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Owing to the rapid advancement of genome engineering technologies, the scale of genome engineering has ex- 
panded dramatically. Genome editing has progressed from one genomic alteration at a time that could only be 
employed in few species, to the simultaneous generation of multiple modifications across many genomic loci in 
numerous species. The development and recent advances in multiplex automated genome engineering (MAGE)- 
associated technologies and clustered regularly interspaced short palindromic repeats and their associated protein 
(CRISPR-Cas)-based approaches, together with genome-scale synthesis technologies offer unprecedented oppor- 
tunities for advancing genome-scale engineering in a broader range. These approaches provide new tools to 
generate strains with desired phenotypes, understand the complexity of biological systems, and directly evolve 
a genome with novel features. Here, we review the recent major advances in genome-scale engineering tools 
developed for Escherichia coli , focusing on their applications in identifying essential genes, genome reduction, 
recoding, and beyond. 
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. Introduction 

With rapidly accumulating genome sequences of new species and
reakthroughs in gene synthesis and genome editing technologies, we
ow have the power to unveil gene functionality in a complex genomic
etwork, discover desired phenotypic features, and design strains with
aluable industrial applications [1–3] . E. coli is one of the most com-
only used model organisms in biological research [4–6] , and its en-

ineered strains have been established for industrial applications, such
s the production of humanized monoclonal antibody fragments (Fab)
 7 , 8 ] and important chemicals [ 9 , 10 ]. Therefore, developing powerful
ools for modifying the E. coli genome in a desired and controllable man-
Abbreviations: MAGE, multiplex automated genome engineering; CRISPR-Cas, c
rotein; HR, homologous recombination; DSB, double-strand break; MMR, mismatch r
enome engineering; gRNA, guide RNA; PAM, protospacer adjacent motif; crRNA, CR
ditors; Target-AID, deaminase-mediated targeted nucleotide editing; CREPE, CRIS
nhanced genome engineering through programmed recombination; GENESIS, genom
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er is of great priority [ 2 , 11 ]. Over the past several decades, scientific
rogress in E. coli genome editing has evolved from random genetic
odifications to targeted editing at specific positions, enabling precise

enetic changes. Furthermore, advancements have allowed for multiple
nd more precise modifications at the genome-scale. 

Homologous recombination (HR)-based methods for introducing ge-
etic variation are widely applicable to many organisms and have the
dvantage of introducing specific modifications at specific genomic sites
 3 , 12 , 13 ]. However, E. coli ’s recombination efficiency is relatively low,
ampering efficient genome engineering using HR [ 14 , 15 ]. Early efforts
ere made to increase the recombination ability of E. coli by overex-
ressing its endogenous recombinases and associated factors [ 16 , 17 ];
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Fig. 1. Milestone development in genome en- 
gineering technology. 
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owever, the practical application of these methods remains limited.
he expression of bacteriophage-derived proteins was found to be more
otent in editing a single to a few genomic sites [ 18 , 19 ], but is less
fficient in editing multiple loci simultaneously due to low recombina-
ion frequency [19] . Although iterative implementation of the lambda
ed recombination system could fulfill the requirements for engineering
iosynthetic pathways involving several proteins [ 20 , 21 ], the ability to
ore efficiently modify the E. coli genome is desperately required. The

ubsequent development of single-stranded DNA oligo-mediated Multi-
lex Automated Genome Engineering (MAGE) [22] offers a new plat-
orm for multiplex genome editing in E. coli . MAGE has been used to
ntroduce small sequence changes iteratively to many sites in the E. coli

enome, yielding strains with the desired genetic modifications and phe-
otypes [23] . Additionally, the CRISPR-Cas system is considered a new
eneration of genome engineering tools with great precision and accu-
acy [24–28] . In recent years, genome-scale engineering has coevolved
ith the development of new genome editing tools, which have greatly
ccelerated our understanding of microbial genomes and enabled us to
eprogram biological systems on a whole-genome scale in a more con-
rollable manner ( Fig. 1 ). Developments include strategies to combine
ultiple powerful genetic editing tools and expand current genetic edit-

ng tools with new functionalities. 
In the present review, we summarize the recent development of key

enome engineering technologies which are applicable in genome-scale
ngineering of E. coli and discuss their applications in various areas. We
egin by describing the basis of these technologies and the advances for
nhancing their efficiency and reducing off-target effects. We then dis-
uss the expansion of these technologies using diverse designs to enable
enome-scale engineering ( Table 1 ). Finally, we focus on genome-scale
ngineering applications in the fields of essential gene identification,
enome size reduction, genome recoding, and chromosome restructur-
ng. 

