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Directed genome evolution driven by structural
rearrangement techniques

Sijie Zhou, †ab Yi Wu, †ab Ze-Xiong Xie, ab Bin Jia ab and
Ying-Jin Yuan *ab

Directed genome evolution simulates the process of natural evolution at the genomic level in the

laboratory to generate desired phenotypes. Here we review the applications of recent technological

advances in genome writing and editing to directed genome evolution, with a focus on structural

rearrangement techniques. We highlight how these techniques can be used to generate diverse

genotypes, and to accelerate the evolution of phenotypic traits. We also discuss the perspectives of

directed genome evolution.

1. Introduction to directed genome
evolution

The concept of biological evolution refers to iterated muta-
tions under natural selection, and provides solutions to chal-
lenges that individuals have faced to adapt to the natural
world over billions of years.1 To accelerate evolution for
phenotypes in our favor, humans have used artificial selection
for centuries, beginning with the selective breeding of crops2

and domestication of animals.3 Directed evolution has proved
to be a highly effective and broadly applicable framework to

generate desired traits through iterative rounds of muta-
genesis and library screening or selection.4 While many
synthetic evolution strategies link a particular organismal
phenotype to a single gene, more complex phenotypes often
require coordinated and global changes in the whole-genome
due to the complexity and interconnectivity of metabolic
networks.5 Furthermore, even in the minimal bacterial genome,
JCVI-syn3.0, many genes (B30%) are of unknown function.6

Recent studies on the noncoding regions of the genome
suggest these sequences may have important physiological
functions.7 Taken together, techniques allowing quick intro-
duction of global changes to the whole genome are particu-
larly important as screening of favorable phenotypes can be
conducted before the functions of all genomic loci are under-
stood. In addition, systematic analyses of the observed pheno-
types may in turn help us characterize the function(s) of an
individual gene.
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Physical, chemical, and transposon mutagenesis techniques
have been widely used to mutagenize target genomes and are
usually coupled to a screen or selection for an altered pheno-
type. Recently, researchers have developed various mature and
efficient directed genome evolution strategies to introduce
small-scale variations such as single nucleotide polymorphisms
(SNPs) and Indels throughout the genome (Table 1). Several
recent reviews summarized and discussed the strategies and
applications of genome-wide directed evolution driven by small-
scale variations.33,34 Other methods developed by contrast intro-
duce genome structural rearrangements (Table 1), which induce
large-scale variations throughout the genome including gene
deletion, gene fusion, changes in gene orders and copy-numbers
of genes, as well as chromatin structure.

We will review the quickly expanded toolbox of directed
genome evolution with a focus on those new tools used to
generate genome structural rearrangements (Table 2), including
Synthetic Chromosome Rearrangement and Modification by

LoxP-mediated Evolution (SCRaMbLE) and endonuclease-
mediated rearrangement. The review highlights the mechanism
by which they can be used to accelerate phenotypic evolution
and the insights into the relationship between genomic structure
and function. We also emphasize the challenges and future
perspectives in directed genome evolution.

2. Genome writing-mediated directed
genome evolution

Genome structural variation proved challenging to study until
the recent development of sequencing technology, in particular,
the advent of long-read sequencing technology.43,44 Genome
rearrangements naturally occur in all kingdoms of life45–50

and are considered an important driving factor in species
evolution,50,51 crop improvement,46,52 and the emergence of
human diseases.53 However, diverse structural rearrangements
are difficult to induce experimentally, and this has impeded
further investigation and exploitation of directed genome
evolution. Recent progress in synthetic genomics allows de
novo design and synthesis of large fragments of DNA or even
genome, offering an opportunity to systematically introduce a
site-specific recombination system at the genome-level.54,55

This introduction of a site-specific recombination system
enables the induction of structural rearrangements at the
genome level and facilitates the investigation of directed gen-
ome evolution.

2.1 The technique of SCRaMbLE

2.1.1 Mechanisms of SCRaMbLE. The Sc2.0 project
involves the redesign and total synthesis of the Saccharomyces
cerevisiae genome, with the aim of obtaining a highly adaptable
and versatile synthetic yeast genome.54,56–58 Synthetic Chromo-
some Rearrangement and Modification by LoxP-mediated
Evolution (SCRaMbLE), as part of the Sc2.0 project, can rapidly
drive genome structural rearrangements (Fig. 1).54 Site-specific
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recombinase systems (e.g. Cre/loxP) can be used to induce
recombination between two specific DNA sites to generate
deletion, inversion, or other structural variations.59 Symmetrical
loxP (loxPsym) sites lack the directionality of canonical loxP sites,
and the DNA between two loxPsym sites undergoes both inver-
sions and deletions with equal probability.60 A total of 3932
loxPsym sites were inserted downstream of the 30 untranslated
regions (30UTR) of all non-essential genes among 16 synthetic
chromosomes in the Sc2.0.54 The engineered Cre recombinase
fused to the murine estrogen-binding domain remained in the
cytosol in the absence of b-estradiol. Upon b-estradiol binding to
the EBD domain, Cre recombinase entered the nucleus and
triggered SCRaMbLE.55 Upon expression of Cre recombinase,
various rearrangements including deletions, inversions, duplica-
tions, and translocations can be generated (Fig. 1b), producing
diverse genotypes. This genotypic diversity can result in pheno-
typic diversity, and the desired traits can be generated through
one or iterative rounds of SCRaMbLEing (Fig. 1a).

2.1.2 Multiple strategies for SCRaMbLE
Control of the SCRaMbLE system. In previous SCRaMbLE

studies, b-estradiol binding to Cre-EBD triggered the trans-
location of Cre recombinase into the nucleus where Cre recom-
binase executes its activity.55 However in the absence of
b-estradiol residual Cre-recombinase activity was still observed,
resulting in a lack of control of SCRaMbLE, and genomic
instability,55,61,62 which is problematic in the screen for desired
phenotypes. To address this bottleneck, Jia et al. constructed a
genetic ‘‘AND gate’’ switch for SCRaMbLE, which is turned on
only in the presence of both galactose and b-estradiol
(Fig. 2a).22 The switch uses the pGAL1 promoter for transcrip-
tional control of Cre-EBD, thereby controlling the subcellular
localization of Cre-EBD enzyme activity.

In addition to the aforementioned chemical-controlled Cre
recombinase induction system, Hochrein et al. developed a
light-controlled one (L-SCRaMbLE) (Fig. 2b).63 In L-SCRaMbLE
the N- and C-terminal ends of Cre recombinase are fused to

Table 1 Directed genome evolution classified by the scale of variation

Variation
scale Category Method Feasibility Beneficial mutants

Small
(SNP,
Indel)

Oligo-
mediated

Multiplex automated genome evolution.
(MAGE,8 eMAGE,9 YOGE,10 etc.)

