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Abstract An upsurge in the bioeconomy drives the need for
engineering microorganisms with increasingly complex phe-
notypes. Gains in productivity of industrial microbes depend
on the development of improved strains. Classical strain im-
provement programmes for the generation, screening and
isolation of such mutant strains have existed for several de-
cades. An alternative to traditional strain improvement
methods, genome shuffling, allows the directed evolution of
whole organisms via recursive recombination at the genome
level. This review deals chiefly with the technical aspects of
genome shuffling. It first presents the diversity of organisms
and phenotypes typically evolved using this technology and
then reviews available sources of genetic diversity and recom-
bination methodologies. Analysis of the literature reveals that
genome shuffling has so far been restricted to microorgan-
isms, both prokaryotes and eukaryotes, with an
overepresentation of antibiotics- and biofuel-producing mi-
crobes. Mutagenesis is the main source of genetic diversity,
with few studies adopting alternative strategies. Recombina-
tion is usually done by protoplast fusion or sexual recombi-
nation, again with few exceptions. For both diversity and
recombination, prospective methods that have not yet been
used are also presented. Finally, the potential of genome
shuffling for gaining insight into the genetic basis of complex
phenotypes is also discussed.
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Introduction

Genome shuffling (GS) is a laboratory evolution method that
addresses the limitations of classical strain improvement
programmes (SIPs). Classical strain improvement (reviewed
by Crook and Alper 2013) is based on high-throughput
screening of mutants generated by mutagenesis or laboratory
evolution. Best mutants identified in these programs are then
used in further rounds of mutagenesis and screening until the
desired selected trait is achieved. SIPs are labour intensive and
time consuming, typically leading to incremental improve-
ments of 10 % per year, as single mutants are selected and
sequentially mutagenized (delCardayre et al. 2013). Pioneered
in the early 2000s (Tobin et al. 2001; Zhang et al. 2002), GS
consists in the combinatorial evolution of complex pheno-
types in whole organisms by genome-scale and recursive
recombination of mutants.

Figure 1 summarizes the general GS workflow, outlining
the multiplicity of possible paths. Genetic diversity is intro-
duced in a starting population of interest and recursively
recombined to rapidly generate new and potentially beneficial
combinations of mutations. Intervening screening or selection
steps may be applied at different points in the process to
isolate improved mutants, which can be further recombined.
This process can be performed repeatedly and stopped when-
ever the output is deemed satisfactory. Each time a mutant is
isolated, it may be submitted to characterization. As will be
discussed in this review, system-level characterization of
evolved strains can now be used to reveal the complex rela-
tionship between the genotype and phenotype of these artifi-
cially evolved strains.

The patent literature on GS puts strong emphasis on the
evolution of microorganisms, but provides examples of
methods and applications in plants, fish and other animals
(delCardayre et al. 2013). The shuffling of multicellular eu-
karyotes represents a unique challenge, intensive in time and
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resources. It would rely on the sexual reproduction cycles of
these organisms for recombination and is reminiscent of both
existing GS studies in yeast and classical artificial selection
schemes (delCardayre et al. 2013). All GS studies published
to date are concerned with the improvement of microbial
phenotypes (Table 1). This can be attributed to the ease of
manipulation, fast growth and inexpensive culturing of mi-
croorganisms. The industrial importance of microbes in the
production of commodity and specialty chemicals also ac-
counts for their being the focus of GS studies.

The emphasis of this review is on the experimental design
of GS experiments to provide readers with directions on how
to build their own evolution experiments. It does so by
looking at published studies, underlining dominant trends
and discussing less common, innovative examples. Table 1
is provided as a guide, listing all the GS studies that, to our
knowledge, have been published to date. Examining Table 1,
the reader will notice that a little more than 10 years after the
first genome shuffling reports, the number of studies in the
field has exploded, with the last 4 years providing the largest
publication harvests. However, limiting the discussion of GS
to examples from the published scientific literature would give
an excessively narrow picture of the potential of evolutionary
engineering by GS. Patents and patent applications for GS
give a much broader view of the method and are a testimony
to the scientific and technical possibilities of this technology
(see delCardayre et al. 2013 for the most recent patent
application). To provide a forward-looking vision of this
technology, this review also covers projected yet never ap-
plied approaches to GS experiments, hoping it will nourish the
imagination of readers in the design of their own experiments.

