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Abstract

Traditional approaches to the directed evolution of genes of interest (GOIs) place constraints on 

the scale of experimentation and depth of evolutionary search reasonably achieved. Engineered 

genetic systems that dramatically elevate the mutation of target GOIs in vivo relieve these 

constraints by enabling continuous evolution, affording new strategies in the exploration of 

sequence space and fitness landscapes for GOIs. We describe various in vivo hypermutation 

systems for continuous evolution, discuss how different architectures for in vivo hypermutation 

facilitate evolutionary search scale and depth in their application to problems in protein evolution 

and engineering, and outline future opportunities for the field.

Introduction

Evolution is the ultimate bioengineer. Yet from the perspective of any individual gene in 

a modern organism’s genome, evolution acts very slowly. This is not just an empirical 

observation but rather a basic outcome of growing complexity in self-evolving systems. As 

organisms became more complex over the history of life, genomes gained and relied on 

more genes. Consequently, the mutation rate per gene had to decrease, because there were 

more and more things to break. Modern life has thus reached a point where organisms are 

complex, genomes are large, and the genomic mutation rate must stay low [1–4], too low to 

rapidly drive the extensive evolution of any particular gene.
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To an evolutionary biologist, this may not be a problem, as genomes and many-gene systems 

can still evolve at a high rate, giving much to observe. But to a protein engineer, this is a 

major problem. If the gene encoding a protein must obey the low mutational speed limit 
of large genomes, how can we watch protein evolution in action? And how can we exploit 
the tried-and-true power of evolution to make proteins carry out ambitious new functions 
on laboratory timescales? In this essay, we discuss a quickly growing area of research that 

aims to design and apply genetic systems that selectively hypermutate user-defined genes 

of interest (GOIs) within living cells [5,6]. Such systems bypass the low mutational speed 

limits of genomes in order to drive the rapid continuous evolution of GOIs and the proteins 

they encode simply as cells are passaged under selection.

Motivation

It is useful first to consider why there is a need for hypermutation and continuous evolution 

systems when the mature field of directed evolution has already made it possible to evolve 

GOIs on laboratory timescales. In classical directed evolution, researchers subject one or 

more GOIs to cycles of in vitro diversification (e.g. error-prone PCR), transformation of 

the diversified GOI library into cells, and screening or selection for desired functions. 

This process can be viewed as a manual bypass of genomic mutational speed limits: one 

mutates GOIs in a test tube to access the high rates of diversification that large genomes 

disallow but then transforms GOI variants into cells where they can express and be subjected 

to functional selection. Yet by manually staging the steps of evolution, classical directed 

evolution largely forfeits what may be the two most defining features of natural evolution: 

scale and depth (Figure 1).

First, scale. Because manual stages of diversification, transformation, and selection are 

labor-intensive and technically challenging, one can only classically run a few independent 

evolution experiments at a time, hindering exploration of powerful ideas requiring 

evolutionary search scale. Such ideas include exploiting spatial structure during protein 

evolution to escape local optima (e.g. the division of a single well-mixed population into 

many physically separated populations), maximizing diversity of outcomes by running 

evolution experiments in hundreds if not thousands of independent replicates, obtaining 

statistical information on evolutionary pathways (e.g. understanding drug resistance by 

mapping rugged fitness landscapes), and evolving a parent protein into families of variants 

that have different functions (e.g. creating versatile collections of antibodies, biosensors, or 

biosynthetic enzymes).

Second, depth. Classically, one can only take short “walks” on the fitness landscape of a 

GOI, because a single manual cycle of diversification, transformation, and selection can take 

days to weeks. Tantalizing ideas requiring evolutionary search depth (i.e. long mutational 

walks) are thus restricted. Such ideas include probing or exploiting the relationship between 

complex selection histories and adaptation (e.g. employing drift to escape local optima 

during enzyme evolution or using alternating selections to evolve “evolvability”) [7] and 

attaining ambitious protein functions (e.g. novel enzyme activities, catalytic activity from de 
novo designed structures, custom function from multi-gene metabolic pathways, or intricate 

protein-protein or protein-nucleic acid interactions) [8,9] that, by definition, require long 
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mutational pathways to reach. All of these privileges of evolutionary scale and depth are 

found in abundance in the natural evolution of species – they are responsible for what 

Darwin described as the “endless forms most beautiful and most wonderful” around us – 

but have not been captured for laboratory application to engineering GOIs for user-defined 

functions.

