white screening, colony PCR, 130 

and sequencing. The edited colonies were white in the Luria-Bertani (LB) plate 131 

containing IPTG and X-gal, while the WT colonies were blue. 132 

Six λ-Red-dependent methods (methods 16) were tested (Table 1). The 133 

procedures of these six methods are summarized in Fig. S1S6, respectively. The 134 

results showed that five out of six methods achieved a high positive rate of > 65% (Fig. 135 

1c), and the editing efficiency ranged from 4.6 × 10–6 to 2.3 × 10–4 (Table 1, column 2). 136 

These findings indicated that CRISPR-Cas9-induced DSBs were efficiently repaired by 137 

the λ-Red mediated HR. Then, the same six methods were tested without 138 

overexpressing λ-Red recombinases (Table 1, column 3). In the absence of λ-Red 139 
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recombinases, RecA was the only recombinase involved in HR that repaired CRISPR-140 

Cas9-induced DSBs. As shown in Fig. 1d, all methods achieved a low positive rate of 141 

< 6%, and methods 5 and 6 even showed no positive colonies (white colonies). For 142 

methods 14, the editing efficiency correspondingly decreased to 6.0 × 10–83.6 × 10–143 

7 (Table 1, column 3). The six methods were also tested in the absence of both λ-Red 144 

recombinases and DNA template (Table 1, column 5). The results showed that only 145 

methods 2 and 4 generated positive colonies, with rates of 2.8% and 1.5%, respectively 146 

(Fig. 1e), and the editing efficiency were 5.0 × 10–8 and 2.0 × 10–8, respectively (Table 147 

1, column 4). 148 

Two NHEJ-dependent methods (methods 7 and 8) were also tested (Table 1), and 149 

the procedures of these two methods are summarized in Fig. S7 and S8, respectively. 150 

Both methods achieved a high positive rate of > 50% (Fig. 1b). However, the editing 151 

efficiencies of the two methods were only 2.7 × 10–7 and 9.9 × 10–7, respectively (Table 152 

1, column 4). Methods 7 and 8 were then tested in the absence of overexpressed Ligase-153 

D and Ku proteins. The results showed that no positive colonies (white colonies) were 154 

obtained (Table 1, column 5). 155 

Establishment of CNEE 156 

No previous reports have reported genomic editing in the absence of exogenous DNA 157 

repair system and editing template. However, by testing all previous methods for 158 

genomic editing, for the first time, we show that ENEJ may be potentially used in 159 

genomic editing (Table 1, column 5). To fully utilize ENEJ-mediated DSB repair and 160 

increase the efficiency of CRISPR-Cas9, we established CNEE and conducted 161 

systematic optimizations (Table S1). 162 

We constructed a two-plasmid system in which the Cas9 and sgRNA were 163 

expressed by different plasmids, namely p-PBAD-cas9 and p-PBAD-sgRNA-X (X refers 164 

to the target DNA) (Fig. 2). The two-plasmid system was more convenient in plasmid 165 

construction than the one-plasmid system (16,20). The Cas9 used here was xCas9-3.7, 166 
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an evolved SpCas9 variant with broad PAM compatibility and high DNA specificity 167 

(7). Furthermore, sgRNA other than tracrRNA:crRNA duplex was applied to increase 168 

the performance and stability of the CRISPR-Cas9 system (1,8). The combination of 169 

xCas9-3.7 and sgRNA increased the efficiency of the CRISPR-Cas9 system, thus 170 

reducing the survival rate of WT cells. The expressions of both Cas9 and sgRNA were 171 

controlled by an inducible promoter, thus the CRISPR-Cas9 system functioned only 172 

when an inducer was added. The L-arabinose-induced PBAD promoter and two IPTG-173 

induced promoters, namely PT5 and PLlacO1, were tested individually. We found that 174 

the PBAD promoter was stricter than both PT5 and PLlacO1, so we used the PBAD promoter 175 

for Cas9 and sgRNA expressions (Table S1). Then, we optimized the working 176 

concentration of L-arabinose. Different concentrations of L-arabinose, ranging from 177 

130 mM, were tested to induce the CRISPR-Cas9 system, and L-arabinose at a 178 

concentration of 20 mM led to the highest positive rate and editing efficiency (Table 179 

S1). We found that L-arabinose at low concentrations (i.e., 1 mM) were inefficient to 180 

induce the CRISPR-Cas9 system; and that high-concentration L-arabinose (i.e., 30 mM) 181 

resulted in higher rate of cell death, which might be due to the toxicity effect of high 182 

amounts of the Cas9 protein (21). Culture temperature was also an important factor in 183 

genomic editing. Low culture temperatures resulted in a reduction in cell growth rate, 184 

whereas high culture temperatures reduced the stability of plasmid p-PBAD-sgRNA-X, 185 

which is temperature sensitive (22). Different culture temperatures, ranging from 25℃ 186 

to 37℃, were tested for genomic editing, and 30℃ showed the highest positive rate 187 

and editing efficiency (Table S1). In addition, we also optimized the culture time and 188 

medium in order to further improve the positive rate and editing efficiency (Table S1). 189 

