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7Strain Development by Whole-Cell 
Directed Evolution
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Abstract
Due to limited knowledge of complicated cellular networks, directed evolution 
has played critical roles in strain improvement, especially for complex traits with 
hundreds of genetic determinants and for organisms with few genetic tools. 
Directed evolution mimics natural evolution in the laboratory via iterative cycles 
of diversity generation and functional selection or screening to isolate evolved 
mutants with desirable phenotypes. In this chapter, we summarize recent techno-
logical advances and applications of directed evolution in strain development, 
focusing on the efforts for accelerating evolution workflows, expanding the range 
of target phenotypes, and facilitating mechanistic understanding of evolved 
mutations.
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7.1  Introduction

Metabolic engineering aims at “the improvement of cellular activities by manipula-
tion of enzymatic, transport, and regulatory functions of the cell” [8] and has been 
successfully applied to create efficient microbial cell factories for producing fuels, 
drugs, and value-added chemicals [59, 80, 83, 102, 117]. There are two fundamental 
approaches for metabolic engineering: rational design and directed evolution. For 
rational design, metabolic bottlenecks are identified and addressed via directed 
genetic manipulations for improved production of a target molecule [8, 9]. However, 
this approach is associated with four major limitations. First, effective rational 
designs often require comprehensive understanding of metabolic pathways and cel-
lular metabolism, which is incomplete most of time. In particular, there is limited 
knowledge of some complex phenotypes, such as stress tolerance and chemical 
inhibitor resistance [122, 161]. Second, designed mutations may result in unex-
pected metabolic outcomes, due to the complicated nature of biological networks. 
Third, genetic manipulation is generally difficult in many industrial strains. Finally, 
there are regulatory issues that limit the use of genetically modified organisms 
(GMOs) with rationally designed mutations in certain applications, such as the food 
industry [18]. On the contrary, directed evolution mimics natural evolution in labo-
ratory settings, where iterative rounds of genetic diversity generation and pheno-
typic selection or screening are performed to isolate strains with improved traits 
(Fig. 7.1) [18, 32, 68, 120, 150, 159]. Whole-cell directed evolution, also known as 
evolutionary engineering, can overcome the aforementioned limitations of rational 
design. It requires no prior knowledge on genotype-phenotype relationships and 
achieves relatively defined phenotypic outcomes dependent on selection/screening 
schemes. Mutant strains can be generated using spontaneous mutations without 
genetic manipulations and hence considered as non-GMOs for higher public accep-
tance [18].

Adaptive evolution (AE) is the most widely used and well-established approach 
for whole-cell directed evolution [32, 159]. In a typical AE experiment, a growing 
asexual culture is maintained for a prolonged period of time via serial transfer in a 
batch format or continuous dilution in a chemostat (see Sect. 7.2.2 for details). 
Strain variants arise due to spontaneous mutations. Under a certain selection pres-
sure, variants with improved competitive fitness outgrow the parental and less-fit 
sibling populations (Fig. 7.1). Genotypes of evolved strains are analyzed at indi-
vidual or population levels for understanding the molecular mechanisms conferring 
improved phenotypes.

Although successfully applied in improving a wide range of industrially impor-
tant traits in microbial strains, AE suffers from various limitations, including low 
rates and relatively restricted spectrums of mutations, prolonged cultivation, limited 
ranges of target phenotypes, and challenges to differentiate beneficial mutants from 
neutral to deleterious hitchhikers. In this chapter, we aim to provide an update on 
the technical advances in the application of directed evolution for strain develop-
ment, and different methods are organized according to how they overcome various 
limitations of the classical AE (Fig. 7.1). We focus on practical considerations on 
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the choice of appropriate techniques (Table 7.1). We then discuss recent examples 
of directed evolution in improving various cellular properties and provide prospec-
tive on the future directions.

7.2  Recent Technology Advances in the Application 
of Directed Evolution for Strain Development

7.2.1  Diversity Generation

Classical AE experiments depend on spontaneous mutations, primarily in the form 
of single-base mutations and at a rate of 10−10–10−9 substitutions per base pair per 
replication [76, 78, 88, 143]. Other types of mutations, such as insertion and dele-
tion of one or a few bases, gene duplication, and chromosomal rearrangement, occur 
at even lower frequencies [93]. The rare and uncontrollable nature of naturally 
occurring mutations renders AE as a very time-consuming process, often requiring 
tens of thousands of replicative generations. Furthermore, the limited types of spon-
taneous mutations (mostly single-base substitutions) [93] exhibit modest impacts 
on competitive fitness [45]. These relatively small steps of evolutionary paths on a 
fitness landscape are prone to be trapped at local optimum [150]. To overcome these 
obstacles, new methods are developed to increase random mutation rates, introduce 

Fig. 7.1 Overview of directed evolution processes consisting of iterative cycles of diversity gen-
eration and functional screening or selection. For the classical AE, diversity is generated by spon-
taneous mutations (thin, solid arrow). During prolonged cultivation under selection pressures, 
mutants with improved competitive fitness are enriched (thick, closed arrow). New methods are 
developed to introduce systematic and multiplex mutations (thin, dashed arrow) for accelerating 
evolution and to perform high-throughput screening (thick, open arrow) for engineering traits that 
are not linked to growth. Genetic mutations are then analyzed using next-generation sequencing 
(NGS)
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systematic perturbations, and create large-scale and multiplex genetic diversities 
(Figs. 7.1 and 7.2). A comparison of various diversity generation methods is sum-
marized in Table 7.1.