. MAGE-related genome engineering tools 

MAGE introduces precise edits at multiple sites scarlessly through
ligonucleotide-mediated allelic replacement in E. coli genome [23] . By
epeatedly introducing a pool of targeting oligos into a cell and incor-
orating bacteriophage lambda red recombinase, MAGE enables many
odifications at different chromosomal locations simultaneously and

ffectively without generating double-strand breaks (DSBs). Because
AGE is capable of multiplex genome engineering, it has been used to

mprove metabolism [ 23 , 29 ] and whole-genome recording [30–32] in
. coli and other organisms [ 30 , 33–35 ]. However, despite its potential
n multiplex genome engineering, off-target mutations are still concern-
ng [36] . In addition, an efficient method for target genotype screening
n genome editing is lacking. To overcome these limitations, advances
ave been made to improve the properties of MAGE and its derivative
echniques ( Fig. 2 ) have been explored to expand its applications. 

The central molecular mechanism of MAGE involves the introduction
f genomic modifications via oligonucleotide annealing at the replica-
ion fork. Highly efficient genomic editing was achieved by disabling the
2

ismatch repair (MMR) system in the original MAGE host EcNR2 strain
 mutS− ) [23] . However, this modification results in increased unde-
ired mutation rates, potentially affecting the strain phenotype. To over-
ome the limitations of high off-target mutation rates, conditional active
MR proteins are used instead of genetically disabling MMR genetically

37–39] . A plasmid-based system, called TM-MAGE, was observed with
ver a 5-fold reduction in off-target mutations by transiently inhibiting
ethyl-directed mismatch repair through inducible overexpression of
am methylase [38] . Transient suppression of MMR was also achieved
y temperature-controlled expression of the dominant-negative mutator
llele of the E. coli MMR protein MutL [39] . As a component of the MutS-
utL complex, MutL is responsible for methyl-directed mismatch repair

40] and it allows a transient switch from the non-mutator to mutator
henotype of the host cell. The resulting pORTMAGE-expressing MutL
xhibited high allelic replacement frequency and low off-target muta-
ion rate [39] . Owing to the highly conserved nature of MutL, MMR
uppression can also be extended to distant relatives of E. coli . Efforts
ave also been made to reduce the accumulation of undesired muta-
ions by generating oligos with chemical modifications [ 41 , 42 ] or ad-
itional mismatches [43] to avoid mismatch detection and repair. Al-
hough higher recombination efficiency and reduced off-target effects
ere recorded, this method has limited applications because of the
dded costs and effort involved. 

Furthermore, to expand the host range of MAGE applications, the re-
uired single-stranded DNA-annealing proteins (SSAPs) were screened
nd identified for better performance in E. coli and other hosts with a
roader range [ 44 , 45 ]. Recently, a high-throughput method called “se-
ial enrichment for efficient recombineering ” (SEER) for SSAP discovery
as reported [46] . A library of 122 diverse SSAP variants from seven
ifferent families was screened, and highly active variants were identi-
ed; CspRecT incorporation into pORTMAGE improved multiplex edit-

ng by 5- to 10-fold in E. coli . CspRecT also performed better than the
ambda red system in implementing the CRISPR-Cpf1-assisted genome
diting system in E. coli [47] . The specific interaction between SSAPs
nd the C-terminal peptide of the host single-stranded DNA-binding
rotein may contribute to the better compatibility of SSAPs between
pecies [45] . 

In addition to efforts aimed at improving MAGE properties, various
AGE derivative techniques have been developed to expand its applica-

ion. Similar to MAGE, conjugate assembly genome engineering (CAGE)
ierarchically combines strains with the desired modifications in a pair-
ise manner through conjugation to construct chimeric genomes from
any district strains [36] . Unlike natural conjugation, CAGE can con-

rol the direction and start site of conjugal transfer from the donor strain
nd precisely select the final composition of the genome with the desired
odification by integrating oriT sequences into the donor strain genome
ith selectable markers. Compared with MAGE, CAGE provides the pos-

ibility of assembling large-scale chromosomal regions from many mod-
fied genomes [ 31 , 36 ], allowing the exploration of vast genetic modifi-
ation effects in strains. By combining CAGE and MAGE, genome mod-
fication can be achieved at a higher resolution and on a larger scale
han by using either technique individually. 
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Table 1 

Summary of key genome-scale engineering tools. 

Genome-scale 
engineering tools 

Main characteristics Applications Limitations Reference 

MAGE Multiplex automated genome engineering 
via oligonucleotide mediated allelic 
replacement 

Facilitates the rapid and continuous 
generation of a diverse set of genetic 
changes, such as the overproduction of 
the industrially important isoprenoid 
lycopene 

Limitation in insertion and deletion size [23] 

CAGE Hierarchical conjugative assembly of 
many modified genomes 

Genomic wide modifications, such as stop 
codon TAGs replacement 

Potential limitations in performing 
genomic assembly within the same species 

[36] 

Cos-MAGE Population enrichment for highly mutated 
genomes with Cos oligo supplements 

Improves the efficiency of oligo-mediated 
recombineering; can be implemented 
without automated instrumentation 

Genomic selectable markers are required [48] 

TM-MAGE Transiently disables MMR during MAGE 
cycling by inducible overexpression of E. 

coli Dam methylase 

Enables nearly equivalent efficiencies of 
allelic replacement compared strains with 
fully disabled MMR while maintaining an 
approximately 12- to 33-fold lower 
off-target mutation rate 