Short oligonucleotides-mediated recombina-
tion; introduction of SNP and Indel

Higher yield of lycopene8

and carotene9

CRISPR/
Cas-
mediated

Nicking Cas9 (nCas9)-mediated recruitment
of error-prone DNA polymerases. (EvolvR,11

yEvolvR.12)

Continuous targeted mutagenesis on targeted
regions

Antibiotic resistance11

dCas9-recruitment of base-editing proteins.
(CRISPR-STOP,13 TAM,14 BARBEKO15)

Multiplexed, continuous mutation of targeted
cytosines, guanines or potentially adenosines

Imatinib resistance14

Homologous recombination mediated genome
editing. (CHAnGE,16 MAGIC,17 CREATE,18

iCREATE,19 MAGESTIC20)

Homologous repair mediated by gRNA pro-
motes the accuracy and effectiveness of gen-
ome editing

Tolerance to growth
inhibitors,16 fast
growth,17 stress
tolerance18

Large
(SV)

Genome
writing-
mediated

Synthetic chromosome rearrangement and
modification by LoxP-mediated evolution (ring
chromosome SCRaMbLE,21 multiplex SCRaM-
bLE Iterative Cycling,22 heterozygous and
interspecies SCRaMbLE,23 in vitro
SCRaMbLE,24 orthogonal SCRaMbLE25)

LoxPsym sites were inserted in genome in
advance. Upon expression of Cre recombinase,
a variety of rearrangements including dele-
tions, inversions, duplications, and transloca-
tions can be generated

Tolerance to growth
inhibitors,26,27 higher
yield of carotene22 and
violacein25

Genome
editing-
mediated

CRISPR-Cas928–30 CRISPR-Cas9 stimulates genome rearrange-
ment by introducing double-strand breaks
(DSBs), and then DSBs are repaired by NHEJ or
HDR

Tolerance to environ-
mental stress,26 higher
yield of taxadiene28

TaqI31 and MseI32 Activated TaqI or MseI targeted 4 base
sequence to induce DSB

Tolerance to environ-
mental stress31,32

Table 2 Comparison of structural rearrangement techniques

Category Technology Principles Advantages Limitations Applications

Recombinase-
mediated site-
specific
recombination

SCRaMbLE LoxPsym sites were inserted
among synthetic yeast gen-
ome. A variety of rearrange-
ments including deletions,
inversions, duplications, and
translocations can be gener-
ated upon expression of Cre
recombinase

High controllable; genera-
tion of a large library of
structural variations in a
short time; rearrangement
site determination35

Genome sequences
with multiple loxPsym
sites must be con-
structed in advance;
LoxPsym site left on
genome

Strain development;21,22,26

genotype-phenotype correla-
tions;23,27 genome minimiza-
tion;36 genetic interaction;36

loss of heterozygosity;37

aneuploidy38

Nuclease
mediated DSB

CRISPR-
Cas9

CRISPR-Cas9 stimulates gen-
ome rearrangement by intro-
ducing DSBs, which are mainly
repaired by NHEJ or HDR to
generate numerous rearrange-
ment libraries

Marker less integration;39

ease to multiplexing;
scarless

Possible off-target; the
size of the rearrange-
ment library is limited
by the target gRNA

Improving microbial pheno-
types;29,30 loss of hetero-
zygosity;40 aneuploidy;38

reproductive isolation;28 kar-
yotype restructuring41,42
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Fig. 1 Summary of SCRaMbLE. (a) Workflow of SCRaMbLE. Synthetic yeast is subjected to SCRaMbLE method to generate a library of SCRaMbLEd cells
from which desired phenotypes can be selected. The functional structural variation (SV) is then mapped through sequencing of the desired strains. (b)
Mechanisms of SCRaMbLE. A variety of rearrangements can be generated by SCRaMbLE. Site-specific recombinase systems can be used to induce
recombination between two loxPsym sites to generate deletion, inversion, or other structural variations. (c) Objects of SCRaMbLE. Different numbers and
forms of synthetic chromosomes. (d) Methods of SCRaMbLE. Haploid or diploid SCRaMbLE and in vivo or in vitro SCRaMbLE. (e) Different selection
strategies. SCRaMbLEd strains can be selected by direct or indirect screening strategies.
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Fig. 2 Multiple methods for SCRaMbLE system. (a) Chemical-controlled SCRaMbLE (galactose and b-estradiol). (b) Light-controlled SCRaMbLE (light
and b-estradiol). (c–f) Multiple strategies of SCRaMbLE. (g and h) Two indirect screening strategies. The two ways used the rearrangement of auxotrophic
marker(s) to select SCRaMbLEd strains.

Chem Soc Rev Review Article
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photoreceptor phytochrome B (PhyB) and phytochrome inter-
acting factor 3 (PIF3), respectively. Exposure to red light induces
interaction between the plant-originating proteins PhyB and
PIF3 and brings together the two parts of Cre recombinase,
reconstituting its enzyme activity. This system not only effec-
tively overcomes the leakage problem but also allows induction
of high levels of Cre activity in a short time frame. With this
system, induction time, light dose, and sensor concentration all
become means to regulate the Cre activity. Both approaches offer
precise control of the SCRaMbLE system.

SCRaMbLE involving multiple chromosomes. SCRaMbLE of a
strain harboring a single synthetic chromosome has validated
the capability of SCRaMbLE to induce deletions, inversions,
duplications, and additional complex rearrangements (Fig. 1c).62

To further explore the power of the SCRaMbLE recombination
assay in generating translocation, Sarah et al. combined syn-
thetic chromosomes with an ‘‘endoreduplication intercross’’ to
generate Sc2.0 poly-synthetic chromosome strains.54 The obtained
strain carrying synIII and synIXR was induced by SCRaMbLE and
the not previously observed translocation event was detected
(Fig. 2c).64 More recently, Sijie et al. consolidated 5.5 synthetic
chromosomes (synII, synIII, synV, synVI, synIXR, and synX) into
a single haploid strain based on Vika/vox.65 Enormous inter-
chromosomal events were observed in this poly-synthetic chromo-
some strain following SCRaMbLE.