Increasing random mutagenesis rates
Increasing random mutagenesis rates is proposed to improve the probability of gen-
erating beneficial mutations and accelerate the evolutionary processes [159]. 
Chemical mutagens and radiation are widely used to induce DNA damages that lead 
to genetic mutagenesis [123]. In addition, mutator strains with impaired DNA rep-
lication or repair systems are employed to enhance genetic diversity [44, 125]. 
However, increased mutagenesis rates may also result in more frequent occurrence 
of deleterious mutations in already adapted strains, rendering the fixation of benefi-
cial mutations difficult in an evolving population. To solve this dilemma, dynamic 
control of mutagenesis rates is proposed, whereby mutagenesis rates are raised tran-
siently and then decreased to normal levels after adaptation is achieved. In one 
example, GREACE (Genome Replication Engineering Assisted Continuous 
Evolution) introduced defective components of a DNA polymerase complex on a 
plasmid, converting the target strain into a mutator [92]. After evolution, the plas-
mid was cured to return to normal mutation rates, allowing for isolation of stable 
strains for analysis. In another example, FREP (feedback-regulated evolution of 

a b

c

e

d

f

Fig. 7.2 Schemes of selected methods for diversity generation. (a) Recombineering. (b) CRISPR- 
Cas. (c) RNA interference. (d) Transposon insertional mutagenesis. (e) Global transcription and 
translation machinery engineering. (f) Genome shuffling
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phenotype) inversely coupled the mutagenesis rates with the concentrations of a 
target metabolite [23]. In particular, a genetic sensor activated expression of a proof-
reading exonuclease mutant at low target metabolite concentrations, and the activa-
tion effect diminished with increasing production. Application of this strategy 
successfully identified mutant strains with improved production of tyrosine and iso-
pentenyl diphosphate [23]. Notably, the constant or dynamic use of mutator pheno-
types is limited to organisms with known DNA replication and repair mechanisms. 
Controlling mutagenesis rates in less-characterized strains may be achieved by 
varying the dosage of chemical and physical mutagens prior to or during 
evolution.

Creating genome-scale diversity
Genome-wide strain libraries prove to be instrumental for studying genotype- 
phenotype relationships [19, 134]. Compared with AE that generates random muta-
tions in limited numbers of genes, strain libraries allow systematic investigation on 
nearly every gain-/reduction-/loss-of-function mutation within a target genome [7, 
42, 50, 94]. Also, it is easier to interpret screening results using single-mutation 
strain libraries, compared with hundreds of changes observed in evolved genomes 
from AE experiments. However, conventional methods require each mutant strain to 
be created individually in an arrayed manner [7, 42], which is prohibitively tedious 
and costly for iterative screening in directed evolution. The main technical hurdle is 
the low efficiency of homologous recombination (HR) for allelic replacement on a 
genome.

To stimulate HR and accelerate library construction, two cellular mechanisms 
have been utilized. Using bacteriophage-based recombination systems, recom-
bineering (recombination-based genetic engineering) enables efficient genome edit-
ing with single-stranded DNA oligonucleotides as homologous donors (Fig. 7.2a) 
[34, 127]. For example, combined with microarray-based DNA synthesis, promoter 
replacement of every gene in Escherichia coli was achieved using a pool of DNA 
oligonucleotides in a single round of transformation [157]. Furthermore, HR effi-
ciency can be enhanced via introduction of double-stranded breaks at targeted 
genomic loci, using programmable DNA nucleases derived from ZFPs (zinc finger 
proteins), TALEs (transcription activator-like effectors), and CRISPR-Cas (clus-
tered regularly interspaced short palindromic repeats and CRISPR-associated pro-
teins) [36, 134]. In particular, recognition of a target DNA sequence by the 
CRISPR-Cas nuclease Cas9 is mediated by a trans-acting guide RNA (gRNA) via 
Watson-Crick base pairing (Fig. 7.2b) [25, 96]. Using gRNA expression libraries 
synthesized by DNA microarray (Fig. 7.2b), genome-scale screening has been dem-
onstrated in human cells [154], and similar approaches should be readily applied in 
engineering  microbial systems.

HR-independent methods are also developed for constructing strain libraries. 
First, trans-acting RNAs have been employed for facile introduction of genome- 
wide perturbation (Fig. 7.2c) [133]. For example, the RNA interference (RNAi) 
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machinery has been reconstituted in Saccharomyces cerevisiae for genome-scale 
knockdown screening. This RNAi-assisted genome evolution (RAGE) strategy 
identified mutations conferring resistance towards fermentation inhibitors [133, 
163]. Second, genome-scale insertion mutagenesis can be conducted using transpo-
sons, which are a class of mobile genetic elements (Fig. 7.2d) [2, 55]. For positive 
mutants exhibiting improved fitness, the inserted transposon sequence can act as a 
tag to identify insertion positions and affected genes. Most transposition events lead 
to gene disruption, but may also enable gene activation if equipped with outward- 
oriented promoters [123].

Notably, CRISPR-Cas and RNAi may be particularly useful for creating libraries 
of industrial strains, many of which are polyploidy. CRISPR-Cas has been used for 
simultaneous disruption of two alleles of a gene in several industrial yeast strains 
[142], which is very challenging using traditional methods. In addition, RNAi-based 
gene silencing targets mRNA transcripts and hence can regulate gene expression 
without modifying multiple copies of the same gene.

