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Abstract　Evolution is the natural history where biological diversity is generated and retained. To expedite the evolution process 

in the lab to achieve specific functional optimization by artificial selection, targeted mutagenesis boosts are introduced into fast-

proliferating prokaryotes and simple eukaryotes. If tolerated, the functional diversity a fast-evolving system generated offers unique 

opportunities to obtain artificially engineered bio-molecules best suited for bioengineering applications. In this perspective, we 

discuss the current state of art in vivo continuous evolution platforms, focusing on advances made in both phage and yeast artificial 

evolution. Their successful applications in biotechnology are presented, followed by a brief outlook of near-future developments in 

this burgeoning field.
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The authors dedicate this article in memory of Dr. Chen-Lu Tsou (1923-2006), a great protein biochemist, a 
generous mentor and a dedicated truth fighter. The first but most valuable life advice one of the authors (PENG Y) 
learned, from an early correspondence with Dr. Tsou in the pre-internet era, is from Isaac Newton’ s famous “If I 
have seen further than others, it is by standing upon the shoulders of giants” quote. Life by itself, indeed never 
stops evolving itself in all possible forms. The pursuit towards the beauty that truth holds, usually with the key 
insights gained by dissecting its most fundamental molecular components, has inspired generations of youth 
turned into giants themselves, by first climbing onto the shoulders of Dr. Tsou. The thrill of the climbs for sure is 
vast, while the ebb of conquering shoulders by shoulders will never retreat.

After hundreds of millions of years of natural 
evolution, life has produced countless proteins with 
complex structural dynamics to fulfill diverse, 
sophisticated functions for the survival and successful 
propagation of all living organisms. However, natural 
proteins are not evolved to meet the needs of human 
initiated modern biotechnology, with novel 
functionality, superior stability, and stringent 
selectivity, that our fast-pace modern industrial 
society consistently demands. Natural evolution is in a 
poor shape to provide us a steady supply of various 
designer proteins for biomaterial, green catalysis, 
molecular diagnosis and precision therapeutics. The 
reason is simple: natural selection needs sufficient 
number of spontaneous mutations to greatly expand 

the repository of possible candidates fulfilling a given 
novel functional goal. In the short time scale our 
modern industrial demands can tolerate, the mutation 
rate of an evolving organism usually has to exceed 
well beyond the critical threshold to maintain its 
genome stability despite maximizing genome 
replicating rate. Therefore, even with efficient 
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screening methodology to pick up the variants with 
the desired traits precisely, screening designer 
proteins through natural evolution usually demands 
unrealistically huge workload and long duty cycles. 
Therefore, two complementary modern approaches 
have emerged in recent years to address this 
challenge. Firstly, the advancement of artificial 
intelligence and protein design has prompted making 
designer proteins de novo by deep learning aided 
“hallucination”, free out of any natural template and 
physical evolution process[1-2]. On the other hand, 
expedited directed evolution has been brought under 
the spotlight by carrying out speed up human assisted 
random mutagenesis in a controlled manner, to greatly 
expand the selection pool of candidate molecules. In 
combination of precise and continuous retention of 
the most promising individual candidates packed 
within living organisms, applying appropriate 
selection pressure and continuous monitoring the 
evolving population can generate not only a number 
of final candidates for characterization and functional 
application, but also a detailed blueprint of how the 
evolution proceed in a human controlled setting. In 
this prospective, we will mainly discuss the current 
state of art in vivo continuous evolution approaches 
and possible further advances on the horizon.

Directed evolution in vitro has been best 
demonstrated by the success of systematic evolution 
of ligands by exponential enrichment (SELEX) in 
making nucleic acid aptamers, binding to target 
ligands with high binding affinity and specificity[3]. 
SELEX is based on a very large oligonucleotide 
library that is obtained via chemical synthesis on 
demand, which can be easily amplified exponentially 
in vitro, with the possibility of introducing further 
random sequence drifts through in vitro amplification. 
The ability for nuclei acid to be exponentially 
amplified directly is the reason why SELEX approach 
is mainly used for nuclei acid-based binders. Proteins, 
on the other hand, cannot be readily amplified in a 
molecule-to-molecule manner. Therefore, the 
information a given protein molecule is carrying has 
to be associated with a fast amplifiable intermediate. 
In the end, selection based on the special property of 
any target protein need to retain an integral unit 
pairing the protein of interest and its information 
carrier. Further amplification of the carrier, with the 
capability of introducing further diversification drifts 
during its amplification, enables continuous expansion 