Can potentially increase off-target 
mutation rate in subsequent cycles 

[38] 

pORTMAGE Temperature-controlled expression of a 
dominant-negative mutator allele of the E. 

coli MMR protein MutL and related 
recombinase enzyme, enabling transient 
suppression of DNA repair during 
oligonucleotide integration 

Applicable to a diverse set of 
enterobacterial species other than E. coli 

with high editing efficiency and low 

off-target effect 

Specific enzymes and expression vectors 
are required 

[ 39 , 46 ] 

CRMAGE Combines CRISPR-Cas9 and lambda red 
recombineering-based MAGE technology 

Robustness in recombineering efficiency 
and compatibility with automation 
protocols 

Additional steps are required to eliminate 
plasmids 

[50] 

CMGE CRISPR-Cas9 assisted multiplex genome 
editing (CMGE) technique 

Simultaneous editing of up to four loci in 
E. coli and can also be adapted for use in 
other prokaryotic cells 

Low multi-site gene editing efficiency in 
E. coli 

[66] 

Target-AID Deaminase-mediated targeted nucleotide 
editing 

Simultaneous multiplex editing of six 
different genes and 41 loci in transposase 
genes 

Editing capacity can be improved in the 
aspects of the various selection of PAMs 
and higher fidelity 

[82] 

CRISPR-Prime 
editing system 

Introduces high-fidelity substitutions, 
deletions, insertions, and the combination 
thereof, both in plasmids and the 
chromosome of E. coli 

Multiplexed editing in E. coli with the 
second guide RNA, providing a potential 
basis for developing similar toolkits for 
other bacteria 

To achieve gene editing at more sites in E. 

coli , more plasmids need to be introduced, 
limiting the efficiency of gene editing 

[84] 

CREPE Integrates an error-prone PCR donor 
libraries with the synonymous PAM 

mutation (SPM) on the genome, as 
CRISPR-Cas9- mediated genomic 
error-prone editing technology 

Studies essential E. coli genes in their 
native genomic context 

Limitation in target size and particular 
genomic regions 

[102] 

CREATE Combines CRISPR-Cas9 and massively 
parallel oligomer synthesis including 
homologous repair cassettes that both edit 
loci and function as barcodes to track 
genotype–phenotype relationships 

Achieves editing efficiencies of up to 98% 

in a single round of 
recombineering-and-CRISPR-selection; 
enables editing of a broad range of 
mutations at multiple loci in parallel 

Potential for instability of a 
plasmid-based barcode for tracking codon 
level genotype–phenotype relationships 

[72] 

CRISPRi Silences the gene by blocking gene 
transcription with dCas9:sgRNA 
complexes 

Studies high-throughput interrogation of 
genome-wide gene functions and genetic 
interactions 

Possible false positives and failures in 
designing sufficiency sgRNA for given 
locations when investigating gene 
functionality 

[77] 

INTEGRATE Contains transposition proteins TnsA, 
TnsB, and TnsC, in conjunction with the 
RNA-guided DNA targeting complex 
TniQ-Cascade 

Without reliance on homology arms 
specific to each target site, multiple 
simultaneous genomic insertions can be 
generated in the same cell using CRISPR 
arrays with multiple targeting spacers, 
achieving highly accurate and marker-free 
DNA integration of up to 10 kb bases at 
approximately 100% efficiency in bacteria 

May not accomplish precise, scarless 
insertions or point mutations; further 
reductions in transposon end size or their 
conversion into functional parts are 
required 

[101] 

GENESIS Iterative genome replacement by REXER, 
which is strictly dependent on 
CRISPR-Cas9 
and the lambda red recombination 
machinery by simultaneously enhancing 
positive and negative selection 

Enables radical and high-density changes 
to genomes that are not accessible 
through site-directed mutagenesis 
approaches; facilitates replacement of 
entire E. coli genome with synthetic DNA 
through iteration. 

[ 103 , 132 ] 
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To further enhance multiplex genome engineering, Co-selection
AGE (CoS-MAGE) was applied to enrich highly mutated genomes

48] and substantially increase recombination frequencies [49] by in-
orporating genetic selection markers. Additionally, CRMAGE, a com-
ination of CRISPR-Cas9 and lambda red recombineering-based MAGE
echnology, has shown efficient and rapid genome editing with nega-
ive selection against wild-type strains, which can be achieved through
SBs by CRISPR-Cas9 [ 50 , 51 ]. Computer-aided design software has
3

lso been used to develop an open-source web-based tool called Mer-
in, which improves MAGE performance by performing free-energy cal-
ulations and BLAST scoring on a sliding window spanning the tar-
eted site [52] . Overall, the efficiency of MAGE-based technologies has
mproved since their initial development, and the continued increase
n recombination gene efficiency and size will help understand com-
lex microbial systems and developing novel strains for biotechnology
pplications. 
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Fig. 2. MAGE-based technologies for E.coli 

genome engineering. 
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. CRISPR-Cas system in genome-scale engineering 