Introducing large-scale and multiplex mutations
Given the positive correlation between the probability of finding improved mutants 
and the degree of genetic diversity [66], it can be beneficial to introduce large-scale 
and combinatorial mutations to a genome, especially when targeting complex phe-
notypes (e.g., tolerance) that have many genetic determinants [122, 161]. Although 
AE is capable of accumulating hundreds of mutations, it requires prolonged cultiva-
tion and generates limited types of mutations. Therefore, it is desirable to develop 
new methods for generating many mutations of diverse types in a short period of 
time.

One strategy is to introduce mutations in cellular components that are involved 
in transcription or translation processes (Fig. 7.2e). For example, gTME (global 
transcriptional machinery engineering) introduced random mutations to master 
transcription factors (TFs) via error-prone PCR [4, 5], altering expression levels of 
hundreds of genes. Large perturbation in transcriptomic profiles can also be enabled 
upon incorporation of artificial TFs containing tandem repeats of ZFPs [109, 110]. 
In addition, screening with lethal concentrations of ribosome-targeting antibiotics 
can isolate genetic mutations in ribosomal components. Ribosomal mutations result 
in perturbed proteomes for emergence of improved cellular phenotypes [53, 106, 
130, 136].

Another strategy is to create multiplex mutations for combinatorial diversity. 
Three aforementioned mechanisms—recombineering, CRISPR-Cas, and trans- 
acting regulatory RNAs— are also widely applied for this purpose. Mediated by the 
ssDNA-binding protein (β) from the λ-red bacteriophage, oligonucleotide pools 
 targeting the RBSs of 24 genes were transformed recursively into E. coli for allelic 
replacement, creating over 4.3 billion combinatorial genomic variants per day [152]. 
Using CRISPR-Cas, multiplex gene disruption or integration can be achieved with 
high efficiency, whereby multiple targeting gRNAs and HR donors are introduced 
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in a single cell [10, 57, 58, 129]. Moreover, iterative rounds of RNAi screening 
result in the accumulation of beneficial knockdown mutations that act synergisti-
cally to improve acetic acid tolerance in S. cerevisiae [133].

Large-scale chromosomal rearrangement is another useful source for increasing 
diversity. First, genome shuffling promotes HR between genomes following proto-
plast fusion, sexual mating, and transformation of whole-genome fragments  
(Fig. 7.2f), generating combinations of mutations from a genetically diverse collec-
tion of parental genomes [12]. Genetic diversity among parents can be derived from 
directed evolution or natural sources such as different strains of the same species or 
even different species [12]. Second, targeted genome deletion can be achieved 
 following a generation of DNA breaks (DSBs or nicks) at two genomic loci by 
CRISPR-Cas [24, 140]. Furthermore, during construction of a synthetic chromo-
some arm in yeast, a number of LoxPsym sequences were inserted after the stop 
codon of every nonessential gene or near major genomic landmarks such as repeti-
tive sequences or telomeres [33]. With this SCRaMbLE (synthetic chromosome 
rearrangement and modification by LoxP-mediated evolution) design, recombina-
tion occurred randomly between two LoxPsym sequences to produce inversions or 
deletions, resulting in formation of structurally distinct genomes [33, 128].

7.2.2  Selection and Screening

High-throughput selection and screening are critical in isolating mutants with 
improved phenotypes following diversity generation (Fig. 7.1). For classical AE 
experiments, evolving populations are maintained via serial or continuous dilution 
[45, 123]. For serial dilution in batch cultures, transfer is typically conducted during 
the exponential phase prior to the onset of the stationary phase [148], and cells 
experience fluctuating selection pressures due to ever-changing concentrations of 
nutrients and cells. On the contrary, a steady-state cell culture is kept in a chemostat, 
whereby fresh medium addition and culture removal are performed at defined rates 
[105]. The cell density is determined by a limiting nutrient of a defined medium 
[171], which acts as a constant selection pressure in a chemostat.

While readers are directed to a recent review for comprehensive comparison 
between serial transfer and chemostat [45], we would like to discuss some practical 
considerations based on the different types of selection pressures. It is arguably 
easier to interpret the genetic basis of adaptation in a chemostat, thanks to the con-
sistency of selection pressures, whereas heterogeneous selection resulting from 
dynamic environments in batch cultures renders explanation of functional causality 
difficult. For example, competitive fitness in batch cultures may result from reduced 
duration in the lag phase, increased growth rates during the exponential phase, or 
enhanced capability to divide in the stationary phase [84]. As a result, entangled 
mechanisms make interpretation of adaptive mutations very challenging for batch 
selection [144]. However, constant selection pressures in a chemostat may be prob-
lematic, as isolated mutants may perform poorly in a different condition, a 
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phenomenon known as overfitting. For example, robust stress responses allow 
microbes to enter a quiescent state for long-term survival upon starvation (e.g., a 
limiting nutrient in a chemostat). While this capacity is beneficial in natural or 
industrial environments that fluctuate in nutrient availability, activation of  
quiescence stops proliferation and confers strong disadvantages in a chemostat. 
Therefore, loss of stress response pathways is repeatedly observed in chemostat 
selection [95, 104], rendering isolated mutants unsuitable in an industrial setting 
due to reduced robustness. Taken together, serial transfer in batch cultures may be 
preferred to isolate mutant strains for practical applications, whereas continuous 
cultivation in a chemostat is more suitable for studying genetic determinants of a 
target phenotype.