Steps of the GS process each constitute a section of this
review. The first section deals with the species and phenotypes
that have been evolved byGS. The second section is dedicated
to methods for acquiring diversity in GS experiments. The
power of GS relies on the recursive recombination of this
genetic diversity, and methods for achieving this are discussed
in the third section. Critical to the strain evolution process is
the choice of an appropriate screening or selection method.
Whether desirable mutants within a combinatorial library can

be identified and isolated largely dictates the success of GS
experiments, but the reader is referred to other publications for
a review of recent screening methods (Crook and Alper 2013;
Link et al. 2007). As mentioned earlier, organisms generated
by GS may provide insight on the genetics behind complex
and industrially relevant phenotypes. System-level analysis of
GS-evolved strains can be used for further rational engineer-
ing, and the last section of this review deals with this prom-
ising yet still largely untapped source of information.

Organisms and phenotypes evolved

Enhancements in the production of small molecules are the
main objectives of published GS studies. In particular,
Streptomyces species producing antibiotics and other mole-
cules have often been evolved by GS (Table 1). Improvement
in chemical productivity in a variety of other microbes is also
reported (Table 1). Applying GS to improve ethanol titres
from Saccharomyces cerevisiae, the workhorse of the fuel
and beverage alcohol industries, is also a common objective
(Table 1). Improvement in the ability to ferment xylose
(Demeke et al. 2013) or co-ferment glucose and xylose
(Jingping et al. 2012) was also evolved by GS in recombinant
S. cerevisiae. Since S. cerevisiae does not natively ferment
xylose, those studies represent attempts at evolving a rational-
ly engineered but suboptimal xylose fermentation phenotype.
They highlight the potential of GS at evolving the complex
genetic changes that are often required to optimize engineered
organisms. In related studies, the pentose-fermenting yeast
Scheffersomyces stipitis was also evolved by GS, in one case
in conjunction with S. cerevisiae (Bajwa et al. 2010; Zhang
and Geng 2012). Aside from its industrial relevance, the ease
with which S. cerevisiae and other yeast can undergo sexual
recombination contributes to their popularity as GS organisms
(discussed below). Improved production of organic acids is
another common aim of GS (Table 1), as is the production of
proteins and enzymes (Cheng et al. 2009; El-Bondkly 2012;
Xu et al. 2011). Similarly, Aspergillus niger was genome
shuffled to enhance its capacity to perform transglycosylation
reactions for the production of isomaltooligosaccharides (Li
et al. 2013b). While the capacity to perform a reaction rather
than production titres was the primary aim of the study, the
ultimate output remained increased production of industrially
relevant molecules.

The second most important phenotype evolved by GS is
resistance to chemical-induced stresses such as salt (Cao et al.
2012), acid (Patnaik et al. 2002) or toxic industrial by-
products (Pinel et al. 2011). Resistance phenotypes are often
linked to production titres: increased resistance to a given
compound produced by a microbe often leads to a concomi-
tant increase in its production. In other cases, production
conditions themselves are stressful, and improving an

Fig. 1 Schematic of the general genome shuffling workflow
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organism's resistance to those key stresses also leads to ele-
vated chemical production (Li et al. 2011, 2012; Wei et al.
2008; Zheng et al. 2011a, b, 2012).

Production and resistance phenotypes account for the vast
majority of GS studies. Other interesting phenotypes have
been reported and are worth mentioning. For example, the
bacterium Sphingobium chlorophenolicum, known for its abil-
ity to mineralize pentachlorophenol (PCP), was genome shuf-
fled for increased resistance to this toxic pesticide, leading to a
parallel increase in degradation capacity (Dai and Copley
2004). A degradative phenotype was similarly evolved in
Stenotrophomonas maltophilia for the bioremediation of tri-
nitrotoluene (Lee et al. 2009). In a study related to the
antibiotics-producing properties of Streptomyces
melanosporofaciens, antagonism for potato pathogens was
enhanced by screening for increased inhibition of bacterial
growth (Clermont et al. 2011). Data suggested that increased
antibiotics production was not the primary cause for the im-
provement in bactericidal properties of S. melanosporofaciens.