The CRISPR-Cas system, which was originally discovered in prokary-
tic adaptive immunity, has been engineered as a highly valuable tool
or genome editing in various organisms. Although only a decade has
assed since the first report on programmable CRISPR-Cas systems
28] , their remarkable genome editing capabilities have been exten-
ively demonstrated [ 24 , 53–55 ]. The CRISPR-Cas system-based technol-
gy typically consists of three fundamental components: Cas nucleases,
uide RNA (gRNA) derived from non-coding RNA sequences, and donor
NA [ 27 , 56 , 57 ]. Cas nucleases such as Cas9 are double-stranded (ds)
NA endonucleases that employ gRNA to precisely target and cleave
NA near a specific sequence known as the protospacer adjacent mo-

if (PAM). The PAM site, typically a 2- to 5-base pair recognition se-
uence, varies across different CRISPR-Cas variants and plays a crucial
ole in facilitating cleavage [28] . The CRISPR-Cas system comprises
 complex of CRISPR RNA (crRNA) and transactivating RNA (tracr-
NA), which together facilitate the targeting. Notably, this RNA com-
lex can be engineered into a single-guide RNA transcript, thereby ef-
ectively guiding the Cas nuclease to the desired target site for precise
leavage. Subsequently, the introduction of a double-stranded break
t the target site triggers repair using an exogenous donor DNA as
he repair template through the recombination machinery via HR or
on-homologous end joining (NHEJ). CRISPR-Cas can achieve precise
enome editing that targets single and multiple genes, introducing in-
ertions, deletions, and nucleotide substitutions in E. coli [ 56 , 58 ]. More-
ver, rational designs of these three components of the CRISPR-Cas sys-
em have enabled its applications for broader genome-scale engineering
 Fig. 3 ). 

.1. CRISPR-Cas system for genome-scale editing based on gRNA 

ngineering 

Engineering gRNA is central to the ability of the CRISPR-Cas sys-
em to serve as a powerful tool for genome-scale editing. It plays a piv-
4

tal role in expanding the capability of multi-locus gene editing. Several
trategies have been developed to optimize the gRNA design to improve
fficiency [59–61] and minimize off-target effects [62] , which have been
eviewed elsewhere [ 63 , 64 ]. To achieve simultaneous multilocus gene
diting, researchers have assembled multiple gRNA expression cassettes
ithin a single plasmid. The expressed gRNAs act as guides for Cas en-
onucleases, directing them to multiple target sites for efficient editing.
akuma et al. demonstrated a substantial improvement in the efficiency
f multiplex gene editing by utilizing a single expression vector to de-
iver up to seven single guide RNA (sgRNAs) to human cells [65] . This
dvancement represents a major step forward in the effective delivery
f multiple sgRNAs, which is crucial for efficiently employing multiplex
RISPR technology. Later, using a similar approach based on CRMAGE,
MAG was designed to simultaneously modify four loci in E. coli by
onstructing a complex plasmid containing multiple gRNA (sgRNA) cas-
ettes [66] . The limitation of this gRNA expression approach lies in the
otential challenge of the low delivery efficiency of large plasmids in the
diting system. Remarkably, multiple gRNAs can be expressed by utiliz-
ng endogenous tRNA-processing machinery. This approach allows for
he simultaneous editing of multiple genomic loci in various organisms,
ncluding plants [67] , human cells [68] , yeast [69] , and other micro-
ial species [ 70 , 71 ]. This system has been proven successful in increas-
ng the efficiency of multiplex gene editing, indicating its potential to
urther augment the scale and speed of genetic modifications. Although
ttempts at creating gRNA-tRNA arrays have not been made in E. coli ,
he transformative potential of this technique in E. coli is promising,
onsidering the presence of tRNA-processing systems in virtually all or-
anisms [67] . Notable advancements have been made in genome-wide
diting using gRNA libraries in the CRISPR-Cas system. One method,
RISPR-enabled trackable genome engineering (CREATE), uses episo-
al vectors containing a synthetic library of oligonucleotides as repair

emplates and a gRNA expression cassette to rapidly map genome-wide
utations [72] . Because of the potential instability of the plasmid-based

arcode in this system, alternative barcoding strategies can be used to
urther enhance editing efficiency. 
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Fig. 3. CRISPR-Cas associated systems in genome-scale engineering. 
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.2. CRISPR-Cas system for genome-scale editing based on Cas9 