Both batch and continuous selections are based on competitive fitness and there-
fore useful to engineer traits that are related to growth or survival, such as utilization 
of unnatural feedstock substrates, tolerance towards harsh industrial conditions, and 
resistance to high concentrations of substrates, products, or inhibitors. However, 
target molecule production is generally not linked to fitness. To screen for enhanced 
productivity, three major strategies have been devised. First, product formation can 
be coupled with growth advantages by improving redox balancing [39, 139], 
enhancing resistance to toxic metabolite analogs [137], increasing tolerance to oxi-
dative stress [118], or rescuing engineered auxotrophy [6, 15]. Second, colorimetric 
or fluorometric assays can be developed based on either the optical properties of 
target compounds or chemical and enzymatic conversions linking concentrations to 
spectrum signals [29]. Third, riboswitch or TF-based metabolite-sensing modules 
can be used to link molecular concentrations to the abundance of a fluorescence 
protein or an essential metabolite [29, 134], and strain libraries harboring these 
genetic biosensors can then be subjected to screening or selection [30, 86, 98, 153].

In addition to expand the range of phenotypes for screening, it is also desirable 
to accelerate directed evolution by automation. Currently, manual efforts are 
required for culture maintenance, archival storage, contamination tests, selective 
pressure adjustment, and phenotype analysis [159]. Inevitable human interventions 
limit throughput and reproducibility and introduce subjective bias. To circumvent 
these limitations, liquid handling robots were applied for automated batch evolution 
in microtiter plates [52, 77]. A microfluidic platform was devised to maintain thou-
sands of microdroplet chemostat systems in parallel [56]. Feedback control systems 
were also equipped to monitor cell growth and then dynamically regulate selection 
pressures [147]. For these approaches, however, cautions need to be taken on how 
transferable the improved phenotypes are during scale-up processes from a microw-
ell or a droplet to a real fermenter.

7.2.3  Mutation Analysis

Thanks to the advances in next-generation sequencing (NGS) (Fig. 7.1), acquired 
genetic mutations during AE can be readily analyzed via whole-genome sequencing 
(WGS) [11]. However, the main challenge is how to distinguish beneficial 

7 Strain Development by Whole-Cell Directed Evolution



182

mutations from neutral to deleterious hitchhikers [26]. Due to the lack of “golden 
standard” workflows, it is advisable to integrate information from multiple analyti-
cal schemes.

First, both endpoint and time-course WGS analysis should be performed for indi-
vidual clones and the whole populations [11, 75]. Sequencing of an individual clone 
can reveal all mutations in the specific evolved genome [11], but these mutations 
represent only a random subset of all genetic variants in a population [65, 74]. 
Therefore, sequencing of several clones is recommended, but it requires proper 
multiplexing techniques for reducing the analysis cost [72]. On the other hand, pop-
ulation sequencing provides a more comprehensive survey on mutation frequency 
across different subpopulations, as well as information on evolutionary trajectory if 
performed at different stages during evolution [11]. However, sequencing/align-
ment errors may occur during experimental and computational analysis of WGS. In 
particular, it is more technically challenging to differentiate low-frequency muta-
tions from sequencing/alignment ambiguity for whole-population sequencing [75]. 
In general, WGS accuracy can be improved via higher sequencing coverage and 
special sequencing techniques including paired-end sequencing [40], circular 
sequencing [91], and long-read sequencing [71]. Moreover, time-course whole- 
population sequencing can enhance detection of low-frequency alleles in evolving 
populations [77]. Given the trade-offs in clonal and population sequencing, it may 
be beneficial to combine both to assist mechanistic studies [75].

Second, statistical analysis can help distinguish between adaptive drivers and 
neutral or deleterious hitchhikers. Multiple evolution experiments can be 
 performed in parallel, and mutations appearing in replicate populations are more 
likely  adaptive [77]. In addition, mutations can be grouped by their functions 
(e.g., gene ontology (GO) enrichment analysis), and cellular processes that are 
key to a  specific trait can be revealed [119, 144]. Furthermore, expected ratios of 
synonymous/non- synonymous mutations can be calculated under the assumption 
of  neutral  selection, and underrepresentation of synonymous mutations is indicative 
of adaption [11, 13].

Third, other genome-wide analyses should be performed in addition to WGS 
[108, 160]. Transcriptomic analysis is necessary due to the difficulty of predicting 
the impact of some genetic mutations, especially for noncoding sequences and regu-
latory proteins [47, 73]. For example, a global TF variant led to differential expres-
sion of hundreds of genes, which can only be revealed using transcriptional profiling 
[4]. Moreover, proteomics [132] and metabolomics [145, 160] have been applied to 
reveal molecular mechanisms of evolved traits, as proteins and metabolites are the 
direct actuators of many cellular phenotypes. Given the challenges in interpreting 
large-scale omics datasets, it is desirable to develop advanced computational tools 
for data integration [38, 121].