Source of genetic diversity

The first step in any GS experiment is the creation or acqui-
sition of a genetically diverse population to be used for breed-
ing. This section reviews how this diversity can be obtained.
Here, diversity is defined as genome-level sequence diversity.
Accordingly, the size of the diversity is defined as the number
of unique genome sequences. Most studies artificially induce
diversity in an otherwise homogeneous starting population. It
is also possible to exploit diversity that is naturally available,

and the several methods for tapping natural genetic variations
for genome shuffling will also be discussed. Figure 2a sche-
matizes the sources of diversity that can be used in GS studies.

How does the source and size of genetic diversity in the
starting population affect the success of GS? The size of the
diversity in the initial population depends on its source:
methods of mutagenesis that induce point mutations may
generate pools as large as the target genome, while focused
libraries (discussed below) will be smaller by definition. As
the evolutionary engineering process progresses, the diversity
profile of the evolved population changes accordingly. Re-
combination (discussed in a separate section) generates new
permutations, adding a layer of complexity to the diversity
landscape while intervening selections steps weed out muta-
tions. The latter can have profound effects on the evolutionary
process. Stringent and frequent selection may eliminate mu-
tations that, if properly recombined with other mutations,
could display beneficial epistatic interactions. It is therefore
generally advisable to select permissively at the beginning of a
GS experiment, increasing stringency as improved mutants
are isolated. An excessively small pool may also result from
stringent selection, potentially leading to a hasty plateau in
improvement. On the contrary, a selection pressure that is too
permissive may slow down evolution by allowing neutral or
deleterious mutations to clutter the pool. An example is the
evolution of S. cerevisiae for improved tolerance to pulping
effluents. Two selection schemes were performed in parallel:
in the first, only mutants superior to wild type were selected
each round, while the second did not discard unimproved
mutants. The result was a considerably faster evolution in
the stringently selected pool (Pinel et al. 2011).

Fig. 2 a Sources of diversity and b recombination methods for genome shuffling
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Mutagenesis

Chemical or physical mutagens are most commonly used
to induce genetic diversity in GS experiments (Table 1). It
is generally assumed that random mutagenesis unbiasly
covers the entire genome (Crook and Alper 2013), in spite
of evidence that nuance this assumption (Wang et al.
1991). Moreover, it does not require any prior knowledge
on the genetic basis of the phenotype of interest. Frequent-
ly used chemical mutagens include nitrosoguanidine
(NTG) and ethylmethylsulfonate (EMS), while ultraviolet
light is widely used as an ionizing radiation to alter the
genetic material of microbes. The reader is referred to
other reviews and method articles for details on the use
of these and other common mutagens (Crook and Alper
2013; Hopwood 1970; Spencer and Spencer 1996;
Winston 2008). Mutagens are often used in combination.
Although facultative, this is done to increase the diversity
of induced mutations, as each mutagen has specific mech-
anisms of action that lead to different mutational specific-
ities (Cupples and Miller 1989; Setlow 1966; Singer 1981)
that vary between species (Hampsey 1991). Mutator
strains represent another approach to mutagenesis. Mutator
phenotypes stem from various defects (DNA proofreading,
mutator tRNAs, etc.) that increase mutational frequency in
affected cells, and much like mutagens, they lead to
different mutational spectra (Miller 1996). Although no
GS studies have used such strains, they were successful
in identifying novel mutants in other studies (Mao et al.
1997; Muteeb and Sen 2010). Mutator strains could be
applied to GS, where conditional expression of the
mutator phenotype would be an attractive means of con-
trolling mutagenesis. Finally, transposon mutagenesis is
another method for inducing diversity, which may benefit
applications for which whole-gene knockouts are sought
(Hamer et al. 2001).

Prior knowledge on the genetic determinants of the pheno-
type of interest enables a more targeted approach to GS. For
example, mutagenesis can be limited to a subset of genes and
loci deemed critical to the phenotype. Targeted mutagenesis
can be achieved using focused libraries of randomly mutated
DNA fragments with high identity to target loci. A straight-
forward approach would be to have DNA fragments chemi-
cally synthesized, for example in the form of relatively short
oligonucleotides, in which case the directed evolution ap-
proach would be highly reminiscent of multiplex automated
genome engineering (MAGE) (Wang et al. 2009) and other
similar methods (Pirakitikulr et al. 2010). An alternative meth-
od would be to amplify loci of interest from genomic DNA
(gDNA) andmutate them at random by error-prone PCR, as in
global transcription machinery engineering (Lanza and Alper
2012). Means to deliver focused libraries into cells and effect
recombination are discussed in a dedicated section below.