of the potential candidate pool for functional 
exploration. Since coupling a protein to its coding 
nucleic acid is difficulty to achieve and impossible to 
decode autonomously in vitro, such need pushes for 
the development of various in vivo evolution schemes, 
using intact cells or viruses as the information carrier 
for the protein of interest under selection. In the recent 
decade, in vivo directed evolution has become a 
highly active research and development arena for 
protein biotechnology. This strategy carries additional 
advantages of avoiding artifacts introduced by human 
interventions, reducing significant large manual 
workload as well as the time of human consumption[4].

Among various in vivo continuous evolution 
schemes, the phage and yeast systems are at the 
chassis of current research spotlights[5]. Therefore, we 
focus our discussions on directed evolution 
approaches developed in those systems.

1　Phage

Among the virus-based in vivo evolution 
systems, the phage-assisted continuous evolution 
(PACE) system is the most mature one. The life cycle 
of phage is short, for example, the M13 phage used in 
PACE has a life cycle of only 10 min. By linking the 
proliferation of bacteriophages to the activity of the 
protein of interest (POI), rapid and continuous 
evolution of POIs can be achieved in cycles of short 
duration. As an in vivo evolutionary system, the PACE 
system does not require the creation of molecular 
diversity libraries artificially, and has a higher 
evolving rate than most in vitro evolutionary systems, 
since phage genome can tolerate much higher 
mutation rate[4, 6].
1.1　PACE

The phage’s coat protein pIII is encoded by the 
gIII in M13 genome, which is key to its maturation 
and infection. To complete directed evolution without 
constant human interference, PACE uses a modified 
version of the M13 phage, called selection phage 
(SP), to continuously infect the host E. coli. In 
selective phage genome, its gIII is replaced by the 
gene of interest (GOI). Therefore, due to the inability 
of making pIII, SP cannot produce infectious phage 
particles on their own, and will express a protein of 
interest instead to fulfill a particular task in host        
E. coli. As a supplement, gIII is conditionally 
provided by a separate accessory plasmid (AP) of the 
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host E. coli, as part of a selection system that activates 
the expression of pIII strictly upon the desired activity 
of the POI. In combination, SP can only be 
propagated when sufficient pIII is generated through 
optimizing POI in term of controlling gIII expression 
(Figure 1a). PACE uses DNA polymerase with a high 
mutation rate to boost the error rate during phage 
replication. This is achieved by including mutagenesis 
plasmid (MP) in host E. coli. On MP, the dominant 
negative variants of the E. coli DNA Pol III 
proofreading domain increases the mutation rate to 
more than 300 000 times above the basal level, 
allowing steady accumulation of sufficient number of 
mutations in SP genome. After the introduction of 
mutations by MP-expressed error-prone DNA 
polymerase, the SP carrying the mutant protein with 
enhanced activity will have significant proliferative 
advantages over other SPs due to the increase in viral 
infectivity from pIII production. Therefore, the 
successful proliferation of SP is associated with the 
activity of POI. Over many generations through 
PACE evolution, the number of SPs containing the 
preferred protein coding sequence (CDS) will be 
overwhelming among surviving SPs[7-9] (Figure 1a).

The core of PACE technology is the continuous 
evolution of SP, which can be carried out in a 
continuous flow Chemostat-Lagoon pump system. 
The simplest PACE system consists of just two flasks, 
one as Chemostat and one as lagoon (Figure 1a). In 
Chemostat, the host E. coli culture is continuously 
pumped into Chemostat, while the excess culture and 
cells are transported to the waste tank, allowing the 
cells in Chemostat to maintain a constant volume 
under optimal healthy growth conditions. The lagoon 
is filled with host E. coli cultures together with pool 
of selection phages. Importantly, the lagoon is 
constantly infused with fresh, uninfected E. coli for 
infection by SPs, while the infected cells in the lagoon 
are constantly excreted as waste and the volume of the 
lagoon remains constant throughout the experiment 
(Figure 1a). Initially, a SP library carrying a single 
sequence species or a limited sequence pool can be 
used to infect of the host E. coli culture without 
selection. At the same time, upon induction in the 
lagoon, gene expression on MP within host cells leads 
to elevated mutations in the phage genome. If 
mutations in the GOI on the phage module can in turn 
trigger the production of pIII proteins, infective 
daughter phages can be generated. These newly 