Finally, reconstruction of mutations from evolved strains in isolation or in com-
bination in an unevolved ancestor background should provide the most direct obser-
vations on genotype-phenotype relationship. However, this approach is almost 
impossible in strains lacking genetic tools. For genetically tractable organisms, it is 
also very challenging to reconstitute the multitude of mutations obtained from 
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AE. To accelerate mutant creation, recombineering and CRISPR coupled with 
microarray-based DNA synthesis may be helpful for large-scale and multiplex 
introduction of mutations as discussed previously (Sect. 7.2.1). In addition, back-
crossing of isolated mutants with the ancestor via genome shuffling can separate 
evolved mutations into a strain collection [11, 116], and progenies exhibiting 
improved phenotypes are more likely to harbor causative mutations. To increase 
throughput of phenotyping, the use of the molecular bar code technology allows 
rapid profiling of competitive fitness of every mutant in a mixed population, whereby 
population dynamics can be monitored via frequency quantification of mutation- 
associated bar codes using NGS [53, 157]. Aforementioned automation technology 
can also be applied to accelerate phenotyping of reconstructed mutants.

7.3  Examples of Directed Evolution for Construction 
and Optimization of Cell Factories

Directed evolution approaches have been proven to be effective in creating indus-
trial microorganisms with extended substrate ranges, improved cellular properties, 
and enhanced production [18, 83, 141, 159]. In this part of the chapter, examples in 
using directed evolution approaches for strain improvement in recent years will be 
discussed.

7.3.1  Extension of Substrate Utilization

Mostly driven by environmental and energy security considerations, there is a grow-
ing interest in engineering microorganisms for production of fuels and chemicals 
from renewable feedstocks, such as lignocellulose and macroalgae. Notably, besides 
glucose, these renewable feedstocks contain different sugar components, such as 
xylose and arabinose from cellulosic biomass, galactose from red algae, and man-
nitol and 4-deoxy-L-erythro-5-hexoseulose urinate (DEHU) from brown algae. As 
substrate utilization can be readily coupled to cellular growth, directed evolution 
has been extensively applied to construct efficient fermentation strains with 
expanded substrate scopes, especially of S. cerevisiae, which is a preferred cell fac-
tory for many industrial applications.

As the most abundant raw material, lignocellulose has attracted increasing atten-
tion for its conversion to fuels and chemicals. Although hexoses (such as glucose) 
can be efficiently fermented by most microorganisms, the utilization of pentoses 
(mainly xylose and arabinose), which constitute more than 30% of the total carbo-
hydrate, occurs with a much lower efficiency, even after extensive pathway and 
strain engineering. For example, the fungal oxidoreductase pathway containing 
xylose reductase (XR), xylitol dehydrogenase (XDH), and xylulose kinase (XKS) 
has been introduced into S. cerevisiae to enable xylose fermentation. Unfortunately, 
several bottlenecks including low xylose uptake, cofactor imbalance, and limited 
metabolic fluxes of the pentose phosphate pathway result in non-optimal xylose 
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utilization and biofuel production (Fig. 7.3). Thus, directed evolution has been 
applied to construct efficient xylose-fermenting yeast strains [63, 67, 124, 167]. 
One of the most successful examples was demonstrated by Kim et al. in which serial 
transfer in xylose-containing media was performed to construct a yeast strain with 
the highest xylose-fermenting capability reported to date [63]. Whole-genome 
sequencing of the evolved strains indicated that the loss of function of PHO13 
played a dominant role in efficient xylose utilization. Follow-up studies confirmed 
that PHO13 deletion induced the activation of pentose phosphate pathway espe-
cially the TAL1 gene encoding the sedoheptulose-7-phosphate:D-glyceraldehyde- 3-
phosphate transaldolase [64] and prevented the accumulation of sedoheptulose 
[164] (Fig. 7.3). To bypass the cofactor imbalance issue of the fungal xylose utiliza-
tion pathway, researchers have switched their focus to the bacterial xylose isomer-
ase (XI) pathway [27, 82, 115, 151, 169]. While initial attempts were not very 
successful, probably due to the low activity and/or poor expression of XI, directed 
evolution strategies were adopted to construct yeast strains that could convert xylose 
to ethanol at high yields. Besides S. cerevisiae, directed evolution has been applied 

Fig. 7.3 Construction of an efficient xylose-fermenting S. cerevisiae strain using directed evolu-
tion. XR xylose reductase, XDH xylitol dehydrogenase, TAL1 sedoheptulose-7-phosphate:D- 
glyceraldehyde- 3-phosphate transaldolase, X-5-P xylulose-5-phosphate, R-5-P ribose-5-phosphate, 
G-3-P glyceraldehyde-3-phosphate, S-7-P sedoheptulose-7-phosphate, E-4-P erythrose-4- 
phosphate, F-6-P fructose-6-phosphate
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to enable efficient xylose fermentation in other hosts, such as Pichia pastoris [85], 
an industrially important cell factory for recombinant protein production.