Ring chromosome SCRaMbLE. In addition to SCRaMbLEing
linear chromosomes, Shen et al. SCRaMbLEd ring_synIXR
strains and revealed that relatively complex rearrangement
events occurred, including not only deletions and inversions
but also a high frequency of duplications in 64 SCRaMbLEd
colonies (Fig. 1c).62 Wang et al. SCRaMbLEd haploid yeast cells
carrying a ring_synV and suggested that the topological struc-
ture of chromosomes exerts a functional impact on chromo-
some rearrangement.21 The total length increased by 552 410
bp, accounting for B101.02% of ring_synV after five rounds of
SCRaMbLE. Furthermore, aneuploidies of chromosomes I, III,
VI, XII, XIII, and ring_synV were generated in SCRaMbLEd
strains (Fig. 2c). Ring chromosome SCRaMbLE exhibited the
capability to continuously produce complex genotypes and
obtain corresponding phenotypes, thereby effectively expanding
the scale and number of structural variations. Compared with
SCRaMbLE of linear chromosomes, its use on ring chromosomes
may result in increased duplication events or more complex
chromosomal rearrangement events.

Multiplex SCRaMbLE iterative cycling (MuSIC). To generate
genome diversity rapidly and continuously in a large population
of synthetic strains, Jia et al. established Multiplex SCRaMbLE
Iterative Cycling (MuSIC), which is used to accumulate prepon-
derant rearrangements through multiple cycles of SCRaMbLE
(Fig. 2d).22 High stability and reliability of the ‘‘AND gate’’ switch
enables the iterative SCRaMbLEing of synthetic chromosomes
without removing the Cre plasmid. Through this iterative genome
rearrangement reaction strategy, the yield of strains is continu-
ously and gradually increased. In addition, high-yield diploid

strains can produce spores through meiosis, and the screened
spores can be mated with a yeast strain harboring new synthetic
chromosome to produce a new diploid strain, which can subse-
quently be used to perform the next round of MuSIC. The alter-
nate and iterative cycling of the haploid and diploid SCRaMbLE
strategy can continuously increase the productivity of cell factories,
expanding the scope of genome rearrangement and screening of
new targets on a larger scale.

Heterozygous diploid and interspecies SCRaMbLE system.
SCRaMbLEing haploid synthetic yeast results in a high lethality
rate due to the deletion of essential genes and S. cerevisiae
laboratory strain background has limited its industrial applica-
tions (Fig. 1d). Consequently, Shen et al. extended SCRaMbLE
to heterozygous diploids and cross-species diploids, and used
the genome rearrangement system to rapidly drive industrial
yeast evolution (Fig. 2e).23 Combining synthetic yeasts with
flexible genotypes and wild-type (WT) yeasts with diversified
phenotypes through yeast mating allows the genome rearran-
gement system to drive the genome rearrangement of hetero-
zygous diploids and cross-species diploids. The authors mated
a haploid strain harboring one synthetic chromosome (synX)
with a Y12 sake-brewing S. cerevisiae strain or Saccharomyces
paradoxus strain CBS5829 to generate heterozygous diploid
strains. The results indicate that the heterozygous diploid
SCRaMbLE system could reduce the lethality of the SCRaMbLE
method. The development of heterozygous diploid (and inter-
species) SCRaMbLE system expands the application of the
SCRaMbLE system to native yeast strains and will accelerate
their improvement of phenotypes.

In vitro and in vivo SCRaMbLE system. SCRaMbLE is compa-
tible with cell-free systems.66 Direct addition of recombinase to
the test tube and incubation with a plasmid harboring genes
involved in a metabolic pathway has been proved to be a valid
method in the optimization of this prototyping pathway.
To enable rapid metabolic engineering through pathway proto-
typing and chassis optimization in yeast, Wu et al. developed an
‘‘in vitro SCRaMbLE system’’, which uses Cre recombinase
mixed in a test tube with purified DNA encoding multiple
loxPsym sites (Fig. 2f).24

This method can generate a structural variant library con-
taining gene deletions, duplications, inversions, or insertions
(transpositions) and achieve efficient DNA rearrangement in
test tubes. Using a b-carotene pathway designed for expression
in yeast as an example, Wu et al. demonstrated top-down and
bottom-up in vitro SCRaMbLE, which optimized the biosyn-
thetic pathway flux through the rearrangement of relevant
transcription units.24 The top-down method specifies the use
of a single DNA construct encoding multiple loxPsym sites and
generates a SCRaMbLEd DNA library. A total of 94 unique
pathway structures were determined by PacBio sequencing of
a SCRaMbLEd library. The bottom-up system consists of an
acceptor vector and a pool of donor fragments flanked by
loxPsym sites. Both two ways provide a straightforward method
to optimize the exogenous pathway.
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Exogenous pathway optimization and chassis engineering
are two key methods to achieve high expression of heterologous
pathways. Liu et al. developed an orthogonal SCRaMbLE system
‘‘SCRaMbLE-in’’ to tackle both challenges simultaneously.67

The researchers used VCre/VloxP, Cre/loxP, or Dre/rox to inte-
grate a range of regulatory elements such as promoters into the
pathways of interest and generate a pathway library in vitro. The
library was then integrated into the synthetic yeast chromo-
somes through the SCRaMbLE-in system, which also causes
large-scale genome rearrangements of chassis cells. As the
three recombinases are orthogonal to each other, the pathway
and chassis can be optimized either independently or in
combination to enable rapid metabolic engineering, realizing
the precise rearrangement of functional modules. In summary,
the SCRaMbLE-in method was used to increase the production
of violacein and b-carotene, and resulted in co-optimization of
the pathway and the chassis.

2.1.3 Genotypic diversity generated by SCRaMbLE. To explore
the potential of SCRaMbLE to generate large-scale genome
diversity, Shen et al. SCRaMbLEd synIXR comprising B90 kb
and 43 loxPsym sites, which is incorporated in a bacterial

artificial chromosome (BAC).62 Deep sequencing the genomes
of 64 synIXR SCRaMbLEd strains revealed 156 deletions, 89
inversions, 94 duplications, and 55 additional complex rear-
rangements (Fig. 3a). The results verified the ability of SCRaMbLE
to generate combinatorial diversity on demand. Furthermore,
Wang et al. SCRaMbLEd a 534 kb synthetic ring chromosome V
(ring_synV) carrying strain including 170 integrated loxPsym
sites.21 A total of 29 novel junctions were identified in the first
round of the SCRaMbLEd strain and 47 novel junctions were
identified in the third round of the SCRaMbLEd strain. A total of
53 rearrangement events and aneuploidies chromosome I, III,
VI, XII, XIII, and ring_synV were detected in 3 SCRaMbLEd
strains, showing that SCRaMbLE could generate complex genomic
variations. Moreover, the total increased sizes of the duplicated
regions accounted for B29.21%, B70.05%, and B101.02% of
ring_synV in the first, third, and fifth rounds of SCRaMbLE,
respectively (Fig. 3b). Sijie et al. SCRaMbLEd the 5.5 synthetic
chromosomes carrying strain comprising B2.61 Mb and
894 loxPsym sites, and detected the rearrangement events
by deep sequencing (B600 000�) the SCRaMbLEd pool.65