The schematic procedures of the optimized CNEE are presented in Fig. 2. Detailed 190 

procedures are provided in Fig. 9. First, the plasmid p-PBAD-cas9 expressing Cas9 and 191 

the plasmid p-PBAD-sgRNA expressing sgRNA were transformed into the target strain. 192 

Then, after one of the transformants was cultured for a period of time, L-arabinose was 193 

applied to induce the expression of Cas9 and sgRNA, resulting in site-specific 194 
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generations of DSBs and deletion mutations. Briefly, the Cas9sgRNA complex binds 195 

and cleaves the target DNA strands and generates DSBs at desired genomic loci. The 196 

ENEJ pathway repairs the DSBs, and the cells survive the CRISPR-Cas9 mediated 197 

cleavage but carry stochastic deletion in the target genomic loci (11). Finally, a small 198 

fraction of the culture was plated in a selection plate, and the edited strains were verified 199 

by colony PCR and sequencing. The plasmid p-PBAD-sgRNA-X was removed by 200 

increasing the cultivation temperature to 3742℃ (Fig. S10a), and a new p-PBAD-201 

sgRNA-X plasmid targeting a different genomic locus was introduced for the next 202 

round of genomic editing. Finally, the plasmid p-PBAD-Cas9 was cured by culturing in 203 

LB antibiotic-free medium (Fig. S10b). 204 

CNEE is convenient for gene inactivation 205 

In principle, the ENEJ system repairs CRISPR-Cas9-induced DSBs and results in 206 

stochastic genomic sequence deletion, thus disrupting the target ORF (Fig. 3a). We first 207 

inactivated the lacZ gene in the MG1655 (WT) strain (Fig. 3b). The plasmid p-PBAD-208 

sgRNA-lacZ containing the spacer that target the lacZ gene was transformed into 209 

MG1655 (WT) harboring plasmid p-PBAD-cas9; the mutations of the lacZ gene in the 210 

resulting strains was examined by blue-white screening, colony PCR, and sequencing. 211 

Almost all colonies in the experimental group turned white, indicating that most 212 

cells surviving CRISPR-Cas9-mediated cleavage were edited, whereas all colonies in 213 

the control group were blue in color, indicating that genomic editing did not occur in 214 

the absence of CRISPR-Cas9 (Fig. 3c). The positive rate was 96% and the editing 215 

efficiency was 3 × 10-5 (Fig. 3f). One hundred white colonies were randomly picked 216 

for PCR screening using primer pairs F1/R1 and F2/R2. Theoretically, an agarose gel 217 

electrophoresis band could be obtained if the sequence deletion was within the 218 

complementary regions of primer pair. The results showed that using primer pair F1/R1, 219 

52% of the white colonies generated one band, indicating that 52% of total positive 220 

colonies carried a sequence deletion within the complementary regions of F1/R1 (Fig. 221 

3f). Part of the PCR results are shown in Fig. 3d. The control group showed a band of 222 
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1,226 bp in size, the experimental group, i.e. Nos. 1 and 5, exhibited a band that are 223 

obviously less than 1,226 bp in size. For colonies that did not exhibit a band, i.e. Nos. 224 

2 and 6, deletions beyond the complementary regions of F1/R1 were observed. Part of 225 

the sequencing results are shown in Fig. 3e. Deletions of different lengths that were 226 

within the complementary regions of F1/R1 were observed. Similarly, using primer pair 227 

F2/R2, 74% of the white colonies exhibited one band of less than 3,075 bp, indicating 228 

that 74% of total positive colonies carried a sequence deletion within the ORF of lacZ 229 

gene (Fig. 3f). For colonies that did not exhibit a band, deletions beyond the ORF of 230 

lacZ gene were observed. Generally, these colonies were excluded because sequence 231 

deletions that exceed the length of the ORF might impair the function of neighbouring 232 

genes. We still found blue colonies in the experimental group, so we examined 10 of 233 

these by colony PCR and sequencing. All tested blue colonies were determined to have 234 

an intact lacZ gene, generally, these colonies are called ‘escapers’. Although ‘escapers’ 235 

still existed, these only accounted for 4% of all the colonies, making colony screening 236 

much less tedious. 237 

Using the same approach, we then iteratively knocked out dinB, a gene with an 238 

ORF that was smaller than lacZ (Fig. 3b). One hundred colonies in the experimental 239 

group were randomly picked for PCR screening and sequencing, with F3/R3 as primers. 240 

The positive rate was 97%, and the editing efficiency was 2.2 × 10–5. All colonies that 241 

were not positive (3%) were proven to have an intact dinB gene. Among the positive 242 

colonies, 60% carried a sequence deletion within the ORF of dinB (Fig. 3f). 243 

CNEE is efficient in knocking out large fragments 244 

Then, CNEE was applied for large-fragment knocking-out in MG1655 (WT), that is, 245 

an 81-kb large fragment (3,609,8833,690,267) and an 83-kb large fragment 246 

(2,348,5152,431,673). To delete the 81-kb large fragment from the bacterial 247 

chromosome, we designed the p-PBAD-sgRNA-81kb plasmid which contains two 248 

sgRNA expression chimeras (Fig. 4a). The plasmid was transformed into MG1655 (WT) 249 

that harbored plasmid p-PBAD-cas9. Theoretically, under the guidance of two sgRNAs, 250 
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the Cas9 protein cuts off the fragment from the genome by simultaneously introducing 251 

a pair of DSBs in the genome, followed by the re-joining of the distant ends (Fig. 4b). 252 