produced daughter phage strains can better expand 
themselves through infecting fresh host E. coli cell 
infused into the lagoon (Figure 1a). At the same time, 
most phage modules cannot initiate gIII expression in 
host cell, therefore, their infection cycle will abort 
quickly. Upon continuous outflow from the lagoon, 
the concentration of those incapable SP in the lagoon 
will plunge to near zero quickly. Therefore, by 
building such a system and applying appropriate 
flowing rate matching the speed of phage evolution 
and propagation, the PACE system allows selected 
phages to reproduce continuously in the lagoon for 
hundreds of generations without external interference 
(Figure 1a). The key to build a successful PACE 
system is devising a rational scheme coupling the 
desired property of POI to pIII production. Applying 
the appropriate selection pressure by adjusting the 
flow rate in and out of lagoon can be at times 
challenging, since empirical rate of continuous 
evolution and fitness are hard to measure quantities 
before experimentation[7].
1.2　PANCE

Based on PACE, established a phage-assisted 
non-continuous evolution (PANCE) technique[10]. 
Unlike PACE’s continuous strategy, PANCE harvests 
and screens one round every six hours by adding 
phages manually for further mutations[11] (Figure 1b). 
This discontinuous system can be performed directly 
on the petri dish, reducing the strict dependence on 
experimental instrumentation such as bioreactors[7].
With the cost of more manual involvement, PANCE 
offers higher flexibility to adjust the selection pressure 
as well as temporal duration of any given in vivo 
evolution selection experiment.
1.3　IDE

PACE single-pass evolutionary DNA sequences 
have a limited length (typically less than 5 kb due to 
the limit of M13 phage genome packaging), making it 
difficult to screen for complex phenotypes. Al’abri   
et al. [12] have recently developed a method for large-
scale DNA directed evolution using P1 phages instead 
of M13, named inducible directed evolution (IDE). 
This method uses three plasmids: P1 contains the P1 
phage fractional sequence (the DNA to be mutated); 
mutator plasmids carries inducible expression of 
danQ926, dam, seqA, emrR, ugi and cda1, which 
collectively reduce the efficacy of the DNA repair 
system and promote the mutation frequency; phage 
plasmid includes the lysis control module of the mild 
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Fig. 1　Schematic diagrams of phage-assisted continuous evolution（PACE） and related variants
(a) Scheme of a continuous flow Chemostat-Lagoon pump system for PACE is depicted. Chemostat host fresh E. coli with accessory plasmid (AP, 

green circle) and mutagenesis plasmid (MP, red circle). In lagoon, selection phages (SP, blue circle) infects fresh E. coli. If selection phage is mutated 

in the lagoon towards a optimal activity, gIII on AP will be turned on and pIII will be produced in the infected cells (green cell). In the lagoon, the 

concentration of those incapable SP will plunge to near zero quickly and phages with desired POI activity will gain further advantages continuously. 

(b) Schemes of phage-assisted non-continuous evolution (PANCE), that phage harvests and further evolution are reiterated manually. (c) Schemes of 

spatial phage-assisted continuous directed evolution (SPACE), that host E. coli with accessory plasmid (AP, green circle) and mutagenesis plasmid 

(MP, red circle) is seeded on the center of a semi-solid agar plate. When the bacteria proliferate, they migrate evenly towards the edge of the plate 

where fresh nutrients are. Selection phage (SP, blue circle) is seeded at one side of the plate, with a certain distance from the center. When the bacteria 

propagation wave reaches the phage seeding spot, phage infects into the fresh bacteria and the in vivo evolution process begins. The optimal SP 

phages have the highest infectivity at the point where phages meet fresh, fast growing bacteria. Therefore, the desired phages can be retrieved from 

the “edges” of bacteria colony with SPACE.
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phage, to maneuver phage lysis behavior. IDE 
enhances the ability and utility of a complex directed 
evolution approach in E. coli with a large phage 
genome.
1.4　PRANCE