Recently, the use of marine macroalgae as a renewable feedstock has attracted 
increasing attention mainly because it does not require the arable lands and fresh 
water, and the absence of lignin makes the depolymerization of seaweed rather sim-
ple and straightforward [156, 158]. Among several types of macroalgae, red algae 
and brown algae are considered as ideal sustainable feedstocks for the production of 
biofuels and chemicals. The major sugar components are glucose and galactose for 
red algae and glucose, mannitol, and DEHU for brown algae. Although many micro-
organisms including S. cerevisiae can ferment galactose, its utilization and the cor-
responding biofuel production are still not efficient enough. Therefore, several 
directed evolution efforts have been attempted to improve galactose fermentation 
[79, 81]. Lee et al. introduced a genome-wide perturbation library into S. cerevisiae 
and isolated fast galactose-fermenting strains. It was found that the overexpression 
of the truncated TUP1 gene encoding a global transcriptional repressor resulted in 
the most remarkable improvement of galactose fermentation [81]. Another directed 
evolution study found that a mutation in the global carbon-sensing Ras/PKA path-
way led to significantly improved galactose fermentation [81]. Both studies high-
lighted the significance of the alteration of global regulatory networks for efficient 
galactose fermentation in S. cerevisiae [81]. Recently, Lee et al. also applied directed 
evolution to construct S. cerevisiae mutants with enhanced ability to produce bio-
ethanol from both galactose and red algae hydrolysate [79]. On the contrary, the 
utilization of brown algae-derived sugars especially DEHU is not well explored. A 
synthetic yeast platform for converting brown algae sugars into bioethanol was con-
structed by combining several strategies. The endogenous mannitol transporter and 
mannitol-2-dehydrogenase were activated for mannitol utilization. A DEHU trans-
porter and a DEHU reductase were introduced to reduce DEHU to 2-keto-3-deoxy-
D- gluconate (KDG). Finally, a KDG kinase and a KDG-6-phosphate aldolase were 
included to enable DEHU fermentation [35]. However, the utilization of DEHU was 
poor and only possible under aerobic condition. Then this yeast platform was fur-
ther adapted to grow on mannitol and DEHU under anaerobic condition, which 
yielded a yeast strain capable of producing ethanol from mannitol and DEHU with 
a titer of 36.2 g/L and 83% of the theoretical yield [35].

Although directed evolution strategies have been extensively used to increase 
the fermentation of a single sugar, it is desirable to engineer a platform strain 
capable of consuming a mixture of sugars simultaneously to increase fermentation 
productivity. Directed evolution of a xylose-fermenting S. cerevisiae strain lacking 
the major hexose transporter genes yielded a mutant showing improved growth on 
xylose, which was due to the expression of a normally silent HXT11 gene. Further 
selection for growth on xylose based on a hexokinase deletion strain at high glu-
cose concentrations resulted in a mutation at N366 of Hxt11p, which reversed the 
transporter specificity from glucose into xylose. The Hxt11p mutant was found to 
enable efficient co-fermentation of xylose and glucose at industrially relevant 
sugar concentrations [131]. Similarly, directed evolution was also performed in a 
hexokinase-deficient xylose-fermenting S. cerevisiae strain for growth on xylose in 
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the presence of high glucose concentrations, which resulted in a mutation at 
N367 in the endogenous chimeric Hxt36p transporter. Using the Hxt36pN367 vari-
ant, efficient co-consumption of glucose and xylose was achieved [103]. Notably, 
co-consumption of glucose and xylose was only possible when the endogenous 
hexose transporter genes were disrupted. Therefore, more engineering efforts, 
including directed evolution, are needed to construct yeast strains capable of co- 
fermenting glucose and xylose.

7.3.2  Improvement of Cellular Properties

Construction of robust cell factories with resistance to multiple stresses is highly 
desirable due to the harsh conditions in industrial biotechnological processes. The 
molecular basis of stress resistance is complicated, making it difficult to construct 
multiple stress-resistant strains by rational approaches. On the contrary, directed 
evolution has been proven successful in engineering the tolerance to inhibitors in 
raw material hydrolysates, final products at high concentrations, and other industrial 
harsh conditions.

After pretreatment and depolymerization of the sustainable raw materials, many 
undesirable compounds arise in the hydrolysates, such as acetic acid and furfural, 
whose concentrations are sufficient to dramatically inhibit the host growth. Tolerance 
to these toxic compounds is generally engineered using the classical AE by serial 
transfer or continuous culture [48, 99, 162]. The recently developed RAGE method 
has been used to increase the tolerance to both acetic acid [133] and furfural [163] 
(Fig. 7.4). By introducing a genome-wide RNAi library into a S. cerevisiae strain 
followed by iterative rounds of screening under gradually increased stress condi-
tions, Si et al. identified three gene knockdown targets (PTC6, YPR086W, and 
tRNAVal(AAC)) that acted synergistically to confer an engineered yeast strain with sub-
stantially improved acetic acid tolerance [133] (Fig. 7.4). Similarly, the same RNAi- 
based directed evolution was applied to engineer furfural tolerance, and SIZ1, a 
gene encoding the E3 SUMO-protein ligase, was identified as a novel determinant 
of furfural tolerance [163] (Fig. 7.4). Besides the resistance to a single inhibitor, 
directed evolution has been successfully used to construct cell factories with signifi-
cantly improved growth in the presence of a mixture of inhibitors [22] or even bio-
mass hydrolysates [3, 49, 70, 112–114].