There is no essential gene in the 81-kb fragment, thus the knocking-out of this fragment 253 

does not impair the growth of the cell. Flanking the fragment are two essential genes 254 

yhhQ and bcsB, and the deletion of either gene is lethal to the cells (23). Therefore, the 255 

survived cells should have intact yhhQ and bcsB. 256 

To check the mutants by colony PCR, three primer pairs were designed to target 257 

the regions within the yhhQ (F4/R4), the 81-kb fragment (F5/R5), and the bcsB (F6/R6) 258 

(Fig. 4b). One hundred colonies were randomly selected for PCR screening, and part 259 

of agarose gel electrophoresis results are shown in Fig. 4c. The desired mutants had 260 

only the first and the third bands, whereas the control [MG1655 (WT)] had all three 261 

bands. The positive rate was 99%, and the editing efficiency was 4.4 × 10–6 (Fig. 4d). 262 

Using the same approach, we then iteratively knocked out an 83-kb large fragment 263 

(Fig. 4b). There is no essential gene in the 83-kb fragment, thus the knocking-out of 264 

this fragment does not impair the growth of the cells. Franking the fragment are two 265 

essential genes nrdB and folC, and the deletion of each gene is lethal to the cells (23). 266 

Therefore, the survived cells should have intact nrdB and folC. Primer pairs F7/R7, 267 

F8/R8 and F9/R9 were designed to check the positive mutants, and part of agarose gel 268 

electrophoresis results are shown in Fig. 4c. The positive rate was 85%, and the editing 269 

efficiency was 2.6 × 10–6 (Fig. 4d). We also obtained 15% of false positive colonies, 270 

i.e. the No. 4 in the experimental group (Fig. 4c). Further investigation showed that 271 

these false-positive colonies did not lose the 83-kb fragment, but contained stochastic 272 

length of deletion in the region of both target sites. The results indicated that the 273 

fragment being cut off could, with a certain probability, be re-integrated back into the 274 

chromosome through ENEJ. 275 

CNEE does not require high-efficiency competent cells 276 
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Generally, CRISPR-Cas9-based genomic editing methods depend on high-efficiency 277 

competent cells to achieve relatively high editing efficiency, and electroporation is 278 

commonly used to obtain high transformation efficiency (1,6,16,18,20,24-26). 279 

However, highly competent cells, especially chemically competent cells, are not always 280 

easy to prepare. Some strains, such as the MG1655 (WT) strain are very difficult to 281 

prepare highly competent cells due to their genetic properties (27,28). The CNEE 282 

allows transformants to reproduce before inducing genome editing by adding L-283 

arabinose, and thus does not depend on high-competency host strains. Theoretically, as 284 

long as one transformant is obtained, genome editing can proceed normally (Fig. 6a). 285 

To prove this advantage, we tested the CNEE for gene inactivation using MG1655 (WT) 286 

competent cells of different transformation efficiencies. The lacZ gene was selected as 287 

the target gene. The CaCl2 method, Inoue method (27), and electroporation method 288 

were used to obtain competent cells of different competencies, ranging from 104 (cfu/μg 289 

pUC19) to 108 (cfu/μg pUC19). As expected, there was no apparent difference in either 290 

the positive rate or the editing efficiency (Table 2). 291 

In previous methods, the minimal transformation efficiency of competent cells 292 

was 108109 (cfu/μg pUC19) to obtain a relatively high editing efficiency (Table 3). 293 

However, in CNEE, a competency of 104 (cfu/μg pUC19) is sufficient to obtain a 294 

comparable editing efficiency (Tables 2 and 3). 295 

The DSB repair in CNEE is independent of RecA and LigB, but is dependent on 296 

RecBCD 297 

The CNEE system has been proved to be convenient and efficient for gene inactivation 298 

and large-fragment knocking-out. However, the detailed mechanism of ENEJ involved 299 

in CNEE was unknown. Chayot et al. proposed a model for the mechanism of A-EJ, 300 

which is the first ENEJ pathway found in E. coli (Fig. 5a) (11). In that model, A-EJ 301 

relies on the degradation of DNA ends by the RecBCD complex and the ligation by the 302 

LigA. In addition, the regions of microhomology (19 nt) are essential to promote the 303 

ligation of two DNA ends. 304 
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To explore whether A-EJ involves in the CNEE, the lacZ was inactivated in the 305 