In order to achieve high throughput and precise 
control of environmental factors in the evolutionary 
process, Debenedictis et al. [13] developed a robot-
based directed evolution platform based on PACE, 
named PRANCE (phage-and robotics-assisted near-
continuous evolution). This improvement has 
important implications for the automated development 
of continuous directed evolution, and creates 
conditions for studying the influence of various 
environmental variables on directed evolution.
1.5　SPACE

Although PACE technology can achieve dozens 
of rounds of directed evolution in a single day with 
continuous flow with bioreactors, evolving multiple 
target proteins simultaneously with PACE is 
unrealistic since the limited availability of sophistic 
pumping and bioreactor setups. Recently, Wei et al.[14] 
have developed a spatial phage-assisted continuous 
directed evolution system (SPACE), which combines 
the effect of bacterial spatial migration movement, 
and phage infection, and replaces the continuous 
culture device required for continuous phage 
expansion in the PACE system with semi-solid agar 
medium (Figure 1c). SPACE greatly simplifies the 
system setup, with the additional advantages of direct 
visualization of evolution and the capability for 
simultaneous large-scale parallel evolutionary 
implementations.

2　Yeast
The PACE system and its improved version as 

summarized above are based on the phage directed 
evolution system. While the choice with phage is 
simple since its fast proliferation speed and robust 
tolerance to high mutation rate in its genome. 
However, phage based directed evolution comes with 
its natural limitation, such that its evolution process is 
nonautonomous since the completion a phage lytic 
cycle is always dependent on availability of the host. 
To achieve a simpler, autonomous directed evolution 
in an eukaryotic cell, yeast was picked up as a first 
model of choice due to its ease of culture and fast 
proliferation rate. However, like most eukaryotes, 
high mutation rate is accompanied by overwhelming 

DNA damage response, which is extremely 
detrimental to cell survival if mutagenesis is boosted 
over a threshold level in the genome scale[15]. 
Therefore, such obstacle has to be first overcome by 
introducing high frequency mutation on the gene of 
interest without compromising the rest of genome.
2.1　OrthoRep

OrthoRep, is a first successful example for such 
innovative approach, taking advantage of a naturally 
occurring orthogonal replication system in yeast. 
Similar to the PACE system, OrthoRep uses a faulty 
DNA polymerase to introduce mutations during GOI 
replication. OrthoRep’s ingenuity lies in the fact that 
it bypasses the limitations of mismatch extinction 
through an orthogonal replication system exclusive in 
the cytoplasm such that the nuclear genome is spared 
of the error prone replication (Figure 2). Such setup is 
based on the “killer” plasmid system identified in 
some natural fungal species[16-17]. The “killer” 
plasmids comprise of two cytosolic linear DNA, 
whose DNA replication relies of protein based 
priming and dedicated DNA polymerases encoded on 
the plasmids themselves. Specifically, sequences on 
p1 plasmid of the “killer” plasmid set are dispensable 
for the autonomy of the “killer” set, while its 
dedicated replication machinery DNAP1 can function 
properly if encoded by a nuclear plasmid[18]. Therefore 
in the current OrthoRep system, the GOI can be 
placed on the p1 plasmid, while the original p2 
plasmid is left intact, providing other essential 
components for this orthogonal replication system. If 
all original p1 plasmid is replaced by the engineered 
ones without DNAP1 sequence, mutagenesis rate can 
be specifically boosted by ∼ 1×10−5 substitutions per 
base through providing the yeast with an error prone 
DNAP1 encoded on a nuclear plasmid[18-20] (Figure 2).
2.2　EvolvR

Unlike several previously described systems, 
EvolvR is a CRISPR-Cas9-based targeted mutation 
method developed by Dueber Lab at UC Berkeley, 
providing a new way to generate site specific genetic 
mutants.