In total, over 260 000 rearrangement events, including 124 499

Fig. 3 Genotypic diversity generated by SCRaMbLE. (a) Diversity of SV caused by SCRaMbLE. Deletion, inversion, duplication, and translocation events
can be observed in SCRaMbLEd strains. (b) Length changes of ring_synV after multiple rounds of SCRaMbLE. (c) Schematic circos plot of intra- and
inter-chromosomal rearrangement events by SCRaMbLE.
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intra-chromosomal events and 139 021 inter-chromosomal events
were detected (Fig. 3c). The intra-chromosomal rearrangement
events consisted of 62 106 inversions, 22 526 deletions and 39 867
complex rearrangement events.65 In the future, all synthetic chro-
mosomes will be consolidated into a synthetic yeast enabling
massive genome structural diversity. Enormous numbers of rear-
rangements by SCRaMbLE provide a driving force to potentiate
directed genome evolution.

2.1.4 SCRaMbLE screening strategies
Direct screening strategies. Phenotypes that either affect

growth or elicit a colorful phenotype can be directly selected
by colony size or color (Fig. 1e). Tolerance to environmental
stresses and drug resistance including high temperature, acetic
acid, alkaline, and caffeine are all screened by colony
size,23,26,67 while colorful phenotypes allowed the isolation of
high-yielding strains by colony color in previous SCRaMbLE
studies.21,22,67 For phenotypes that are not easily selectable, an
automated high-throughput screening strategy may provide a
solution. Gowers et al. employed semi-automated technologies,
an ultra-fast 84 second liquid chromatography coupled to mass
spectrometry (LC-MS) method to rapidly isolate the best per-
forming strains.68 This SCRaMbLE screening system consists
of automated colony picking and sample extraction, ultra-fast
LC-MS measurement and multiplexed nanopore sequencing.
The selected genotypes were quickly resolved using multiplex
nanopore sequencing. This method has wide applicability for
other industrially relevant metabolites and can rapidly isolate
improved strain from a variant library, making it an important
tool for directed genome evolution.

Indirect screening strategies. SCRaMbLE is a powerful system
to generate massive strains with genotypic diversity. However,
the strains with genotypic changes are difficult to screen
efficiently. To address this bottleneck, Dymond et al. detected
SCRaMbLEd cells via lys1 and/or met28 auxotroph in a synthetic
strain harboring synIXR. Furthermore, Luo et al. developed a
reporter SCRaMbLE system, termed ReSCuES (Fig. 2g), to
efficiently select SCRaMbLEd cells.27 ReSCuES was designed
based on an alternating on/off switch of two auxotrophic
markers flanked by two opposite loxP sites. Upon induction
of Cre, two auxotrophic markers between the two loxP sites are
inverted, subsequently turning on the expression of one marker
and turning off the other. In a recent study, Wightman et al.
developed RED (rapid evolution detection) to identify
SCRaMbLEd strains in a SCRaMbLEd population (Fig. 2h).69

This system disrupted the native ADE2 gene and reintroduced
ADE2 flanked by two loxPsym sites into a synthetic chromo-
some. The visibly red colonies produced by the deletion of ADE2
as a screening marker determine whether rearrangements
have occurred. The above SCRaMbLE screening strategies allow
the efficient detection of the genomic rearrangements that
occurred within a SCRaMbLEd population.

Most of the above works use relatively straightforward screen-
ing strategies which are performed on solid agar. Furthermore,
like CRISPR-mediated approaches,17 liquid culture of pooled
organisms is also feasible for SCRaMbLE when a screening

protocol being used enriches the strain of interest (i.e., fitness
based selection). In this case identification of each structural
variations can be achieved by the sequencing read counts in a
SCRaMbLEd pool.65

2.2 Applications of SCRaMbLE

Genome-wide loxPsym-mediated recombination can produce
abundant genomic structural variations and accelerate the
evolution of yeast strains with various genotypes and pheno-
types. Here, we highlight a few examples of how SCRaMbLE
drive directed genome evolution by improving the adaptability
of growth and chemical production of cell factories (Table 3).

2.2.1 Improving adaptability of growth using SCRaMbLE.
SCRaMbLE has been established as an efficient tool to increase
the tolerance to environmental stresses (e.g., high temperature,
acetic acid, alkaline, ethanol, or xylose) and drug resistance
(e.g., rapamycin, hygromycin B, or caffeine), thereby increasing
the potential for use of strains in industrial applications.

Thermotolerance is one of the major limitations in the
industrial production of ethanol using yeast.70 Recent studies
showed that both haploid and diploid SCRaMbLE can increase
tolerance to high temperatures. Luo et al. generated three
thermotolerant haploid strains using ReSCuES, which was
1.28 � 0.03 times faster than the control.27 Another study
employed heterozygous diploid SCRaMbLE by crossing a Y12
sake-brewing S. cerevisiae strain and a synX-bearing strain, and
two SCRaMbLEd strains that displayed an improvement in
growth at 42 1C were obtained.23 Whole-genome sequencing
analysis showed that deletion of the region spanning YJL154C-
YJL140W is responsible for the improvement. For increased or
decreased pH tolerance, Ma et al. generated 7 strains with
increased alkali tolerance at pH 8.0 through SCRaMbLEing
haploid yeast strains harboring either one (synV) or two (synV
and synX) synthetic chromosomes.26 They determined that the
deletion of YER161C (SPT2) could increase alkali tolerance in
yeast through comparative analysis of structural variations. Luo
et al. generated three strains with increased tolerance to acetic
acid and one of the SCRaMbLEd strains achieved nearly a
21-fold increase in growth capacity compared to the control.27

In addition to thermotolerance and pH, other chemical or
environmental tolerances can also be enhanced through
SCRaMbLE. Three strains with increased ethanol tolerances
were generated using ReSCuES.27 Furthermore, the authors
demonstrated that the disruption of ACE2 is responsible for
the increased tolerance. Blount et al. introduced the hetero-
logous pathway of xylose utilization into yeast with synV, and
successfully obtained a strain with enhanced growth on a
medium with xylose as the sole carbon source through
SCRaMbLE.67