MG1655 (WT), MG1655 (ΔrecA), and MG1655 (ΔrecBCD) strains. Both the MG1655 306 

(ΔrecA) and MG1655 (ΔrecBCD) strains were obtained by CNEE. In the MG1655 307 

(ΔrecA) and MG1655 (ΔligB) strains, the positive rate were 92% and 95%, respevtively, 308 

and the editing efficiency were 3.2 × 10–5 and 3.15 × 10–5, respectively, close to that of 309 

the MG1655 (WT) strain (96%, 3.0 × 10–5) (Figs. 5b and 5c), indicating that DSBs 310 

repair is independent of the RecA recombinase and LigB. However, no DSB repair 311 

event was found in the MG1655 (ΔrecBCD) strain (Figs. 5b and 5c), demonstrating that 312 

DSBs repair relied on the RecBCD complex. Moreover, microhomology (13 nt) in the 313 

joining site were observed in every DSB repair event (Fig. 5d). These results agreed 314 

with the A-EJ model. We were unable to verify the role of LigA in DSB repair via gene 315 

deletion, as the ligA is an essential gene for E. coli. Taken together, the DSB repair is 316 

independent of RecA and LigB, but is dependent on RecBCD complex. Therefore, the 317 

A-EJ was likely the ENEJ involved in the CNEE. 318 

Strategies used in CNEE are also applicable for other CRISPR-Cas9-mediated 319 

genome editing methods 320 

Accumulating the offsprings of the transformants harboring the editing systems and 321 

recovering the targeted cells are the keys to ensure high efficient CNEE. This strategy 322 

was applied to other CRISPR-Cas9-mediated methods depending on RecA mediated 323 

HR, λ-Red mediated HR, or NHEJ. The Mycobacterium tuberculosis H37Rv-derived 324 

NHEJ pathway (Mt-NHEJ) is efficient in joining non-homologous DNA ends (1). The 325 

adjacent genes ligD and mku are functional in Mt-NHEJ, and these were added to 326 

plasmid p-PBAD-cas9 with the IPTG-induced PT5 promoter to generate plasmid p-PBAD-327 

cas9/PT5-ligD-mku (Fig. 6b). The newly constructed plasmid was then transformed into 328 

MG1655 (WT) strain along with plasmid p-PBAD-sgRNA-lacZ. IPTG was used to 329 

induce the expression of Ligase-D and Ku protein. Other than this, all procedures were 330 

the same as CNEE. We obtained a 100% positive rate (Fig. 6c) and a 2.4 × 10–4 editing 331 

efficiency (Fig. 6d). The editing efficiency was eight-fold as high as that of CNEE, 332 
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indicating that the Mt-NHEJ was more efficient than ENEJ in repairing CRISPR-Cas9-333 

induced DSBs. 334 

Most reported methods used HR to repair CRISPR-Cas9-induced DSBs. However, 335 

according to previous reports, the RecA-mediated HR pathway in E. coli showed low 336 

efficiency in repairing DSBs, thus, λ-Red system must be introduced to enhance HR 337 

activity in these study (6,20). Now that the ENEJ, a weak DSB repair mechanism, 338 

worked well in CNEE, it was interesting to know how RecA-mediated HR performs 339 

using the same strategies of CNEE. We added a donor sequence containing two 340 

homologous arms of 500 bp to plasmid p-PBAD-sgRNA-lacZ to generate plasmid p-341 

PBAD-sgRNA-Donor-lacZ (Fig. 6b). The plasmid was transformed into MG1655 (WT) 342 

strain along with plasmid p-PBAD-cas9. All procedures were the same as CNEE. As a 343 

result, a 50% positive rate and a 4 × 10–5 editing efficiency were obtained (Fig. 6c). The 344 

editing efficiency was slightly higher than CNEE, and the positive rate was lower than 345 

CNEE. We found that nearly all the remaining colonies (50%) that were not positive 346 

went through DSB repair by ENEJ mechanism, indicating that RecA-mediated HR was 347 

equivalent to ENEJ in repairing CRISPR-Cas9-induced DSBs. To enhance HR activity, 348 

we added λ-Red system to plasmid p-PBAD-cas9 to generate plasmid p-PBAD-cas9/PT5-349 

Redγβα (Fig. 6b). The plasmid was transformed into MG1655 (WT) strain, along with 350 

plasmid p-PBAD-sgRNA-Donor-lacZ. The positive rate was 100% (Fig. 6c), indicating 351 

that all colonies grown in the plate were edited. The editing efficiency was 2 × 10–2, 352 

about 667-fold of CNEE, indicating that 1 out of 50 cells was edited. 353 

  354 
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Discussion 355 

In this study, we developed the CNEE for genomic editing. The method utilizes ENEJ 356 

to repair DSBs, thus is independent of exogenous DNA repair systems such as NHEJ. 357 

To our knowledge, this is the first successful engineering effort to utilize ENEJ 358 

mechanism in genomic editing. Accumulating the offsprings of the transformants 359 

harboring the editing systems and recovering the targeted cells are the keys to ensure 360 

the high efficiency of the CNEE. The method has been applied for gene inactivation 361 

and large-fragment knocking-out. For gene inactivation, the positive rates were above 362 

96%, and the editing efficiencies were above 2.2 × 10–5. For large-fragment knocking-363 

out, the positive rates were above 85%, and the editing efficiencies were above 2.6 × 364 