Similar to error-prone PCR, EvolvR uses error-
prone polymerases to introduce mutations. To achieve 
the site specificity of error introduction, the error-
prone PolI3M DNA polymerase is fused with nicking 
Cas9 (nCas9). Therefore, by using nCas9 to direct 
PolI3m to specific genomic loci, EvolvR allows 
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targeted mutations at sites of interest through PolI3m 
mediated DNA synthesis on a nicked DNA strand 
(Figure 3). gRNA is used to direct the PolI3M-nCas9 

complex to the site of interest in the genome (Figure 3). 
If a nick is created locally, PolI3M then binds to the 
incised DNA and introduces mutations extending 

Fig. 3　Schematic diagram of EvolvR continuous evolution system
The main trigger for EvolvR is the error-prone PolI3M DNA polymerase fused with nicking Cas9 (nCas9) (top left). gRNA/nCas9 module is used to 

direct the PolI3M-nCas9 complex to the site of interest and generate a nick on one DNA strand (middle left). PolI3M then works on the incised DNA 

and introduces mutations extending from the free 3' end from the nick, while its native endonuclease activity degrades the original, displaced strand 

(bottom left). Error (orange spots) from new DNA synthesis spread towards 3' direction from the nicked site (top right). Overall, the frequency of 

mutagenesis peaks quickly after the nick, and will drop quickly a given distance away from the nick (bottom right).

Fig. 2　Schematic diagram of OrthoRep continuous evolution system in yeast
GOI (light blue) can be placed on the p1 plasmid (blue), while the original p2 plasmid is left intact, providing other essential components for this 

orthogonal replication system (dark linear plasmid in the cytosol). Mutations (orange triangle) will accumulate on p1 plasmid through DNA 

replication by an error prone DNAP1 encoded by a nuclear plasmid (red circle). DNAP1 (magenta protein) is strictly cytosolic and is dedicated for 

the replication o p1 linear plasmid. Nuclear genome is replicated by nuclear DNA polymerase (dark protein) and thus spared from DNAP1 mediated 

mutation introduction.
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from the free 3' end from the nick, while its native 
endonuclease activity degrades the original, displaced 
strand during nicked strand extension (Figure 3). 
EvolvR allows continuous diversification of all 
nucleotides at specific sites. Its modular nature 
provides the versatility and flexibility to adjust 
systematic mutation rates and editing windows[21]. 
Due to the cross-species feasibility of CRISPR, 
EvolvR was also successfully implemented in yeast 
systems, called the yEvolvR system[22], and in theory 
any organism with feasible genetic transformation 
tools, However, the PolI3M DNA polymerase is 
significantly more likely to synthesize error 
containing DNA strand near the nicking site, 
therefore, the frequency of mutagenesis will drop 
quickly at a given distance away from the nick[23] 
(Figure 3). This uneven mutagenic property therefore 
makes EvolvR most useful only when local sequence 
changes are required in a focal manner.
2.3　ICE

In addition to the use of error-prone DNA 
polymerases, the low fidelity of the reverse 
transcription process is also been used for mutation 
generation during in vivo continuous evolution. Crook 
et al. [24] used the reverse transcription transposon Ty1 
to establish a continuously evolved system ICE (in 
vivo continuous evolution) in yeast (Figure 4). Ty1 is 
a naturally occurring long-end repeat reverse 

transcription transposon in yeast, which first makes a 
RNA intermediate during the transposition process, 
followed by transposition with reversed transcript 
cDNA. A galactose-induced promoter (GAL1p) is 
added to the front end of the Ty1 transposon to induce 
the transcription of the transposon; the target gene to 
be evolved is introduced between 5'-LTR and 3'-LTR, 
in a direction opposite to the transcription direction of 
the transposon (Figure 4). In the presence of galactose, 
the transposon initiates transcription and excises a 
synthetic intron, but the GOI is not translated because 
of the orientation of the primary transcript make it 
noncoding. The mRNA is then reverse-transcribed 
into cDNA, reintegrated into the genome, and finally 
the protein of interest can be expressed. The error-
prone reverse transcription process enabling the 
continuous transposition of Ty1 pushes for a 
continuous evolution of the POI it carries (Figure 4). 
With the screening pressure for a specific protein trait, 
directional evolution can be achieved for key players 
on a given metabolic pathway. However, with ICE 
mutation system, the transposition frequency directly 
affects the frequency of mutagenesis. In addition, 
independent transpositions coexist in the genome of 
the selected cell, complicating how to discern which 
evolved protein variant leads to the particular desired 
cellular phenotype. These complicating factors are 
likely to affect its applications in continuous evolution.