SCRaMbLE also can increase drug tolerance. Seven evolved
strains with increased rapamycin resistance were generated
via SCRaMbLE of heterozygous diploid yeast strains.37 The
deletion of gene GLN3, long-range loss of heterozygosity
(LOH) in the left arm of the synthetic chromosome X, whole
chromosome LOH of the synthetic chromosome X, and dupli-
cation of chromosome VIII (trisomy) were each found to lead to
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increased rapamycin resistance in synthetic yeast. Similarly, ten
strains exhibiting caffeine-tolerant phenotypes were obtained
through SCRaMbLE.23 Whole genome sequencing analysis deter-
mined that the duplication of POL32 is responsible for the increase
of caffeine tolerance. Recently, Ong et al. SCRaMbLEd a haploid
yeast strain harboring synII resulting in increased hygromycin B
resistance, showing that deletions of YBR219C and YBR220C
contribute to hygromycin B resistance phenotypes.71

2.2.2 Improving chemical production of cell factories
using SCRaMbLE. SCRaMbLE can not only improve natural
phenotypes (tolerance), but has also been applied to improve
the production of heterologous biosynthetic chemicals. The
heterologous biosynthesis pathways can be introduced into
synthetic chromosomal yeast by dissociative plasmids or inte-
gration into the genome. SCRaMbLE changes the metabolic
network by generating numerous structural variations (yield-
related gene deletion, duplication, inversion or translocation),
which may increase the yield of the target product.

Carotenoids are important antioxidants and display colored
phenotypes. Through one round of SCRaMbLE, five SCRaMbLEd
strains exhibiting different colors were obtained.22 The maximum
yield of carotenoids was increased to 1.5-fold and the deletion of
YEL013W is responsible for the increase. Using the precise control
switch of ‘‘AND gate’’ and the MuSIC strategy, production of
carotenoids (37.39 mg L�1) was increased up to 38.8-fold through
5 iterative cycles of SCRaMbLE. Wu et al. used in vitro SCRaMbLE
to increase the production of b-carotene.24 A total of 17 unique
b-carotene pathway structures were identified and the highest
yield of b-carotene was 5.1-fold greater than that of the original
construct. Correlation analysis between the rearrangement struc-
ture of the pathway and the production of b-carotene revealed that
crtI is the key gene in the metabolic pathway, and the duplication
and inversion of this gene led to increased b-carotene production.
Similarly, a 2-fold improvement in b-carotene production
(500 mg L�1) was generated by the SCRaMbLE-in method.25

In combination with optimization of culturing conditions,
Zhang et al. obtained a high-yield strain of lycopene (41.47 mg L�1)
via SCRaMbLE.72 More recently, two cycles of SCRaMbLE in a
synV&X bearing strain revealed that the combined effect of
translocation and inversion increased the yield of astaxanthin
by 2.7-fold. Violacein is another pathway which is easy to screen.
Liu et al. used the SCRaMbLE-in method to achieve efficient
combinatorial library construction, exhibiting a 17-fold improve-
ment (16.8 mg L�1) in violacein production compared with the
control strain.25 Wang et al. SCRaMbLEd ring_synV to generate
complex genomic variations and determined that 11 of the 29
novel SVs prompted the pro-deoxy violacein (PDV) biosynthesis.21

The highest productions of PDV increased by approximately
3.48-fold compared with the control strain. The deletions of
YEL017C-A, YEL017W, YER151C, and YER182W have an effect on
the increase of PDV production. Through combining SCRaMbLE
with long-read nanopore sequencing, Blount et al. quickly identi-
fied genomic rearrangements and obtained high-producing strains
of violacein and penicillin through in vivo SCRaMbLE of synV.67

The above studies all had colorful phenotypes that allowed
easy selection of improved phenotypes. However, most industrially

relevant metabolites exhibit no easily selectable phenotype.74

To address this bottleneck, Gowers et al. introduced automated
and high-throughput sample preparation to expand the screen-
ing capabilities of SCRaMbLEd strains.68 This semi-automated
workflow screened 1000 colonies, and identified 12 strains with
between 2- to 7-fold improvement in betulinic acid (BA) titer.
The deletion of 723 bp of non-coding DNA led to approximately
3-fold increase in BA titer.

These and other studies provide a roadmap for current and
future applications of the SCRaMbLE system, allowing creation
of industrially-relevant phenotypes, and deepening under-
standing of the relationship between genotype and phenotype.
Tremendous pools of genetic diversity differing in gene orders
and genome structures can be obtained in just a matter of days,
and thus diverse traits can be evolved. Overall, SCRaMbLE is
a promising way to generate superior strains for industrial
applications.75

2.2.3 Investigating biological mechanisms using SCRaMbLE
Genotype-phenotype correlations. Genotype to phenotype

correlations have been difficult to establish due to the complexity
of both phenotypes and variations. SCRaMbLE is a useful strategy
to efficiently link genotype to phenotype, and can frequently
obtain the desired phenotype by changing copy-numbers of
genes and gene orders often with surprising results (Table 3).76

For example, deletion of YEL013W caused a global transcriptome
change and increased the flux of the mevalonate (MVA) pathway,
but had not been reported before.22 Deletion of 723 bp of non-
coding DNA led to the deletion of the 30 untranslated region of
TIR1 and an approximately 3-fold increase in BA titer, but had not
been previously reported to affect the BA pathway. POL32, a
nonessential subunit of DNA polymerase d, was previously
unlinked to caffeine resistance.23 A recent study demonstrated
that duplication of POL32 is responsible for an increase in
caffeine tolerance. In terms of gene order changes, inversion
resulted in loss of the 30UTR of ACE2 and disruption of ACE2,
which is responsible for increased ethanol tolerance.27 More
recently, the combined effects of translocation and inversion
increased the yield of astaxanthin, and combined structural
variations were identified that led increased mRNA levels of
STE18, RPS5 and MCM22, which contribute to astaxanthin
biosynthesis.73 None of them were previously reported to directly
affect astaxanthin production.