10–6. Our method has three advantages compared to the existing methods: (i) it requires 365 

neither a DNA template nor an exogenous DSBs repair system such as NHEJ, (ii) it is 366 

simple and efficient in gene inactivation and large-fragment knocking-out, (iii) it is 367 

independent of high-efficiency competent cells. 368 

Classic recombineering in E. coli relies on λ-Red recombinases to achieve 369 

genomic editing with an introduced homologous DNA as the editing template (Table 370 

3). Either double-stranded DNA (dsDNA) or single-stranded DNA (ssDNA) is 371 

functional as the editing template. Generally, dsDNA mediated recombineering is less 372 

efficient, and it requires a selection marker such as an antibiotic resistance gene (29-373 

31). On the contrary, ssDNA mediated recombineering does not require selection 374 

marker due to its higher efficiency; however, it is only applicable to small-scale 375 

genomic editing such as codon displacement (32,33). Recombineering is unable to 376 

knock out large fragments from the chromosome, which limits its application in large-377 

scale genetic engineering. The introduction of CRISPR-Cas9 to E. coli provides an 378 

efficient way for complicated chromosome modifications such as knocking out large 379 

fragments (Table 3). Many CRISPR-Cas9-dependent methods have been reported. In 380 

these methods, the CRISPR-Cas9 system was combined with an exogenous DSB repair 381 

system, λ-Red system, or NHEJ system to achieve site-specific genomic editing. 382 
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However, our testing showed that these methods are strictly dependent on the 383 

exogenous DSB repair system. In CNEE, ENEJ is employed to repair CRISPR-Cas9-384 

induced DSBs in the absence of an editing template. The ENEJ mechanism naturally 385 

exists in E. coli. As a much weaker DSB repair mechanism than λ-Red system or NHEJ 386 

system, it still shows a good performance in genomic editing. By gene disruption, we 387 

demonstrated that the ENEJ is independent of RecA recombinase and LigB, but 388 

dependent on RecBCD, a protein complex that has 5’ to 3’ exonuclease, 3’ to 5’ 389 

exonuclease, and helicase activities. Theoretically, ligase is involved in the end joining 390 

of DNA ends. In E. coli, LigA and LigB are the only ligases. Now that the LigB is 391 

useless in DSB repair, the LigA is likely the ligase involved in the ENEJ mechanism. 392 

We were unable to verify the role of LigA in end joining because the ligA is an essential 393 

gene in E. coli. The sequencing results of over thirty samples of DSB repair indicated 394 

that microhomology of 1–3 nt was essential for end joining. The A-EJ model proposed 395 

by Chayot et al. explains the end-joining mechanism well, but the exact biochemical 396 

mechanism remains to be explored. 397 

CRISPR-Cas9 system has been conveniently employed to introduce site-specific 398 

DSBs, and the cleavage of dsDNA kills WT cells, thereby facilitating the selection of 399 

edited cells. In eukaryotes such as Saccharomyces cerevisiae, the HR and NHEJ 400 

activities are high enough to efficiently repair CRISPR-Cas9-induced DSBs. Therefore, 401 

the application of CRISPR-Cas9 in eukaryotes is simple and convenient. However, in 402 

bacteria, the situation is very different. A small fraction of bacteria has relatively high 403 

HR activity such as Streptococcus pneumoniae or relatively high NHEJ activity such 404 

as Mycobacterium tuberculosis. In many bacteria such as E. coli, both HR and end-405 

joining activities are weak. The application of CRISPR-Cas9 in these bacteria is, thus, 406 

difficult. However, in this study, we show that the E. coli native HR pathway or end-407 

joining pathway is applicable for efficient genomic editing, which makes genomic 408 

editing in E. coli as simple as that in S. cerevisiae. This observation implies that all 409 

bacteria have the potential to be edited, rely on their native DSB repair mechanism. 410 
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Existing genomic editing methods for E. coli are strictly dependent on high-411 

efficiency competent cells, and electroporation or expensive commercial kits are 412 

generally used to obtain high-efficiency competent cells. However, it is difficult to 413 

make highly competent cells for some E. coli strains even using special and complicated 414 

methods. Therefore, genomic editing in these strains is highly limited. However, in this 415 

study, we showed that CNEE is independent of high-efficiency competent cells, and 416 

the required minimal transformation efficiency is 104 cfu/μg DNA, which is very easy 417 

to obtain using traditional, chemical methods. Moreover, the same editing efficiency is 418 

achieved as long as the transformation efficiency is over 104 cfu/μg DNA. We believe 419 

that CNEE is more advantageous in other bacteria that have a lower competency than 420 

E. coli. 421 

Gene inactivation and large-fragment knocking-out are frequently employed in 422 

synthetic biology and metabolic engineering. And researchers always choose to utilize 423 

an efficient and simple method. As opposed to the indirect selection provided by 424 

recombineering, the use of the CRISPR-Cas9 system makes it possible to directly select 425 

for the desired mutation. CRISPR-Cas9-induced DNA cleavage kills WT cells, and thus 426 

edited cells can be selected easily. However, the major limitation is the presence of a 427 

background of cells that escape CRISPR-Cas9-induced cell death and lack the desired 428 

mutation, and the limitation is more prominent in strains that have a weak DSB repair 429 

mechanism. Improving the effieicncy of CRISPR/Cas9 system is a key way to solve 430 

this problem. In this study, the Cas9 derivative xCas9-3.7 and the engineered sgRNA 431 

were utilized to successfully increase the efficiency of introducing DSBs (7,8). 432 