Fig. 4　Schematic diagram of ICE continuous evolution system in yeast
In vivo continuous evolution (ICE) uses the reverse transcription transposon Ty1 to carry the protein sequence to be evolved. The evolution process is 

carried out for the transposition cycle, started by making a RNA intermediate first by transcription induction with a galactose-induced promoter. Then 

sequence diversity is introduced during low fidelity reverse transcription process. The cDNA made is reintegrated into the genome and finally the 

protein of interest can be expressed for optimal trait selection.
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2.4　TRIDENT
Current in vivo mutagenesis techniques have 

multiple restrictive requirements such as low 
spontaneous mutagenesis rate, inability to modulate 
mutation profiles, and the need to use specific host/
virus pairings and orthogonal replication systems. 
Recently, Cravens et al. [25] have developed a T7 RNA 
polymerase-guided in vivo targeted mutation method: 
targeted in vivo diversification ENabled by T7 RNAP 
(TRIDENT). TRIDENT provides a mutation rate of 
more than 10-3 substitutions per base in vivo, with     
 >1 000-fold on-target mutagenesis specificity, and 
mutational diversity for all four DNA nucleotides can 
be adjusted in a 100-fold range. The core rational of 
TRIDENT is to fuse T7 RNA polymerase based 
transcription with mutagenesis, which uses T7 RNA 
polymerase for targeted transcription and recruit 
mutagenic enzymes on the transcript gene locus. 
TRIDENT  consists  of  three components: (1) C∶G> 
T∶A substituted cytosine deaminase; (2) A∶T>G∶C 
substitution of engineered adenosine deaminase;      
(3) DNA repair factors that further enhance the 
diversity of A/T/G mutations. A crucial limitation of 
the TRIDENT system is that this approach is only 
feasible for foreign transgene driven by a T7 
promoter. All endogenous loci can not be targeted due 
to their inaccessibility to T7 RNA polymerase.

3　Applications

3.1　Base editor
Single-base editing uses a Cas9 nickase to open a 

single-stranded DNA loop at a specific genomic site, 
and the bases in the editing window (usually a few 
nucleotides) in this region can be modified by a fused 
nucleotide deamylase to achieve base switching. 
Current single-base editing techniques include two 
main categories: cytidine base editors (CBEs), which 
can convert C/G to T/A base pairing, and adenine base 
editors (ABEs), which convert A/T to G/C pairing[26]. 
Gene editing with base editing offers better sequence 
conversion precision comparing to Cas9 nuclease, but 
there are also limitations such as byproduct editing 
and limited recognition sites, which is of great 
significance for further improvements of base 
editors[27].
3.1.1　BE-PACE

Recently, Thuronyi et al. [28] have developed a 
phage-assisted continuous evolution single-base 

editing system (BE-PACE) based on the PACE 
system, which can greatly improve the editing 
efficiency and target sequence compatibility of CBE, 
with the selection pressure applied by a specific on 
demand guideline. The researchers used the BE-PACE 
system to overcome the shortcomings of the target 
sequence limitation of traditional CBE and evolved 
three types of cytosine single-base editors, which 
were confirmed by in vitro luciferase reporter system 
and mammalian cells that the evolved CBE system 
has an increased base editing performance and 
expanded editing range. When BE is applied to base 
precision editing, there are often problems with 
undesired bystander mutations arisen from off-target 
editing. Recently, Chen et al. [29] introduced two 
mutations, L145T and N108Q, to TadA-8e deaminase 
in ABE8e through rational design, and developed 
accurate and safe ABE9, successfully retaining high 
editing activity while significantly narrowing the 
editing window and eliminating the editing activity of 
cytosine. Subsequent mutation and screening of BE 
by PACE is expected to obtain more diverse BE tools 
that can be used for base-precise editing more quickly.
3.1.2　Mitochondrial base editing