In our view, the key motivation for building genetic systems that achieve targeted 

hypermutation of GOIs in vivo is to transform classical directed evolution into an 

autonomous and continuous process so that evolutionary search scale and depth become 

readily available in protein and GOI engineering experiments. This transformation may 

usher in an era of protein biology and engineering where we can study the process of protein 

evolution and the underlying sequence-function relationships behind proteins with newfound 

statistical power, where the evolution of previously difficult protein and GOI functions 

becomes facile and high-throughput, and where truly novel protein functions fall into the 

reach of protein evolution and design.

Categorization of in vivo hypermutation and continuous evolution systems

The critical task for achieving in vivo hypermutation is figuring out how to target rapid 

mutational accumulation only to GOIs. This targeting is what allows us to bypass the 

low mutational speed limit of a cell’s genome without resorting to the manual staging 

of diversification and selection in classical directed evolution that restricts scale and 

depth in evolutionary search. So far, targeting has been achieved through three general 

architectures that define existing systems: architecture 1 – propagation of viral genomes 

through non-propagating hosts, architecture 2 – recruitment of mutagenesis machinery to 

specific DNA loci, and architecture 3 – orthogonal DNA replication. For reasons that will 

become clear, we call architecture 1 viral, architecture 2 epi-hypermutation, and architecture 

3 direct hypermutation (Figure 2). Given our view that the main significance of continuous 

evolution systems is their admission of scale and depth in protein evolution, we survey these 

architectures with a focus on their ability to enable evolutionary scale and depth.

Viral architectures

In viral architectures for continuous evolution, GOIs are encoded on the genome of a 

virus where they are induced to hypermutate when propagating through host cells (Figure 

2). High rates of mutation can be durably maintained over time because viral genomes 

are sufficiently small. By coupling the desired activity of the GOI to the ability to make 

virus, the hypermutating GOI continuously and rapidly evolves as the virus passes through 

successive hosts.

This is the basic strategy behind phage-assisted continuous evolution (PACE), which is the 

most mature example of the viral architecture [5,6,10,11]. In PACE, GOIs are encoded on 

the M13 bacteriophage genome and the phage are propagated through Escherichia coli host 

cells engineered to inducibly mutate at high rates. Although these high mutation rates in 

the range of 10−5 to 10−4 substitutions per base (s.p.b.) are deleterious or lethal to E. coli, 
this is not a problem for the system because the E. coli are constantly flowed into and 
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out of a reservoir containing phage; the flow rate is such that only the phage population 

persists, resulting in the continuous accumulation of mutations only in the phage genome 

and GOI. To select for desired function from the GOI, the M13 genome is engineered to 

lack the essential gIII gene whose protein product, pIII, is required for phage packaging 

and infection. Instead, gIII is encoded in the E. coli host where its expression can be 

made to depend on the desired GOI function. GOI variants with improved function induce 

higher expression of pIII and more phage descendants, thereby effecting the continuous 

evolution of the GOI. In this manner, PACE has been used to evolve RNA polymerases [10], 

biosensors [12], insecticidal proteins [13], base editors [14,15], metabolic enzymes [16], 

proteases [17], and more [18–21].

The PACE concept has been extended to mammalian cell hosts as well. Recent work has 

shown that it is possible to use either an engineered error-prone version of adenovirus or 

a naturally error-prone RNA virus, sindbis, as vehicles for GOI hypermutation [22,23]. As 

in PACE, GOIs are encoded on the genome of a virus engineered to lack the essential 

proteins required for viral production. Instead, the essential proteins are supplied by host 

mammalian cells where their expression is linked to the GOI’s activity. In this manner, 

adenovirus and sindbis have been used to rapidly evolve transcription factors, GPCRs, and 

conformationspecific anti-GPCR nanobodies by passaging virus through successive cultures 

of host cells [22,23].

It has become clear, particularly with PACE, that the viral architecture can be highly durable, 

enabling prolonged continuous or semi-continuous GOI evolution experiments that result in 

depth of evolutionary search. The scale of evolutionary search using the viral architecture 

can also be high, but this is an area of ongoing development [21]. The viral architecture 

is naturally limited by the fact that viruses are not autonomously propagating agents and 

instead depend on a constant supply of new host cells. This can introduce the requirement 

for bioreactors, as in PACE where the rate of fresh cell supply demands precise external 

control to prevent the persistence of host mutations, or technical steps such as centrifugation 

and filtration to physically separate viral-encoded GOI evolution from host evolution in 

passaging steps. Another challenge in the viral architecture is that the unit of selection is 

defined by viral production. Although clever genetic circuits can link many GOI functions 

to viral synthesis [9,20,24], functions that occur on timescales beyond the viral lifecycle, 

functions that involve complex host biology, or GOI functions that are meant to change a 

host cell’s (or even a multicellular organism’s) physiology are not directly selectable through 

the viral architecture. To achieve greater evolutionary search scale and expand the types 

of functions that can be evolved, there is room in the ecosystem of continuous evolution 

systems for fully in vivo architectures.