Moreover, the engineering of an inducible system helps circumvent this limitation. Off-433 

target is another limitation for the application of CRISPR/Cas9 technology. In this study, 434 

the use of xCas9-3.7 helps to reduce the off-target event. In addition, designing an 435 

appropriate sgRNA sequence is important to avoid off-target. Therefore, a reliable 436 

sgRNA designing software or website is needed.  437 
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Materials and methods 438 

Strains and culture conditions 439 

The E. coli strain DH5α was used as the host strain for molecular cloning and 440 

manipulation of plasmids. The MG1655 (WT), MG1655 (recA-), or MG1655 441 

(ΔrecBCD) were employed as host strains for genetic engineering. Strains MG1655 442 

(recA-) and MG1655 (ΔrecBCD) were obtained by the CNEE (proposed in this study) 443 

in the basis of MG1655 (WT). Luria-Bertani (LB) medium (10 g/L tryptone, 5 g/L 444 

yeast extract, and 10 g/L NaCl) was used for cell growth in all cases unless otherwise 445 

noted. Agar was added at 20 g/L for solid medium. SOC medium (20 g/L tryptone, 446 

5 g/L yeast extract, 0.5 g/L NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and 447 

20 mM glucose) was used for cell recovery. Ampicillin (Amp), kanamycin (Kan) and 448 

chloramphenicol (Cm) were used at concentrations of 0.1 g/L, 0.05 g/L and 0.025 449 

g/L, respectively. When appropriate, IPTG, X-gal, L-arabinose, and glucose were 450 

supplemented into media or cultures as follows: IPTG (1 mM), X-gal (0.1 g/L), L-451 

arabinose (20 mM), and glucose (10 g/L). 452 

Plasmids construction 453 

The primers and plasmids used in this study are listed in Tables S2 and S3, 454 

respectively. Detailed construction procedures for plasmids p-PBAD-sgRNA-X are 455 

shown in Fig. S11. The complete sequences of the plasmids p-sgRNA-template A, p-456 

sgRNA-template B, p-sgRNA-template C, p-PBAD-cas9, p-PBAD-cas9/PT5-ligD-mku, 457 

and p-PBAD-cas9/PT5-Redγβα are presented in Notes S1S6. The CRISPR target 458 

sequences used in this study are listed in Table S4. 459 

CNEE procedure 460 

First, the Kan-resistant (KanR) plasmid p-PBAD-cas9 was transformed into the target 461 

strain such as MG1655 to obtain the corresponding transformant, such as MG1655/p-462 

PBAD-cas9. A series of temperature-sensitive Amp-resistant (AmpR) plasmids 463 

containing specifically designed spacers were constructed to express the 464 
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corresponding sgRNA and were generally named as p-PBAD-sgRNA-X. Then, 465 

specific plasmid p-PBAD-sgRNA-X was transformed into the MG1655/p-PBAD-cas9 466 

strain, and the MG1655/p-PBAD-cas9/p-PBAD-sgRNA-X strain was screened in a LB 467 

plate with Amp, Kan, and glucose at 30°C. A single colony was picked and 468 

inoculated into 0.5 mL SOC medium and cultured at 30°C for 2 h. Then, 4.5 mL LB 469 

medium, 5 μL Amp, and 5 μL Kan were added to the cultures. After 1 h, 100 μL of 470 

L-arabinose was added, and the cultures were cultured for another 3 h before plating. 471 

A 10-μL aliquot of the cultures were plated onto a LB plate containing Amp, Kan, 472 

and L-arabinose, and the plate was cultured overnight at 30°C. A flowchart of CNEE 473 

is shown in Fig. 2 and Fig. S9. Details of the reagents and media used in the CNEE 474 

are listed in Table S5. 475 

Plasmids curing and iterative editing 476 

Positive mutants were verified by colony PCR and sequencing and were cultured in 477 

LB media individually in the presence of only Kan at 37°C for 12 h to remove the 478 

temperature-sensitive AmpR plasmid p-PBAD-sgRNA-X (Fig. S10a). Then, the 479 

obtained edited strain containing only the plasmid p-PBAD-cas9 could was used as 480 

the starting strain for the next round of genomic editing. The KanR plasmid p-PBAD-481 

cas9 is not stable in the host strain in the absence of Kan. When the last round of 482 

genomic editing was completed, the edited strain was cultured in LB media without 483 

Kan at 37°C for 16 h to remove both AmpR plasmids p-PBAD-sgRNA-X and KanR 484 

plasmid p-PBAD-cas9 (Fig. S10b). The overnight culture was diluted and plated on a 485 

LB plate. Strains sensitive to both Amp and Kan are plasmid-free. Single plasmid-486 

free colonies were selected and verified using LB media with or without 487 

corresponding antibiotics. The flowchart of the procedure is shown in Fig. S9b. 488 