Genome minimization. A fundamental question in biology
regards the minimal set or number of genes required to
support cellular life in the absence of environmental stress.77

Hutchison III et al. designed and synthesized a minimal
bacterial genome using a top-down approach.78 However, most
eukaryotic organisms have more complicated genomes, and the
construction of a minimal genome would be extremely
difficult.79 The SCRaMbLE method has the potential to create
reduced genome sets by inducing random deletions to elimi-
nate non-essential genomic regions over time.55 Wang et al.
SCRaMbLEd a haploid yeast strains harboring synIII with all
essential genes of yeast chromosome III (chrIII) clustered in a
centromeric plasmid to simplify the yeast genome (Fig. 4).36
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Fig. 4 Investigating biological mechanisms using SCRaMbLE. (a) SCRaMbLE provides a way to investigate genome minimization. Essential genes of yeast
chromosome were clustered in a centromeric plasmid to simplify the yeast genome (b) SCRaMbLE provides a way to investigate genetic interaction. The
deletion of gene a and gene b can cause synthetic lethal. (c) SCRaMbLE of synthetic diploid strain can generate different levels of loss of heterozygosity
(LOH) events. (d) Ring chromosome SCRaMbLE can cause aneuploidy. (e) SCRaMbLE provides a way to investigate the relationship between hierarchical
chromatin organization and rearrangements.
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Investigation of all SCRaMbLEd strains revealed a total deletion
of 97 kb in synIII, which is 35.7% of the length of synIII,
guiding the construction of the minimal gene set. Luo et al.
revealed that 39 out of 65 nonessential genes in synXIIL could
be removed collectively without affecting cell viability at 30 1C
in a rich medium with clustered essential genes.80 This indi-
cated that SCRaMbLE with clustered essential genes is an
effective method to streamline the synthetic yeast genome.
Through multiple rounds of SCRaMbLE, it is possible to con-
tinuously simplify the synthetic yeast genome. In the future,
all essential genes of the yeast genome can be clustered in a
fully synthetic yeast to facilitate the study of simplified yeast
genomes.36

Genetic interaction. Single-, double- and triple-gene disrup-
tions of the yeast genome have been constructed to explore the
resulting genetic interactions.81,82 They offer a fundamental
way to understand global genetic interactions, although they
are relatively time-consuming and laborious. SCRaMbLE pro-
vides a platform to investigate complex genetic interactions
by randomly deleting different regions of the genome (Fig. 4).
A synIII strain with clustered essential genes was used as an
example to explore the interactions.36 A total of 141 SCRaMbLEd
strains with various deletions were detected and the deletion
frequencies were statistically analyzed. For regions with no
deletion event, a synthetic lethal interaction was detected in
the region of synIII 82–88 kb, providing a strategy to study
complex genetic interactions within the genome.

Loss of heterozygosity (LOH). SCRaMbLE has also been able to
induce different levels of loss of heterozygosity (LOH) events. Li
et al. utilized the SCRaMbLE system to comparatively analyze
the mechanisms underlying the phenotypic adaption.37 Different
levels of LOH events including short-range LOH, long-range LOH
and whole chromosome LOH were detected in SCRaMbLEd
strains. By independently constructing corresponding strains with
different levels of LOH, Li et al. revealed that different levels of
LOH enhanced rapamycin resistance in synthetic yeast. The
underlying genetic variations ranged from genes to the whole
chromosome, showing the diverse processes of species evolution
and providing a valuable insight into yeast genome architecture
and function.37

Aneuploidy. Aneuploidy is the condition of having missing or
extra chromosomes compared with the wild-type organism,
resulting from chromosome segregation and replication errors.
Aneuploidy may drive adaptive evolution in yeast, and can
contribute to resistance to environmental or other stressors.83,84

SCRaMbLE has been verified to generate aneuploid chromosomes
and provide a platform for the investigation of aneuploidy
(Fig. 4).21 Researchers SCRaMbLEd a synthetic strain harboring
ring_synV and generated aneuploidies of chromosomes I, III, VI,
XII, XIII, and ring_synV in SCRaMbLEd strains. The ring synthetic
chromosome tended to generate neochromosomes with complex
structure variations. Rearrangements can produce relatively large
interference to strains, resulting in aneuploidy via rearrangement

directly or generating aneuploidy to adapt to the interference of
the genome.

Hierarchical chromatin organization. SCRaMbLE also pro-
vides a unique model to systematically interrogate the dynamic
process of eukaryotic genome evolution (Fig. 4). Sijie et al.
found a specific landscape of rearrangement frequency by
investigating 260 000 rearrangement events.65 To explore the
mechanisms underlying the rearrangement patterns, the rear-
rangement map was compared with local chromatin structures
and three-dimensional architecture. These analyses revealed
that the rearrangement pattern was affected by chromatin
accessibility and spatial contact probability, and that the rear-
rangements tended to occur in three-dimensional spatially
proximal and chromatin-accessible regions. This investigation
of numerous rearrangement events indicated that hierarchical
chromatin organization play an important role in structural
rearrangement-mediated directed genome evolution.

3 Genome editing-mediated directed
genome evolution

SCRaMbLE requires synthetic genome and genome writing
techniques, which are not essential in endonuclease-induced
genome rearrangements for directed genome evolution. Endo-
nucleases used to induce genome rearrangements include
natural enzymes, TaqI,31 MseI32 and meganuclease (I-SceI,
I-CreI, I-DmoI),85 and artificial nucleases such as CRISPR-
Cas9, ZFNs, and TALENs.86,87 Endonuclease-induced genome
rearrangements are initiated by forming DSBs at specific
loci, followed by homologous recombination (HR) or non-
homologous end joining (NHEJ) repairing. Among all endo-
nucleases, CRISPR-Cas9, TaqI, and MseI are more applicable in
directed genome evolution as they can readily cleave a large
number of loci in the genome.

3.1 The technique of CRISPR-Cas9 mediated genome
rearrangement

3.1.1 Mechanisms of CRISPR-Cas9 mediated genome rear-
rangement. The CRISPR-Cas9 editing tools have been widely
used to induce chromosome rearrangement at precise loci in
microorganisms, plants, and animals.88–91 The CRISPR-Cas9
stimulates genome rearrangement by introducing double-strand
breaks (DSBs) at chromosomal sites targeted by the guide RNA.
DSBs are mainly repaired by either non-homologous end joining
(NHEJ) or homology-directed repair (HDR) (Fig. 5).92,93 The low
fidelity of NHEJ, which is prone to errors, could cause random
insertions or deletions (indels) after repair and result in frame-
shift mutations.94 Simultaneous occurrence of multiple DSBs
after being repaired by NHEJ could result in various rearrange-
ments. Fig. 5 illustrates the possibilities of such rearrangements:
as in the case of only two DSBs occurring on the same chromo-
some, or duplicated upon NHEJ repairing;95–97 while in the case
of two the fragment between the two DSBs may be deleted,
inverted DSBs occurring on different chromosomes, NHEJ
repairing can result in inter-chromosome translocation.98
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The other DSB repair pathway, HDR, could be utilized to gene-
rate all kinds of rearrangements as desired in the presence of
exogenous DNA donors including deletion, inversion, duplication,
and translocation. In some instances, other repair pathways like
microhomology-mediated end joining or alternative end joining
(alt-EJ) also participate in the repair of DSBs.99,100

3.1.2 Improving phenotypes using CRISPR-Cas9 mediated
genome rearrangement. In recent years several groups devel-
oped various CRISPR-Cas9 based methods to generate genotype
diversity of structural rearrangements. These methods can be
categorized into two main strategies, by which a large number
of rearrangement libraries were generated and screened for
favorable phenotypes (Fig. 6).