Development of gene editing tools for mtDNA 
has been a long-term goal in the field of 
mitochondrial genetics. Previously, Todd et al. [30] 
discovered a bacterial toxin, DddA, that can catalyze 
the conversion of cytosine to uracil on double 
stranded DNA substrates. Splitting DddA into two 
halves abolishes its endogenous toxicity associated 
with its nonspecific, uncontrolled mutagenic 
capability. At the same time, reconstituting a 
functional DddA deamylase can be precisely 
controlled by fusing its each half with transcriptional 
activator-like effector array proteins (TALE) targeting 
adjacent sequence on mitochondrial genome. 
Therefore, an RNA-free DddA-derived cytosine base 
editor, DdCBE, catalyzes the conversion of C/G to    
T/A in mtDNA. Recently, David Liu’s team[31] has 
carried out targeted modification of DdCBE through 
PACE and PANCE technology, and developed two 
upgraded versions of DdCBE, which not only have 
higher editing efficiency, but also have a wider range 
of editing. This study provides a new tool for efficient 
gene editing in mitochondria as well as nuclear 
genome.
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3.2　Antibody
Morrison et al. [32] have used upgraded PACE to 

evolve single-stranded variable region antibody 
fragments (scFv) that are misfolded and aggregated in 
the cytoplasm of E. coli. Much improved variant with 
5-fold increase of expression and simultaneous 
retention of binding activity was obtained in only 3 d. 
Furthermore, variant with enhanced stability without 
disulfide bonds was evolved from original scFvs in 
only 5 d. Recently, Wellner et al. [33] established the 
autonomous hypermutation yeast surface display 
(AHEAD) system, by combining OrthoRep with yeast 
surface display systems. They inserted the antibody 
fragment into the p1 killer plasmid, and realized 
antibody hypermutation in yeast cells through 
spontaneous super mutation of yeast. At present, the 
AHEAD system lacks a mutation control switch, 
therefore the mutagenesis process will persist forever. 
A more effective antibody discovery platform will 
prefer the mutagenesis process turned off once 
desirable hits are established[34].
3.3　Enzyme

Since 2011, Liu’s group[8, 35-37] has successfully 
engineered a variety of enzymes using PACE, such as 
T7 polymerase, TALEN, spCas9 variants. Using the 
recently developed SPACE system, Wei et al. [14] 
paralleled the ability of T7 RNA polymerase to 
recognize randomized promoter sequences, resulting 
in a library of promoter variants-RNA polymerase 
mutations that can be used for further modification 
and engineering applications. With the ICE system, 
Crook et al. [24] evolved URA3 to obtain mutants with 
increased catalytic activity, and successfully evolved 
polygenic metabolic pathways to improve the xylose 
metabolism capacity of yeast.
3.4　Drug resistance

There have been a few reports on the use of in 
vivo evolution system in drug resistance research[19, 38]. 
By encoding plasmodium falciparum dihydrofolate 
reductase (PfDHFR) on OrthoRep, Ravikumar           
et al. [19] were able to evolve inhibitor resistant 
PfDHFR in 90 independent replicates after a simple 
serial passage of cells in the presence of the PfDHFR 
inhibitor pyrimethamine. Similarly, Cravens et al. [25] 
have used TRIDENT to achieve saturating 
mutagenesis for pyrimethamine resistance. Both 
studies revealed the convergence of all replicates on a 
few shared coding mutations on PfDHFR. Dueber’s 

lab[22] used EvolvR to discover new genotypes that 
cause spectinomycin resistance in bacteria. While 
there are many known spectinomycin resistant 
mutations, several new mutations were identified 
through targeting EvolvR to five dispersed regions of 
the spectinomycin target gene rpsE. These results not 
only reveal potential drug resistance genotypes, but 
also provide a better understanding of key residues of 
this protein-drug interaction.