Measurement of transformation efficiency 489 

Pure, supercoiled pUC19 was used to determine the transformation efficiency of 490 

competent cells. First, 1 μl of pUC19 (1 ng/μl) was added to one tube of competent 491 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted April 11, 2019. ; https://doi.org/10.1101/605246doi: bioRxiv preprint 

https://doi.org/10.1101/605246


 

20 

 

cells. Next, the mixture was incubated for 30 minutes before conducting heat-shock 492 

for 90 seconds in a 42°C water bath. Then, the tube was placed on ice for two minutes 493 

before adding 1 mL of SOC medium, and the tube was shaked at 200–230 rpm (37°C) 494 

for 40 minutes. Last, 100 μl of the cultures was plated on a LB plate containing 495 

ampicillin, and the plate was incubated overnight at 37°. The transformation 496 

efficiency is N × 104 cfu/μg pUC19 (“N” refers to the number of colonies). 497 

Calculation of genomic editing positive rate 498 

One hundred colonies in the LB plate containing Amp, Kan, and L-arabinose were 499 

tested by colony PCR to screen for positive mutants. Twenty of the positive mutants 500 

were sequenced for further verification. The positive rate was calculated by the 501 

proportion of positive colonies to the total number of colonies. 502 

Calculation of genomic editing efficiency 503 

In previous reports, the positive rate was frequently taken as the editing efficiency in 504 

a genomic editing. In this study, we proposed a new definition that better reflected 505 

editing efficiency. One control group was set along with the experimental group to  506 

calculate the editing efficiency. In the control group, L-arabinose was not added to 507 

the cultures, thus no Cas9 protein was expressed. In addition, all other operations 508 

were the same as the experimental group. The editing efficiency was calculated by 509 

the proportion of positive colonies in the experimental group to the total number of 510 

colonies in the control group. 511 

  512 
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Figure legends 598 

Fig. 1. Genomic editing tests of existing methods. (a) Schematic of lacZ inactivation 599 

via HR pathway or end-joining pathway. (b) Positive rates of methods 7 and 8 in the 600 

presence of overexpressed Ligase-D and Ku protein. (c) Positive rates of methods 16 601 

in the presence of editing template and overexpressed λ-Red recombinases. (d) Positive 602 

rates of methods 16 without overexpressed λ-Red recombinases but with editing 603 

template. (e) Positive rates of methods 16 in the absence of both editing template and 604 

overexpressed λ-Red recombinases. Data are expressed as means ± s.d. from three 605 

independent experiments. 606 

 607 

Fig. 2. Schematic of CNEE. Step 1: Plasmids p-PBAD-cas9 and p-PBAD-sgRNA-X were 608 

transformed into a host strain. Step 2: a transformant was cultured for reproduction 609 

before inducing genomic editing by adding L-arabinose. Step 3: Plasmids in the edited 610 

strain were removed to obtain a plasmid-free strain. 611 

 612 

Fig. 3. CNEE based gene inactivation. (a) Principle of gene inactivation. (b) Genes 613 

that were inactivated. (c) Representative results of blue-white screening of lacZ 614 

inactivation experiment. (d) Representative PCR results of lacZ inactivation 615 

experiment. White colonies were randomly picked to conduct PCR screening with a 616 

blue colony served as the control. F1/R1 were used as primers. (e) Representative 617 

sequencing results of lacZ inactivation experiment. (f) Positive rates and editing 618 

efficiencies of lacZ inactivation and dinB inactivation. “Total” represents all edited 619 

colonies. “Fn/Rn (n=1, 2, 3)” represent colonies that contain sequence deletion within 620 

the corresponding primer pairs. Data are expressed as means ± s.d. from three 621 

independent experiments. 622 

 623 

Fig. 4. CNEE based large-fragment knocking-out. (a) Structure of plasmid p-PBAD-624 

sgRNA-X used for large-fragment knocking-out. The plasmid contains two sgRNA 625 

expression chimeras. (b) Knocking-out of an 81 kb fragment and an 83 kb fragment. (c) 626 

Representative PCR results of large-fragment knocking-out experiments. Colonies 627 

were randomly picked for PCR screening, and a WT colony served as control. (d) 628 

Positive rates and editing efficiencies of large-fragment knocking-out. Data are 629 

expressed as means ± s.d. from three independent experiments. 630 

631 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted April 11, 2019. ; https://doi.org/10.1101/605246doi: bioRxiv preprint 

https://doi.org/10.1101/605246


 

25 

 

Fig. 5. Mechanism of ENEJ involved in CNEE. (a) Model of A-EJ mechanism 632 

proposed by Chayot et al. Step 1: the RecBCD complex binds and degrades DNA ends 633 

and generates micro sticky ends in the microhomology regions. Step 2: the sticky ends 634 

mediates the synapsis of DNA. Step 3: the Ligase-A repairs the gaps and generates 635 

complete dsDNA. (b, c) Results of lacZ inactivation in three strains. ΔrecA represents 636 

recA deficient. ΔrecBCD represents recBCD deficient. Strains MG1655 (ΔrecA) and 637 