The first strategy requires the simultaneous introduction of
many gRNAs with different sequences targeting different geno-
mic loci. Sadhu et al. designed 95 gRNAs with all targeting
sequences at different loci on the left arm of yeast chromosome
7.40 With this design, the authors used CRISPR-Cas9 to gen-
erate DSBs and introduced local recombination events, which
allowed fine mapping of trait variants. A single nucleotide
polymorphism located in the ORF encoding the transporter
Pmr1 was found responsible for varied degrees of manganese
sensitivities in yeast. Apel et al. used this strategy, but with
gRNAs targeting 23 sequences on 16 chromosomes to address
chromosomal integration locus of heterologous gene.30 The
authors successfully obtained an evolved yeast strain with a
high yield of taxadiene.

The second approach reshuffles the genome through target-
ing dispersed repeated sequences. For instance, Fleiss et al.

employed a single gRNA targeting 5 different Ty3 Long Terminal
Repeats (LTRs) that are located on 4 different chromosomes.29

In this study, they were able to induce chromosomal rearrange-
ments yielding 22 yeast strains with different karyotypes. The
growth phenotypes of these strains under different conditions
were carefully recorded. These growth conditions include various
types of stresses with some caused by the addition of different
drugs that interfere with replication, transcription, translation or
affect subcellular structures. These strains were found even more
competent in growth than the WT type in the presence of caffeine,
cycloheximide and fluconazole.29 Similarly, Mitsui et al. targeted
the repeated d-sequences in order to shuffle the genome.101 The
S. cerevisiae genome harbors at least 100 copies of d sequence
that are distributed throughout the haploid genome.102 A heat-
resistant strain was obtained, which also exhibited resistance to
the growth inhibition of high ethanol and acid. As genome
structural rearrangements can be used to generate strains with
increased tolerance to stress, Mitsui et al. further combined
CRISPR-d integration aiming to obtain acid tolerance strain with
rational metabolic engineering that integrates a series of genes
from Leuconostoc mesenteroides into the yeast genome to enable
the yeast strain to produce LA.103 This combined method resulted
in a high yield of D-LA.

3.1.3 Investigating the mechanisms of evolution using
CRISPR-Cas9

Loss of heterozygosity. Like SCRaMbLE, CRISPR also gene-
rates LOH events but through a different mechanism (Fig. 7).
CRISPR-mediated LOH events require the induction of DSBs
in heterozygous diploids. In the aforementioned study by

Fig. 5 Mechanisms of CRISPR-Cas9 mediated genome rearrangement. Various rearrangements (deletion, inversion, duplication, and translocation) can
be induced by CRISPR-Cas9 through HDR or NHEJ repairing.
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Sadhu et al., the gRNAs were designed to target only one
chromosome in a heterozygous diploid, using PAMs poly-
morphic between the two homologous chromosomes.40 A specific
DSB could induce different LOH events at different crossover
sites, usually within 20 kb of the DSB, thus generating a large
number of LOH lines. Using 95 gRNAs targeting the left arm
of one of the two yeast chromosome VII, 384 LOH lines were
obtained and assayed for growth rates under 12 different
conditions. Specific genetic variants can be quickly linked to
specific growth phenotypes.40 However, this approach may not
be applicable to the organisms in which mitotic recombination
events occur at a relatively low frequency.

Aneuploidy. Like SCRaMbLE, CRISPR-Cas9 can eliminate an
entire chromosome resulting in aneuploidy (Fig. 7). Xu et al.
designed a specific gRNA targeting the neighborhood of the
centromere of one chromosome in a yeast diploid (2n),38 and
they found that only one DSB around the centromere is
sufficient to cause the elimination of the entire chromosome
to form aneuploidy (2n � 1). Similar observations have also
been made in mammalian cells; the authors have revealed that
the CRISPR-Cas9 system can enable complete elimination of
the targeted chromosomes by multiple CRISPR-Cas9 mediated
DNA cleavages.104,105 Chromosome elimination via CRISPR-
Cas9 offers a powerful tool to generate aneuploidy in different
species that could be used as models for human disease.

Karyotype restructuring and reproductive isolation. Apart from
generating mutations and gene disruptions, chromosome
translocations can also result in reproductive isolation during

meiosis.106 In a recent study, Yadav et al. applied CRISPR-Cas9
to drive reproductive isolation in C. neoformans genome, in
which the centromeres of 9 chromosomes harbor repeated
retrotransposons (Tcn2) (Fig. 7).107 The authors induced multi-
ple DSBs at the centromeric retrotransposons via the CRISPR-
Cas9 system and shuffled the genome through chromosomal
translocations.28 Only two rearranged strains survived, with
both containing intensive interchromosomal rearrangements
and increased numbers of chromosomes. They also failed to
undergo normal meiosis, resulting in postzygotic reproductive
isolation. Yadav’s observation is consistent with the results
of comparative genomic studies which concluded that inter-
centromeric translocations could cause reproductive isolation
and promote incipient speciation.108,109 Shao et al. and Luo
et al. extended the applications of CRISPR-Cas9 to karyotype
restructuring in yeast (Fig. 7).41,42 These researchers were able
to reduce the number of yeast chromosomes from 16 to two
and even one by CRISPR-mediated chromosome end-to-end
fusions. Circularization was shown by our group possible for
synthetic yeast chromosome.21 Similarly, the karyotype of that
single-chromosome yeast was further altered, generating a
single circular chromosome yeast strain via CRISPR-Cas9.110

In summary, karyotype restructuring results in changes of
chromosome, centromere and telomere numbers, leading to
reproductive isolation.28,41,42

3.2 TaqI and MseI mediated genome rearrangement

In regard to natural enzymes, Muramoto et al. developed a
genome-restructuring system, namely the TAQing system, to
induce large-scale genome rearrangements through introducing

Fig. 6 Two main CRISPR-Cas9 mediated strategies to generate rearrangement libraries: targeting different genomic loci by gRNA libraries and targeting
dispersed repeated sequences by a single gRNA.
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Fig. 7 Investigating biological mechanisms using CRISPR-Cas9. (a) CRISPR/Cas9-mediated genome rearrangement for improving phenotypes of
different species. (b) CRISPR-mediated induction of DSBs to generate LOH events in heterozygous diploids. (c) CRISPR-mediated the elimination of
entire chromosome to generate aneuploidy. (d) CRISPR/Cas9-mediated genome rearrangement can lead to karyotype restructuring of genome
(e) CRISPR/Cas9-mediated genome rearrangement can lead to reproductive isolation.
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the heat-activated endonuclease TaqI into S. cerevisiae and A.
thaliana cells.31 TaqI is an endonuclease that recognizes the TCGA
palindrome and can tolerate base analogue and chemically
modified substrates. The TaqI-mediated genome rearrangements
were assayed for their link to various phenotypes. New strains
with improved ethanol-production at high temperature and
increased biomass of A. thaliana were obtained. The TAQing
system was then developed into the Ex-TAQing system, in which
MseI capable of efficient cleavage of the genome at room tem-
perature was used instead of TaqI.32 This modified system also
resulted in several strains with beneficial phenotypes that tolerate
environmental stress, such as high salinity stress tolerance and
hypersensitivity to abscisic acid.