4　Perspective

4.1　 In vivo continuous evolution feeding 
computational protein design

The greatest challenge for protein design is the 
vast possible sequence space available to explore any 
given design task, even for a small or moderate sized 
single subunit protein. Modern deep learning has 
greatly facilitated the reliability of machine-based 
learning, although most efficient deep learning models 
requires large “training” datasets[39], which provides a 
comprehensive “cost” function estimate regarding a 
given biochemical function or protein property. Such 
data is sparse in term of biological molecules, with the 
further complication that most natural proteins are 
“optimized” through long evolution process to fit its 
native functional niche. Continuous in vivo evolution 
provides a fast and feasible mean to generate unbiased 
“fitness” measurement, with quantitative power to 
explore the local “energy landscape” with unbiased, 
continuous introduction of protein sequence 
variations. A cell-by-cell quantitative measurement of 
phenotype score, in combination of retrieving 
sequence information of POI can be accelerated by 
single cell based sequencing technology, following 
cell-by-cell quantification and barcoding through 
microfluidics platforms or in-situ sequencing[40].

We envision combining the power of 
autonomous directed evolution with deep learning 
will move forward the realm of protein design from a 
structure-based domain, to various functional, 
application-based arenas. With current deep-learning 
based protein site specific mutational fitness 
prediction tools, the direction of “fitness” is usually 
limited to narrow dimensions, such as protein therm-
stability. Therefore, with the diversity of selection 
pressure can be applied individually or in 
combination, it is likely that distinct in vivo evolution 
trajectories elucidated will eventually provide protein 
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engineers tremendous prediction powers in a multi-
dimensional protein structure and functional space.
4.2　 Directed evolution in higher eukaryotes， 
including nuclear and organelle genome

At present, effective in vivo evolutionary system 
in lower eukaryote is mainly based on segregated, 
specialized replication system orthogal to nuclear 
genome. This is mainly because the nuclear genome 
cannot tolerate high mutagenesis rate as in vivo 
evolution experiment realistically demands. 
Therefore, dedicated, local introduction of DNA 
mutation, in a scenario similar to B cell 
immunoglobulins gene hypermutation, will be the 
preferred means to achieve fast, functional diversity. 
A few CRISPR based local based editing, or nicking 
induced error prone repair have provided proof-of-
principle examples of the feasibility of such targeted 
mutagenesis approach[41]. However, current CRISPR 
or TALEN based local mutagenesis is very limited in 
the activity window allowed, due to the underling 
targeting specificity requirement. On a larger scale 
similar to V(D)J region of Ig gene, more creative 
targeting approach must be devised. Unveiling 
underlying mechanism of activation-induced cytidine 
deaminase (AID) targeting specificity is going to shed 
important insights on how to artificially dial 
transcription-coupled mutagenesis control using 
ssDNA specific deaminase[42]. On the other hand, 
dsDNA specific mutagenic enzymes such as DddA 
can be engineered to confer mutagenic activity only 
upon targeted onto a specific DNA region, through 
local protein based phase separation or targeted 
recruitment by a domain wide scaffold DNA binding 
protein[43-44]. Similar approaches, once established, 
can be used to introduce widespread mutation in 
particular region on the nuclear genome, and even the 
whole mitochondria and chloroplasts genomes. 
Regardless of the precise location those local 
mutagenesis hotspot will be generated, single cell-
based phenotyping and live cell tracing capability will 
be needed for upcoming new era of continuous 
evolution in vivo.
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体内连续进化*

——从噬菌体到真核基因组的进化故事

贾 雯 彭 颖**

（郑州大学华大基因学院，河南省医药科学研究院，郑州 450052）

摘要 进化是生物多样性产生和保留的自然进程。通过对编码蛋白质的基因进行有目的地设计和改造，获得性能更优异的

蛋白质用于生产生活，是蛋白质工程的目的所在。为了在实验室中通过定向进化的蛋白质工程模拟自然进化的实现过程，

研究人员通过在快速增殖的原核生物和简单的真核生物中引入靶向诱变元件，建立了各种体内连续进化系统。本综述介绍

了体内连续进化平台的现状，重点关注噬菌体和酵母中人工进化技术的研究进展，并对其在生物技术领域中的成功应用进

行了总结，最后简要展望了体内连续进化这一新兴领域的发展方向。

关键词 体内进化，定向进化，噬菌体辅助连续进化，蛋白质工程，靶向诱变
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