MG1655 (ΔrecBCD) were obtained by CNEE. (d) Representative DSB repair events 638 

by CNEE. Data are expressed as means ± s.d. from three independent experiments. 639 

 640 

Fig. 6. Extended methods of CNEE. (a) The core strategy of CNEE. Transformants 641 

are cultured for reproduction to increase the cells number and cells activity before 642 

triggering DNA cleavage and DSB repair. The white dots represent WT cells. The green 643 

dots represent edited cells. The orange dots represent cells that die from the cleavage 644 

of Cas9. “N” represents the number of living cells. “N0” represents the number of 645 

transformants. “n” represents the number of cell division. “1/a” represents the 646 

efficiency of DSB repair. (b) Plasmids constructed for extended methods. Plasmid p-647 

PBAD-cas9/PT5-ligD-mku was obtained by adding the NHEJ associated genes (ligD and 648 

mku) to plasmid p-PBAD-cas9. Plasmid p-PBAD-cas9/PT5-Redγβα was obtained by 649 

adding λ-Red system (Redγβα) to plasmid p-PBAD-cas9. Plasmid p-PBAD-sgRNA-650 

Donor-lacZ was obtained by adding a donor sequence to plasmid p-PBAD-sgRNA-lacZ. 651 

(c-d) Positive rates and editing efficiencies of CNEE and three extended methods. In 652 

extended methods, NHEJ pathway, RecA-mediated HR pathway, or λ-Red-mediated 653 

HR pathway served as DSB repair pathway. Data are expressed as means ± s.d. from 654 

three independent experiments.  655 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted April 11, 2019. ; https://doi.org/10.1101/605246doi: bioRxiv preprint 

https://doi.org/10.1101/605246


 

26 

 

Tables 656 

Table 1. Test results of reported genomic editing methods 657 

Foreign elements 
DSB repair mechanisms 

λ-Red-mediated HR RecA-mediated HR NHEJ ENEJ 

Cas9 protein + + + + 

Editing template + + – – 

Redγβα + – – – 

Ku, Ligase-D – – + – 

Tested methods PR (%) EE PR (%) EE PR (%) EE PR (%) EE 

Method 1 (6) 65 (±7.2) 2.0 (±0.32) × 10–5 0.71 (±0.21) 1.0 (±0.22) × 10–7 NA NA 0 0 

Method 2 (24) 86 (±6.7) 1.5 (±0.14) × 10–5 5.6 (±0.79) 1.3 (±0.18) × 10–7 NA NA 2.8 (±0.99) 5.0 (±1.7) × 10–8 

Method 3 (16) 95 (±3.8) 2.3 (±0.26) × 10–4 0.58 (±0.11) 6.0 (±0.48) × 10–8 NA NA 0 0 

Method 4 (20) 19 (±6.6) 1.4 (±0.12) × 10–5 2.1 (±0.34) 3.6 (±0.42) × 10–7 NA NA 1.5 (±0.76) 2.0 (±0.90) × 10–8 

Method 5 (25) 93 (±5.4) 3.9 (±0.38) × 10–5 0 0 NA NA 0 0 

Method 6 (26) 100 (±0) 4.6 (±0.44) × 10–6 0 0 NA NA 0 0 

Method 7 (1) NA NA NA NA 51 (±8.2) 2.7 (±0.30) × 10–7 0 0 

Method 8 (18) NA NA NA NA 90 (±6.2) 9.9 (±1.6) × 10–7 0 0 

PR: positive rate, EE: editing efficiency, NA: not available. Data are means ± s.d. from three independent experiments. 658 

 659 

Table 2. Test results of CNEE using cells with different competencies 660 

Competency (cfu/μg pUC19) PR (%)               EE Deletion size less than 1 kb (%) 

104 (CaCl2 method) 98 ± 1.4 3.2 (±0.21) × 10–5 55 ± 6.5 

105 (CaCl2 method) 96 ± 3.8 3.0 (±0.23) × 10–5 52 ± 7.6 

106 (Inoue method) 97 ± 2.1 3.5 (±0.26) × 10–5 54 ± 7.1 

107 (Inoue method) 95 ± 4.2 3.3 (±0.32) × 10–5 53 ± 4.3 

108 (Electroporation method) 96 ± 3.4 3.5 (±0.28) × 10–5 58 ± 5.7 

PR: positive rate, EE: editing efficiency. Data are expressed as means ± s.d. from three independent experiments. 661 

 662 

Table 3. Comparison of CNEE with existing genomic editing methods 663 

Principle Method 
Selection 

marker 
Foreign proteins Donor DNA Efficiency 

Large fragment 

knocking-out 

Minimal competency   

(cfu/μg DNA) 
Reference 

ENEJ CNEE Not required Cas9 Not required Efficient Available 104 This study 

NHEJ CA-NHEJ Not required Cas9, Ku, Ligase-D Not required Efficient Available 108 (1,18) 

HR CA-HR Not required Cas9, Redγβα Required Efficient Available 108 (16,26) 

HR dsDNA-HR Required Redγβα Required Difficult Incapable 108 (22,34) 

HR ssDNA-HR Not required Redβ Required Efficient Incapable 109 (32,35) 

 664 
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