4. Conclusions and future
perspectives

Synthetic biology has been greatly developed recently. According
to a recent report by Reportlinker in 2021, the current global
synthetic biology market size is USD 9.5 billion, which has
doubled from that in 2018 and is expected to continuously grow
and to reach USD 30.7 billion in 2026 (https://www.reportlinker.
com/p05246309/Synthetic-Biology-Market-by-Tool-Technology-
Application-Industrial-Global-Forecast-to.html). Directed genome
evolution has recently drawn great attention, as it has contributed
to the growth of the synthetic biology market. With the develop-
ment of novel tools for directed genome evolution, many
industrially-relevant phenotypes of microbial cells have been
altered in our favor. One would anticipate that through directed
genome evolution, microbial chassis suited for high yields of
different types of molecules can be broadly applied to industry.

The techniques used to induce structural rearrangements
provide useful tools for the investigation of the roles of genome
rearrangements in natural evolution and tumorigenesis.
Genome structural rearrangements are known to result in
fusion genes that cause human cancers. For example, chromo-
somal translocation t(15;17) results in a chimera of the PML
gene and the retinoic acid receptor alpha (RAR alpha) gene and
acute promyelocytic leukemia (APL).111 Such newly developed
techniques render possibilities to study early cellular and
molecular events in the context of an ongoing structural
rearrangement.

Both CRISPR-Cas9 and SCRaMbLE techniques used in directed
genome evolution have their own advantages and limits. CRISPR-
Cas9 requires the use of specific gRNA and the presence of PAM
sites in the target; therefore the editing capabilities need to be
expanded.112,113 Future efforts include exploring a PAM-free
system.114 In comparison with the CRISPR-Cas9 method, SCRaM-
bLE can induce a much larger number of rearrangement events
at a much higher frequency. The high-throughput, genome-scale
or randomized creation of structural variations usually depend
on the formation and the follow-up repair of DSBs, failure of
which can cause lethality and thus are less efficient in generation
of a large pool of structural variations. Whereas, SCRaMbLE
system is recombinase-mediated and DSB-independent methods.

Consolidating 5.5 synthetic chromosomes in S. cerevisiae, followed
by a short-time induction of SCRaMbLE generates genomic
libraries that contain up to 105 rearrangement events,65 which
are expected to be increased tremendously if all 16 yeast
chromosomes are replaced by synthetic chromosomes. For
SCRaMbLE in Sc2.0, loxPsym sites were inserted into down-
stream of the 30UTR of all non-essential genes through syn-
thetic genomes, and most of the insertions have no effects on
the growth fitness. The strategy can be extended to other
annotated genomes. However, introduction of targeted loci to
generate structural variants into the genome is still challen-
ging, as there are many regions with limited or unknown
function in the genome, especially for higher organisms. The
insertion of recombination sites may influence the function of
particular gene. For instance, the insertion of a loxPsym site in
synX disrupts transcription of neighboring gene ATP2, leading
to a growth defect.115 Nevertheless, the process of debugging
can be used to explore the regions with limited or unknown
function, and then we can redesign the inserted position based
on the feedback.

The synthetic chromosomes after SCRaMbLE can be also
transferred to wild-type strains via CRISPR-Cas9, which can
transmit rearrangement related traits and expand the applica-
tion of SCRaMbLE.38 SCRaMbLE needs the insertion of
loxPsym sites in the genome in advance and the rates of
rearrangements are dependent on the numbers of inserted
loxPsym sites. Synthetic DNA has become much less expensive,
providing different choices of methods used to insert loxPsym
sites. The Cre/loxP system has been used in various organisms.116–118

Thus the use of SCRaMbLE can be expanded to other synthetic
organisms. In addition, SCRaMbLE is expected to be extra-
polated to natural genomes, such as industrially relevant
microbes,75 via genome editing tools for multiplex genomic
insertion of recombination sites. SCRaMbLE is supposed to be
compatible with many methods that have been used to create
small scale variations (SNP and InDel). A combination of multi-
ple technologies may further increase genome diversity and pave
new avenues in directed genome evolution.

Synthetic biology has been successfully used in the produc-
tion of highly valuable compounds in engineered microbes
with the introduction of exogenous DNA. With the development
of large DNA writing technology (i.e. design–assembly–delivery
of large DNA), a fit of SCRaMbLE involving writing non-native
DNA has great potential to further improve the scales of
variation and diversity of SCRaMbLE. Moreover, synthetic
biology has become an attractive media for the development
of data storage.119,120

Directed genome evolution involves the changes of many
loci throughout the genome producing numerous intermediate
strains and thus requires complex genetic manipulations
and culturing procedures, which are heavily labor- and time-
consuming. Nevertheless, introducing automation technology
that offers a high-throughput platform would facilitate the
development of directed genome evolution.68 The Biofoundries
Alliance has endeavored to provide automation to support the
engineering of biological systems and its participation will be
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important for the future perspectives of directed genome
evolution.121,122 Resulting giant datasets (genomics, transcrip-
tomics, proteomics, metabolomics, protein interaction maps,
etc.) require sophisticated analysis and conversion to compre-
hensible outputs.123 Therefore, the involvement of artificial
intelligence (AI)/machine learning (ML) is a future direction.123,124

These datasets can train and refine machine learning models that
can effectively predict beneficial variations and guide the design
of directed genome evolution.34 Data-driven directed genome
evolution aided by automation and AI may become a powerful
and routine methodology for the construction of the next-
generation microbial cell factories (MCFs) that supports the growth
of synthetic biology market.
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N. Mohellibi, P. Neumann, M. Falque, K. Gallardo,
R. McGee, B. Tar An, A. Bendahmane, J. Aury, J. Batley,
M. Le Paslier, N. Ellis, T. D. Warkentin, C. J. Coyne, J. Salse,
D. Edwards, J. Lichtenzveig, J. Macas, J. Doležel,
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