Epi-hypermutation architectures

Since cells are autonomously propagating agents, continuous evolution of GOIs fully inside 

cells supports extensive evolutionary search scale – culturing cells is easy to parallelize into 

many independent replicates, distinct experiments, or spatially structured populations – as 

well as depth – culturing cells for many generations is straightforward. Of course, cells 

have very low mutation rates in order to properly maintain the large information content 
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in their megabase to gigabase genomes, and such low mutation rates (typically 10−9–10−10 

s.p.b.) are not enough to rapidly sample diversity at the level of an individual GOI. (A 

mutation rate of ~10−10 s.p.b. would sample only a single mutation every million times a 

kilobase-sized GOI was replicated.) To exploit the scale and depth of evolution that culturing 

cells should afford, one must devise systems for targeted hypermutation in vivo to speed up 

GOI evolution.

A popular strategy for building targeted hypermutation systems is to fuse DNA mutating 

enzymes to site-specific DNA binding proteins. A prominent example is the fusion of 

nucleotide deaminases to T7 RNA polymerases (RNAPs), where the deaminase induces 

mutagenesis and the T7 RNAP proteins provide targeting [25–28]. A particular advantage 

of T7 RNAP is its processivity, which acts to drag the deaminase across an entire GOI or 

section therein. Likewise, fusion of an error-prone DNA polymerase (DNAP) to a nickase

Cas9 can cause mutagenesis across a stretch of DNA near the Cas9 nick site, as is the basis 

for the EvolvR system [29,30]. These systems have been used evolve model proteins such 

as antibiotic resistance genes and cancer drug targets through the simple serial culturing of 

bacteria, yeast, or mammalian cells under selection [25–30].

We categorize these systems involving the fusion of a DNA mutating enzyme to a DNA 

binding protein, along with other systems such as CRISPR-X, ICE and TaGTEAM [31–33], 

as epi-hypermutation architectures to emphasize that the GOI targeted for hypermutation is 

not replicated by the hypermutation system itself. Instead, hypermutation is epi to the GOI’s 

propagation, which occurs independently through the high-fidelity replication systems of 

the host (Figure 2). This feature may have implications on durability and evolutionary 

search depth achievable. For example, when a GOI is targeted for hypermutation, the very 

sequence responsible for recruiting hypermutation machinery may become corrupted via 

hypermutation. If the GOI under selection can still propagate and express independently 

of hypermutation, we speculate that hypermutation may slow over time. Current epi

hypermutation systems also have notable off-target activity, resulting in elevations in the 

mutation rate of the host genome. This potentially increases the chance of evolution outside 

the GOI, including selection circuits that link the desired GOI function to cell survival as 

well as the genes encoding the hypermutation machinery itself. The ongoing application of 

epi-hypermutation systems will reveal whether these issues affect the goal of enabling scale 

and depth in the evolution of GOIs.

Direct hypermutation architectures

Another way to achieve targeted hypermutation of GOIs in vivo is to give cells a separate 

DNA replication system dedicated to the propagation of GOIs. Such an orthogonal DNA 

replication system would consist of a special DNAP that only replicates a cognate plasmid 

encoding GOIs. Host DNAPs would replicate the host genome but not the special plasmid, 

completing orthogonality [34]. If the orthogonal DNAP is then made to be error-prone, the 

system enforces continuous hypermutation of plasmid-encoded GOIs, driving their rapid 

evolution in vivo.
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We categorize orthogonal replication as a direct hypermutation architecture because 

mutation occurs during replication. This distinction from epi-hypermutation, where mutation 

of a GOI occurs independently of its replication, may be important for achieving search 

depth in continuous evolution experiments. For example, if the orthogonal plasmid is 

hypermutated in a way that prevents its recognition by the orthogonal DNAP, the plasmid 

isn’t replicated, ensuring that only continuously mutating GOIs persist in an experiment. An 

additional advantage of having an altogether separate replication system for GOIs is that 

targeting of hypermutation can be more effectively achieved, for example through spatial 

separation between the orthogonal and the genomic replication systems.

Early work towards an orthogonal replication system was carried out by Camps et al. 
through the establishment of an error-prone Pol I DNAP that targets ColE1 plasmids [35]. 