For economically feasible industrial processes, final products are produced at 
high concentrations, especially for biofuels and bulk chemicals, which may result in 
slower or arrested fermentation. The tolerance of the producing host to the desired 
product is one of the determinants in developing a successful biotechnological pro-
cess. Although S. cerevisiae has a long history as the host for ethanol fermentation 
and shows the highest ethanol tolerance in nature, its ethanol tolerance can still be 
further improved by directed evolution [138, 155]. Snoek et al. developed a large- 
scale, robot-assisted genome shuffling strategy to increase the ethanol tolerance of 
the industrial S. cerevisiae strains. In their work, a large collection of Saccharomyces 
yeasts was characterized in detail, and eight parental strains were chosen for genome 
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shuffling, which yielded several novel hybrids outperforming the currently used 
industrial yeast strains. To increase the n-butanol tolerance in E. coli, GREACE and 
stress-induced mutagenesis-based AEs were developed, both of which yielded 
n-butanol-tolerant strains in a short period of time [92, 170]. Ling et al. engineered 
the transcription factors related to the pleiotropic drug resistance in S. cerevisiae to 
improve the resistance to alkanes [89]. The construction of replacement jet fuel- 
tolerant yeast strains using directed evolution has also been reported [14].

It is highly desirable for the industrial fermentation processes to be operated at 
high temperatures, so as to reduce cooling costs and prevent contamination. Through 
directed evolution, Caspeta et al. obtained several S. cerevisiae strains that demon-
strated much improved growth at a high temperature (>40 °C) [20]. Systematic 
characterization of the evolved strains using system biology tools revealed that a 
change in sterol composition, from ergosterol to fecosterol, caused by mutations in 

Fragmented gDNA

Cloning

Iterative rounds

Integration

Verification

Selection/
Screening

Transformation

Acetic acid Furfural

16

M
ax

im
u

m
 s

p
ec

if
ic

g
ro

w
th

 r
at

e 
(h

–1
)

14

12

10

8

F
o

ld
 Im

p
ro

ve
m

en
t 

in
 B

io
m

as
s

6

4

2

0
Ctrl tRNA R3PTC6 YPR084W Val(AAC)

0.5% HAc
0.7% HAc

0.25

0.2

0.15

0.1

0
Ctrl SIZ1-kd GCN4-kd

0.05

Fig. 7.4 Engineering acetic acid and furfural tolerance using RNAi-assisted genome evolution 
(RAGE) (Reprinted from ACS Synthetic Biology 2015, 4, 283–291, Copyright 2014, with permis-
sion from American Chemical Society and Biotechnology for Biofuel 2014, 7:78)

7 Strain Development by Whole-Cell Directed Evolution



188

the sterol desaturase gene and increased expression of genes involved in sterol bio-
synthesis, contributed the most to the thermotolerant phenotype. Shui et al. per-
formed a proteomic analysis of the evolved thermotolerant yeast strains, which led 
to a comprehensive understanding of the molecular basis of thermotolerance, and 
identified novel targets for further improvement [132].

Besides the application in industrial biotechnological processes, directed evolu-
tion approaches are also applied in food biotechnology. For example, in wine mak-
ing, directed evolution has been applied to reduce alcohol levels [146], to increase 
the synthesis of aromas [16, 17], and to enhance the fermentation capability at low 
temperatures [90].

7.3.3  Enhancement of Product Formation

The formation of a desired product at high titer and yield is the ultimate goal of most 
biotechnological processes. Unfortunately, unlike substrate utilization and cellular 
tolerance, product formation cannot be easily coupled to cellular growth and even 
impairs cellular growth in many cases. In other words, a generally applicable high- 
throughput screening strategy of improved production is not readily available.

Metabolic engineering has been proven effective in enhancing the yield of the 
desired product, but often at the cost of cellular growth and fitness. In this case, 
directed evolution and metabolic engineering can be combined to enhance both the 
yield and productivity. The construction of a S. cerevisiae strain with abolished 
ethanol production serves as one of such examples (Fig. 7.5). To eliminate ethanol 
formation, pyruvate decarboxylases (PDCs) have to be inactivated. Unfortunately, 
the Pdc- strain (pdc1Δ pdc5Δ pdc6Δ) is notorious for its inability to grow on glu-
cose as the sole carbon source, requiring the supplementation of a C2 compound 
(acetate or ethanol) to synthesize cytosolic acetyl CoA [37] (Fig. 7.5). Several stud-
ies have reported to evolve C2-independent Pdc- yeast strains growing in glucose as 
the sole carbon source [61, 149, 168]. Whole-genome sequencing of the evolved 
strains revealed that an internal deletion [107] or point mutations (Ala81Pro [61] or 
Ala81Asp [168]) in the MTH1 coding sequence enabled the growth of Pdc- strain on 
glucose (Fig. 7.5). Alternatively, overexpression of MTH1 or the truncated MTH1 
on a multi-copy plasmid resulted in a Pdc- strain with similar properties [87]. The 
evolved Pdc- strain was able to accumulate pyruvate to a level as high as 135 g/L 
[149], which can be further developed into an important platform cell factory to 
produce a wide range of biofuels and value-added chemicals other than ethanol 
(Fig. 7.5). Lactate with a titer up to 110 g/L could be obtained in a Pdc- strain 
expressing an LDH gene from Lactobacillus casei in 1 L of fermenter under aerobic 
conditions [1] (Fig. 7.5). High titer and yield production of 2,3-butanediol was also 
reported using an evolved Pdc- strain overexpressing an acetolactate synthase, an 
acetolactate decarboxylase, and a butanediol dehydrogenase from various carbon 
sources, such as glucose [61], galactose [87], cellobiose [101], and xylose [62]. The 
highest production was achieved using glucose- and galactose-fed-batch fermenta-
tion, with a titer around 100 g/L [87] (Fig. 7.5). Fermentative production of malate 