erivatives and other Cas endonucleases 

While the expression of multiple gRNAs is vital for achieving multi-
ocus gene editing, Cas endonuclease plays a critical role in ensuring
igh editing efficiency and mitigating the challenges associated with
ff-target effects. Considerable efforts have been dedicated to expand-
ng the application of Cas endonucleases in two primary directions. The
rst step involved the development of Cas9 derivatives. One such vari-
nt, dCas9, was created through two mutations (D10A and H840A in
treptococcus pyogenes Cas9). Although dCas9 lacks endonucleolytic ac-
ivity, it retains its ability to bind to specific parts of the genome, en-
bling targeted binding without inducing DSBs [ 28 , 73 , 74 ]. dCas9 has
een engineered as a programmable transcriptional repressor, resulting
n a CRISPR interference (CRISPRi) system. CRISPRi can silence genes
y obstructing gene transcription through dCas9:sgRNA complexes in
. coli [ 75 , 76 ]. It has also been used to simultaneously repress multiple
arget genes with high repression efficiency and site specificity [77] . Ad-
itionally, CRISPRi has been applied in genome-scale functional screen-
ng to guide future discoveries from rich genotype-phenotype maps of
uman cells [78] . This approach overcomes the limitations of single-
ell CRISPR screening and allows the study of preselected genes [78] .
sing E. coli as a microbial biosynthesis factory, the CRISPRi system
as successfully employed to identify advantageous gene targets within

elated pathways. By perturbing 108 targets, researchers gained valu-
ble insights into future gene modulation and their potential applica-
ions [79] . Moreover, chimeric dCas9 constructs with specific elements
r compartments have been used to modulate gene transcription. For
xample, the fusion of dCas9 with the omega subunit of RNAP converts
t into a transcription activator (CRISPRa) [73] . Base editors (BE) con-
isting of dCas9 fused with a nucleobase deaminase can replace a point
utation in the target locus with a desired base, either using cytidine
eaminases [80] or adenosine deaminase [81] . Based on their ability
o avoid double-stranded DNA cleavage, base editors have a low off-
5

arget rate, which makes them suitable for correcting pathogenic point
utations in human cells. Furthermore, BE has shown high potential

or genome editing in E. coli . Deaminase-mediated targeted nucleotide
diting (Target-AID), composed of dCas9 and Petromyzon marinus cyto-
ine deaminase PmCDA1, allows simultaneous multiplex editing of six
ifferent genes and 41 loci located in transposase genes in E. coli [82] .
lthough BE technology reduces off-target effects compared to CRISPR-
as9, it has limitations in editing specific sites because of the require-
ent for a PAM and a specific target site location. Prime editing (PE)
rovides more extensive editing capabilities with a broader range of ed-
ts than BE, including insertions, deletions, and point mutations [83] .
he PE consists of a catalytically impaired Cas9 endonuclease fused to
n engineered reverse transcriptase and a prime editing guide RNA that
pecifies the target site and encodes the desired edit [83] . Compared
o BE, PE has demonstrated remarkable precision in human and mouse
enomes, enabling the accurate insertion of genetic material up to ap-
roximately 40 base pairs and the deletion of sequences up to approx-
mately 80 base pairs, with high ratios of desired edits to undesired
yproducts [83] . Subsequently, a versatile genetic engineering toolkit
ased on CRISPR-prime editing with Cas9 H840A nickase (Cas9n) was
eported [84] . By introducing only one nick into each DNA strand, this
ystem can successfully modify E. coli genome with deletions of up to
7 bp and insertions of up to 33 bp. Although base and prime edit-
ng have substantially advanced gene editing technology in human cell
ines, these techniques have not yet shown the capacity for larger genetic
odifications in a genome-scale level in E. coli and other organisms. 

CRISPR-Cas systems are highly diverse, but can be categorized into
wo distinct classes based on the organization of the effector module
esponsible for processing and adaptation [85] . Class 1 systems utilize
ulti-subunit effectors, whereas class 2 systems employ single large pro-

eins as effectors. Among these, the class 2 system, characterized by
ts simplicity, has emerged as the most commonly used system in the
eld [ 24 , 86 ], with Cas9 being a prominent example. With the discov-
ry of numerous CRISPR-Cas systems, novel class 2 CRISPR–Cas sys-



H. Gao, Z. Qiu, X. Wang et al. Engineering Microbiology 4 (2024) 100115

t  

t  

a  

i  

e  

a  

e  

d  

r  

i  

d  

i  

a  

r  

o  

g  

a  

T  

a  

b  

n  

b

3

 

e  

f  

i  

t  

n  

t  

m  

g  

d  

a  

t  

e  

i  

g  

b

4

 

t  

i  

t  

f  

g  

f  

s  

t  

s  

f  

i
 

t  

p  

c  

g  

a  

t  

r  

l  

m  

r  

t  

t  

m  

i  

s  

m  

r  

t  

s  

c  

c  

s  

b  

n  

w  

r  

v  

[  

b  

n  

h  

t  

5  

m  

t  

o  

w  

m  

g  

d  

m  

E  

s  

b  

b  

t

5

 

a  

a  

s  

o  

t

5

 