However, since Pol I is also essential for genomic DNA replication, full orthogonality 

was not achieved. Over the past few years, our lab has developed a fully orthogonal 

DNA replication (OrthoRep) system by adapting an autonomously replicating cytoplasmic 

plasmid element found in certain strains of yeast and engineering error-prone variants of 

the DNAP responsible for replicating the cytoplasmic plasmid [34]. Our current OrthoRep 

systems drive the hypermutation of GOIs at a mutation rate of ~10−5 s.p.b., while keeping 

the host Saccharomyces cerevisiae genomic mutation rate unchanged at ~10−10 s.p.b. [4]. 

This ~100,000-fold increase in the in vivo mutation rate of GOIs has allowed us to evolve 

several enzymes and proteins with exceptional scale and depth. For example, OrthoRep was 

used to evolve the malarial drug target, dihydrofolate reductase, in over 100 independent 

experiments to map mutational pathways leading to drug resistance [4]. OrthoRep was also 

used to evolve the Thermatoga maritima TrpB enzyme in over a dozen replicate experiments 

to yield a collection of 60 diverse TrpB variants whose distinct promiscuous activities 

enabled the efficient biosynthesis of several valuable tryptophan analogs [36]. More recently, 

OrthoRep was used to drive the evolution of yeast surface-displayed antibodies in multiple 

parallel experiments that yielded potent neutralizers of SARS-CoV-2 pseudovirus and 

conformationally-selective high-affinity nanobodies against a GPCR [37]. In these and 

other examples of OrthoRep-based GOI evolution [38], the sheer number of evolution 

experiments performed and the complexity of the evolved GOI sequences, which contain 

10–20 mutations in some cases, highlight the scale and depth of evolutionary search possible 

with the direct hypermutation architecture.

OrthoRep is not without its limitations. New versions of the orthogonal DNAP are needed 

to reach higher mutation that can speed up GOI evolution even further. New DNAPs are 

needed to lower the bias for transition mutations that current error-prone orthogonal DNAPs 

exhibit. Stronger promoters for hypermutating GOIs on the orthogonal plasmid and new 

strategies for expression control are desired to improve the range of GOIs and properties that 

can be evolved [39]. Novel selection strategies that couple arbitrary desired GOI functions 

to cell fitness with a level of durability that matches the prolonged hypermutation power 

of OrthoRep are also needed. Additionally, whether OrthoRep can be ported into organisms 

beyond yeast remains to be seen, in contrast to epi-hypermutations systems, which have 

already been established in bacteria, yeast, and mammalian cells. We expect that the unique 

architectural advantages of OrthoRep should provide sufficient motivation for continued 

development in these directions.
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Opportunities for the future

Throughout this essay, we have emphasized that the distinguishing value of in vivo 
hypermutation systems is their ability to access scale and depth in the evolution of 

GOIs, because those are the two properties that we believe can extend the field of 

directed evolution into new categories of problems. Such problems include understanding 

the rules of evolution with greater statistical power, mapping the fitness landscapes of 

proteins at higher resolution, and evolving biomolecules to achieve increasingly ambitious 

functions. A more fundamental problem that scale and depth can address is the challenge 

of escaping local optima in the evolution of GOIs to reach better and better function. 

Spatially structured populations that contain thousands of semi-independently evolving 

subpopulations (requiring scale) and fluctuating selection environments that introduce 

periods of drift (requiring depth) can suppress the dominance of local optima in the 

outcomes of evolution, and the exploitation of these two evolutionary strategies is an 

opportunity made realistic by the in vivo hypermutation systems described. Finally, the 

powerful combination of directed evolution experiments with machine learning should 

further elevate the value of evolutionary search scale and depth enabled by in vivo 
hypermutation systems [40,41]. In the future, it may be possible to use systems such as 

OrthoRep to evolve thousands of highly diverse variants of thousands of proteins that 

achieve thousands of different functions. As the resulting datasets are used to train models 

that predict even more diverse functional sequences, a virtuous cycle may initiate where the 

sequence-function relationships governing all proteins are captured over time. We believe 

these exciting opportunities motivate the continued development of in vivo hypermutation 

systems with deliberate focus on architectures that maximize scale and depth in evolutionary 

search.
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Figure 1. Evolutionary scale and depth.
Separate evolving populations traverse a fitness landscape in which the x- and y-axes 

represent genotype, and the z-axis represents fitness. A greater number of individual 

populations (scale) enables exploration of more distinct areas of sequence space, while 

the capacity to traverse longer mutational pathways (depth) enables exploration of areas of 

sequence space that are further away from the starting point.
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Figure 2. 
Categories of in vivo hypermutation architectures.
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