T. Si et al.



189

using the Pdc- strain was also attempted by combined overexpression of a pyruvate 
carboxylase (PYC2), a cytosolic malate dehydrogenase (MDH3ΔSKL), and a malate 
transporter from Schizosaccharomyces pombe (SpMAE1). Malate titer of up to 
59 g/L was reached with a yield of 0.42 mol/mol glucose in shake flask fermentation 
[166] (Fig. 7.5). Recently, the malate producer was further engineered to produce 
succinate. Under optimal conditions in a bioreactor, the engineered strain produced 
around 13 g/L of succinate with a yield of 0.21 mol/mol glucose at low pH [165] 
(Fig. 7.5). Although glycerol is not directly derived from pyruvate, the elimination 
of ethanol formation in the Pdc- strain may redirect the metabolic fluxes to glycerol 
formation, especially under low-oxygen or anaerobic conditions. By further engi-
neering cytosolic NADH availability and overexpressing GPD2, a titer of higher 
than 50 g/L and a yield as high as 1.08 mol/mol glucose for glycerol production 
were achieved in aerobic and glucose-limited chemostat cultures with formate co- 
feeding [41] (Fig. 7.5).

Another example of combining directed evolution with metabolic engineering is 
the effort to increase the yield of ethanol in S. cerevisiae by eliminating glycerol 
formation [46]. Glycerol production is required for redox-cofactor balancing in 
anaerobic cultures. Acetate reduction was found to replace glycerol formation under 
anaerobic condition for NADH re-oxidation. However, the acetate-reducing (mhpF 
from E. coli overexpression) and glycerol-nonproducing (GPD1 and GPD2 dele-
tion) yeast strain is sensitive to high sugar concentrations. Directed evolution 

Fig. 7.5 Construction of an ethanol nonproducing, C2-independent, and glucose-tolerant yeast 
platform strain by combining metabolic engineering with directed evolution
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enabled the isolation of an evolved strain that grew anaerobically at 1 M of glucose, 
and the ethanol yield on sugar increased from 79% of the theoretical maximum in 
the reference strain to 92% in the evolved strain.

In some cases, it is possible to take advantage of the unique properties of the 
final products to develop growth-based directed evolution strategies. For example, 
glutathione is an antioxidant, and directed evolution can be performed by coupling 
the enhanced glutathione accumulation phenotype with the acrolein resistance 
phenotype [111]. The evolved strain accumulated glutathione in 3.3-fold higher 
concentration compared to its parental strain and reached a particularly high gluta-
thione content of almost 6%. Similarly, by taking advantage of the antioxidative 
properties of carotenoids, directed evolution was designed based on periodic 
hydrogen peroxide shocking, and a threefold increase in carotenoids production 
(from 6 mg/g dry cell weight to up to 18 mg/g dry cell weight) was achieved in the 
evolved strain [118].

Increased production of isobutanol in E. coli was also attempted by directed 
evolution [137]. The isobutanol production ability is closely related to the metabolic 
flux through the valine biosynthetic pathway, which can be coupled to the cellular 
resistance to the valine analog norvaline. Using this strategy, a final isobutanol titer 
of 21.2 g/L was achieved in 99 h with a yield of 0.31 g isobutanol/g of glucose or 
76% of theoretical maximum, in comparison with a production of 5.3 g/L obtained 
with the wild-type strain.

7.4  Perspectives

Microorganisms are increasingly exploited to address some of the most challenging 
global problems such as sustainability and energy security. In many cases, cell fac-
tories used for industrial applications require a combination of complex phenotypes 
such as high tolerance to inhibitors in the raw materials, toxic products at high 
concentrations, low pH, and high temperature. Directed evolution approaches have 
been successful in coping with these challenges. Nevertheless, challenges and 
opportunities still remain in strain development by directed evolution. First of all, 
novel screening and selection methods should be developed and integrated into 
directed evolution pipelines. Currently, the phenotypes that directed evolution can 
cope are mainly limited to those closely related to cellular growth, such as substrate 
utilization and tolerance to toxic compounds. The development of small molecule 
biosensors based on TFs [153], G-protein-coupled receptors (GPCRs) [100], and 
riboswitches [60] can be incorporated to expand the scope of directed evolution. For 
example, a malonyl-CoA biosensor was developed by Li et al. and then used to 
screen a cDNA library that increased the intracellular malonyl-CoA levels [86]. The 
robotic platform [31, 138] and microfluidic system [54, 135] may also be used for 
the screening of desired phenotypes. Another challenge is the trade-off of directed 
evolution [21, 51, 97]. For example, the evolved galactose-fermenting strain dem-
onstrated decreased growth in glucose, and the evolved thermotolerant strain 
showed trade-offs when growing at ancestral temperatures. Evolutionary trade-offs 
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may hinder its industrial applications, in which multiple and complex traits are 
required. Systems biology tools [132] may help elucidate the molecular mecha-
nisms of evolved phenotypes and minimize the evolutionary trade-offs for cellular 
factory development. Nevertheless, the development of novel genome engineering 
tools such as the CRISPR-Cas system provides new dimensions in the generation of 
strain libraries with improved diversity. Although genome-scale screening based on 
CRISPR knockout [126], CRISPR interference [43], and CRISPR activation [43, 
69] has been demonstrated in mammalian cells, their applications in the construc-
tion and optimization of cell factories have yet to be explored.
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