d  

w  

s  

i  

c  

g
 

t  

e  

e  

o  

d  

m  

t  

m  
ems such as Cas12 [87–90] and Cas13 [91–94] have expanded substan-
ially, which have also shown potential for genome editing [ 89 , 95 , 96 ]
nd RNA targeting and editing [ 94 , 97 ] in E. coli . Moreover, with the
ncreased number of Cas endonucleases and effector complexes discov-
red in the CRISPR-Cas system, Class 1 systems have attracted attention
nd shown unique advantages and potential for advancing genome-scale
ngineering applications. Recently, a compact Cascade-Cas3 system has
emonstrated its capacity for large targeted genome deletions without
equiring a selection marker, which facilitates the manipulation of repet-
tive and noncoding regions of the genome [98] . A new CRISPR system,
erived from the transposon-encoded CRISPR-Cas system [99] , involv-
ng an RNA-guided DNA targeting complex, including TniQ, Cas6, Cas7,
nd Cas8, requires the transposon proteins TnsA, TnsB, and TnsC to di-
ect the integration of large DNA fragments [100] . Later, the system with
ptimized insertion of transposable elements by guide RNA-assisted tar-
eting (INTEGRATE), which contains transposition proteins TnsA, TnsB
nd TnsC, in conjunction with the RNA-guided DNA targeting complex
niQ-Cascade, can achieve marker-free DNA integration of up to 10 kb
t approximately 100% efficiency [101] . These examples demonstrate a
road range of applications of Cas endonucleases in genome-scale engi-
eering. Researchers have continued to refine genome-editing tools for
roader and more precise applications. 

.3. CRISPR-Cas system for genome-scale editing based on donor DNA 

While the system primarily utilizes guide RNA (gRNA) to direct Cas
ndonuclease to target sites, donor DNA, which serves as a template
or introducing specific modifications, also plays a crucial role in facil-
tating specific genomic modifications. One research group developed
he CRISPR-Cas9-mediated genomic error-prone editing (CREPE) tech-
ology, which uses error-prone PCR to generate donor libraries on the
arget genes in the genome [102] . Using this technology, a library of
utations can be developed across different essential and nonessential

enomic loci in their native genetic context to introduce unbiased and
iverse genomic mutant libraries with high editing efficiency. Addition-
lly, donor DNA in the form of plasmids or BACs [103] has been used
o insert large genes or regulatory elements into the genome, thereby
nabling the study of gene function and regulation. By precisely mod-
fying the E. coli genome, researchers can explore gene functions, en-
ineer metabolic pathways, and develop customized strains for various
iotechnological applications. 

. Gene synthesis-based genome-scale engineering 

In addition to genome editing as a means of exploring genome func-
ionality, genome synthesis offers a valuable approach for understand-
ng genomic structures and functions. Recent advancements in gene syn-
hesis technology have allowed for the construction of genome-sized
ragments from oligonucleotides, enabling the generation of synthetic
enomes with desired modifications to study genomic structures and
unctions. By synthesizing custom genomes, researchers can gain in-
ights into the underlying principles of genome organization and func-
ion. This capability opens new avenues for investigating the relation-
hips between genomic sequences and their phenotypic outcomes, and
or designing and engineering genomes with specific properties for var-
ous applications. 

An important milestone in synthetic biology was achieved through
he de novo synthesis of infectious poliovirus cDNA, which successfully
roduced a synthetic virus displaying the biochemical and pathogenic
haracteristics of polioviruses [104] . This paved the way for subsequent
roundbreaking research focused on the complete chemical synthesis
nd whole-genome design of Mycoplasma , the simplest bacterium with
he smallest genome. The primary objectives of these efforts are to un-
avel the fundamental principles of life and decipher the intricate cel-
ular operating systems. Initially, the synthetic genome of Mycoplas-

as was chemically synthesized, assembled, and cloned into Saccha-
6

omyces cerevisiae [105] . This synthetic genome encompassed nearly all
he genes found in the wild-type strain, and it featured "watermarks"
o help track the modifications made during the synthesis. These re-
arkable achievements have contributed to our understanding of the

ntricacies of cellular life and offer valuable insights into genome de-
ign and engineering. With the development of genome transplantation
ethods, synthesized genomes have been successfully introduced into

ecipient strains, enabling sustained cell viability and self-replication of
he cells [106] . Subsequently, by implementing three cycles of design,
ynthesis, and testing, the synthetic genome of Mycoplasma mycoides was
onstructed, with a genome smaller than that of any autonomously repli-
ating cell found in nature [107] . These studies demonstrated the fea-
ibility of rewriting genomes using large-scale fragment design, assem-
ly, and testing. The Synthetic Yeast Genome Project (Sc2.0) opened a
ew era for synthetic genomics, ranging from prokaryotes to eukaryotes,
ith further development. The complete design and synthesis of synIII,

esulting from systematic replacement of the native sequence of S. cere-

isiae III with alternating selectable markers, was announced in 2014
108] . Soon after this, other synthetic chromosomes were successfully
uilt and their functionalities were confirmed [109–111] , leading to the
ext version of the synthetic yeast genome, dubbed Sc3.0 [112] . E. coli

as also been utilized as a model system for extensive genetic modifica-
ions at the genome-wide level, showing non-native features, such as the
7-codon genome [113] . Similar to the synthetic genome of Mycoplas-

as construction, after computational design and de novo synthesis of
he recoded fragments, segments were assembled in S. cerevisiae because
f its high recombination efficiency. Successfully assembled segments
ere subsequently transformed into E. coli and the corresponding chro-
osomal sequence was deleted to test the functionality of the recoded

enes. Eventually, a recoded E. coli genome with 57-codon was built,
emonstrating the feasibility of genome-wide multiple codon replace-
ents [113] . Furthermore, with genome-scale development, a synthetic
. coli genome with additional modifications for the removal of two
ense codons and a stop codon was constructed, demonstrating the feasi-
ility of synonymous codon compression [114] . Synthetic genomes have
ecome more sophisticated, allowing us to examine biological questions
hat are impossible to answer using traditional approaches. 

. Application of genome-scale engineering 

Extensive efforts have been made to understand genome functions
nd develop technologies for interpreting, designing, and building genes
t the genome scale. Here, we summarize the applications of genome-
cale engineering in E. coli over the past decade from the perspective
f understanding cellular functions and reconstructing new strains with
he desired phenotype ( Fig. 4 ). 

.1. Characterization of genes’ essentiality 

Essential genes that are indispensable for the survival and repro-
uction of organisms under specific conditions [ 115 , 116 ], have been
idely studied in prokaryotes [ 117 , 118 ] and eukaryotes [ 119 , 120 ]. Re-

earchers have shown great interest in the essential genes of E. coli ow-
ng to their fundamental role in understanding bacterial evolution, the
omplexity of biological systems, and the modification and synthesis of
enomes with desired features [121] . 

The traditional strategy for identifying essential genes in E. coli ini-
ially involved a combination of comparative genomics [122–126] and
xperimental approaches [127] . By exploiting these two strategies,
merging databases of essential genes in E. coli have been devel-
ped [ 127 , 128 ]. Recently, a high-throughput method called transposon-
irected insertion site sequencing (TraDIS) was implemented as a bench-
ark against previously existing essential gene databases, eliminating

he drawbacks of relying solely on single gene deletions [129] . This
ethod can be used to reveal novel features at a fine resolution that
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Fig. 4. Applications of genome-scale engineering. 
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ould not have been detected using a simple conventional method; how-
ver, statistical analysis with gene-by-gene inspection of the insertion
istribution within each individual gene could be biased toward genes
ith long coding regions. 

In addition, as CRISPR-Cas technologies have emerged as versa-
ile tools for editing genomes and modulating gene expression, sev-
ral methods based on Cas9-mediated genome-wide high-throughput
enetic screens have been developed to identify essential genes in E.

oli [ 102 , 130 ] and other organisms [131] . A library of guide RNAs di-
ecting the dCas9 protein have been used to silence genes in the E. coli

enome and assign gene essentiality. These pooled CRISPRi screenings
an reliably identify essential genes at the genome level [130] . How-
ver, because of the intricate properties of the genome, this method
ay be restricted by limitations in designing sufficient sgRNAs due to

he short coding length or extreme GC content in microbial genomes.
hus, an additional strategy could be used to address related problems,
uch as implementing an RNA-targeting CRISPR-Cas system to modulate
ene expression at the RNA level and avoid direct genome editing. Af-
er identifying essential genes, CREPE can be employed to introduce the
utational library of the target essential gene with synonymous PAM

SPM) into the genome to study essential gene fitness landscapes in the
ative genetic context [102] . 

.2. Genome recoding 

Changing the genetic code has fundamental importance in under-
tanding basic biological events and reprograming biological functions.
enome-wide stop codon replacement was achieved using MAGE and
AGE technologies. The 314 TAG stop codons were replaced with syn-
7

nymous TAA codons in parallel across 32 E. coli strains through 18
AGE cycles [36] . Hierarchical CAGE was used to assemble these strains
ith codon modifications into a single strain in vivo [36] . However,
ue to a deficiency in mismatch repair in the parent strain, the accu-
ulation of off-target mutations was observed when 321 known TAGs
ere replaced with TAA, resulting in 355 off-target mutations [30] . Re-

ently, Chin et al. created a synthetic E. coli strain that uses 61 codons
or protein synthesis, with two sense codons (TCG and TCA) and a stop
odon (TAG) removed [132] . This strain was built by combining two
terative approaches: replicon excision for enhanced genome engineer-
ng through programmed recombination (REXER) and genome stepwise
nterchange synthesis (GENESIS) [132] . A large synthetic fragment of
ore than 100 kb of E. coli genome with defined synonyms was replaced
ith genomic DNA through REXER, which was achieved using CRISPR-
as9 coupled with lambda-red-mediated recombination and simultane-
us positive and negative selection. Through consecutive REXER steps,
nown as GENESIS, the total synthesis of E. coli with a recoded genome
as achieved, which was four times larger than that previously reported

or genome replacement in any organism [114] . The same research team
eported that by changing the structure of the genetic code and locking
efactored codes into synthetic organisms, valuable engineered organ-
sms could be protected from natural invaders using mobile genetic el-
ments [133] . 

.3. Manipulation of genome structure 

As mentioned earlier, although the genome of E. coli is reduced by
liminating nonessential genes, the overall genome structure remains
nchanged. Similar to eukaryotic organisms, such as S. cerevisiae , whose
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enome structure exhibits high flexibility, the circular supercoiled chro-
osome of E. coli can also adopt different configurations. Advances

n large-scale genome manipulation technologies have enabled genome
anipulation in various formats. Recent studies have demonstrated that

ragments as large as 700 kb can be translocated and inverted to dif-
erent positions on the chromosome [134] . Additionally, the E. coli

enome was shown to be efficiently split into two synthetic chromo-
omes through single-step programmed fission [134] . Conversely, they
an be assembled from different strains into a single genome to form
 new genomic structure [135] . Another study split the genome into
hree chromosomes and achieved stable maintenance in E. coli using the
ri-par system [136] . These studies provide new insights into the repro-
ramming ability of E. coli genome and advance new technologies for
ynthetic biology and genomics. However, newly developed technolo-
ies for high-resolution three-dimensional map of the E. coli chromo-
ome [ 137 , 138 ] have not yet been used in these engineered strains with
ew features. By comparing the similarities and differences in the chro-
osome folding mechanisms of these strains with those of the wild-type

train, we can gain insights into the general principles of DNA organi-
ation in living cells. 

.4. Genome minimization 

With the increasing knowledge of essential genes and the concept
f a minimal set of genes necessary to maintain a living cell, attempts
ave been made to reconstruct organisms with minimal gene sets to un-
erstand the fundamental interactions in cell systems through genomic
ngineering [ 102 , 139 ]. Cells with a minimized genome are believed
o offer advantages, such as reduced transcriptional cost, elimination
f competing functions, and limitation of unwanted regulatory interac-
ions. Bottom-up and top-down approaches have been widely used to
inimize the genomes of model bacteria [ 4 , 120 , 140 ]. The bottom-up

pproach creates minimal cells from synthetic fragments built with all
ssential genes to support cell survival. Because certain barriers remain
n the bottom-up approach, such as the lack of related information on
ene networks and their interactions, this approach has only been suc-
essfully applied in a limited number of cases. A notable example is
he construction of JCVI-syn3.0, which contains approximately half the
enome of the original strain Mycoplasma mycoides [107] . The top-down
pproach has been extensively used to reduce the genome of E. coli and
ther organisms through serial deletion of non-essential genes. Much
ffort has been made to reduce the E. coli genome using recombinase
nd selection markers [141] by employing methods such as I-SceI or
re/loxp excision to eliminate the marker. To date, the second smallest
enome has been that of DGF-298 (2.98 Mb), which has been reduced
o 35.2% of the parent strain E. coli K-12 [142] without compromising
he fitness. The construction of these strains relied on comparative ge-
omics and gene deletion. Using more sophisticated bioinformatics tools
n metabolic models [140] and gene interactions, we could discover po-
ential genes that can be deleted. CRISPR-guided nickase systems have
een demonstrated to enable the deletion of 133 kb of E. coli genome
sing single-stranded DNA breaks without causing cell lethality [143] .
ncorporating newly developed genome editing tools into the field al-
ows engineered E. coli strains with minimized genomes to be achieved.

. Conclusions and outlook 

The past decade has witnessed the development of new technolo-
ies for genome-scale engineering. Along with the systems derived from
AGE, the CRISPR-Cas system has demonstrated advancements in ge-

etic modifications. Despite their rapid development and feasibility
cross diverse biological organisms, gene editing technologies that rely
n the DNA DSBs mechanism have limitations such as the generation of
ytotoxic effects or introduction of unwanted modifications during DSB
epair. Although recent developments in base- and prime-editing meth-
ds have reduced the toxic effects by avoiding the introduction of DSB,
8

either of them provides a pathway-level introduction in the genome or
enome-scale modification at base-pair resolution in E. coli . These tech-
ologies can be improved further to enable the introduction of large
ene fragments into E. coli genome with desired phenotype. A newly
eveloped technique called dReaMGE has shown promising results in
he recombineering-assisted multiplex genome editing of kilobase-scale
equences with asymmetrically phosphonothioate modified dsDNA sub-
trates without generating DSBs [144] . Furthermore, recently devel-
ped techniques, such as the implementation of retron-driven reverse-
ranscribed DNA for efficient genome modification, offer an alternative
o using exogenous DNA as a template. This eliminates issues related to
xogenous template delivery and availability [141–143] . With advance-
ents in synthetic biology, genome-scale engineering can be integrated
ith synthetic biology principles to facilitate the construction of robust
nd predictable genetic circuits in E. coli . This includes the design and
ssembly of genetic modules, pathway engineering for the biosynthesis
f valuable compounds, and implementation of genetic feedback con-
rol systems. These advances support the development of sustainable
ioproduction processes and biosensors. 

In summary, with the continued research and development of related
echnologies to improve editing efficiency, these emerging tools will ex-
and the range of applications of E. coli in biotechnology, pharmaceu-
icals, and other fields, enabling the development of more efficient and
ustainable processes. 
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