Natural diversity

Desired phenotypes can sometime be found in nature, but not
in the desired organism, while genes associated to a phenotype
of interest may have natural homologs that can be exploited to
accelerate the strain evolution process. Only a few examples
report the use of natural genetic diversity as a starting point in
evolving a strain by GS. In one example, nitrous acid muta-
genesis was coupled to interspecies crosses to yield an organ-
ism with enhanced lactic acid production from starch (John
et al. 2008). An acid-tolerant mutant of Lactobacillus
delbrueckii was crossed by protoplast fusion with Bacillus
amyloliquefaciens, a bacterium notable for its efficient starch
utilization. In this example, the phenotypes sought were found
in two distinct organisms, whose genomes were used as
starting diversity. Natural diversity was similarly exploited in
conjunction with mutagenesis to evolve higher production of
ε-polylysine in five species of Streptomyces. In this study, the
five species were separately evolved using ultraviolet (UV)
and NTG mutagenesis as the source of diversity. Best isolates
from all five species were subsequently submitted to interspe-
cies hybridization, exploiting natural diversity to further im-
prove productivity (Li et al. 2013a).

Clermont et al. (2011) used the diversity that naturally
exists between two strains of S. melanosporofaciens and one
strain of Streptomyces hygroscopicus and fused them to evolve
an organism capable of controlling the proliferation of potato
pathogens. In another example, Zheng et al. (2011a) compared
15 strains of S. cerevisiae for their resistance to multiple
stresses and their ability to produce ethanol. Among those,
two superior strains were identified and submitted to recursive
mating to generate an enhanced hybrid. In yet another exam-
ple of exploiting natural diversity for GS, a strain of yeast was
evolved to co-ferment glucose and xylose by transforming
S. cerevisiae with a whole gDNA preparation from S. stipitis
(Zhang and Geng 2012). Isolates from this transformation
were further shuffled by retransforming with S. cerevisiae
gDNA.

Genome-scale recombination

The choice of recombination method depends on several
considerations. The organism will determine whether proto-
plast fusion, sexual recombination or other methods are fea-
sible. For example, as will be discussed below, sexual recom-
bination is only possible in organisms with characterized
mating cycles. Other recombinationmethods are tightly linked
to the source of diversity. DNA fragment libraries, for exam-
ple, cannot be delivered into cells by protoplast fusion. Pro-
toplast fusion and sexual recombination account for nearly all
published studies, while several other genome-scale
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recombination methods are suited for GS. The recombination
methods discussed in this section are illustrated in Fig. 2b.

Protoplast fusion

Protoplast fusion is the most common recombination method
in GS and allows recombination between virtually any two or
more cells. Protoplasts are cells stripped of their cell wall by
digestion with lysosyme, zymolyase or other cell wall-
digesting enzymes depending on the type of microorganism.
Fusion is promoted by submitting protoplasts to an electric
pulse or by incubating them in the presence of PEG or sur-
factants that alter membrane fluidity. Recombination can then
take place with genetic material from two or more cells
enclosed within a single plasma membrane. Fusants are there-
after allowed to regenerate, and viable recombinants can be
submitted to screening and selection. A common yet faculta-
tive step is protoplast inactivation. In this variation, proto-
plasts are rendered non-viable by exposure to UV light or
heat. The only way for protoplasts to recover is to undergo
fusion and recombination to repair fatal lesions. This approach
prevents cells from the parent population from dominating the
recombinant pool, as it results in failure of unfused protoplast
to regenerate (Fodor et al. 1978; Zhao et al. 2008). It may also
induce further diversity via the action of an inactivating
mutagen.

An important advantage of protoplast fusion is that it
enables poolwise recombination. In other words, any num-
ber of protoplasts can theoretically merge into a single
fusant. This was demonstrated in Streptomyces coelicolor
where a single round of protoplast fusion was sufficient to
combine four different auxotrophic markers into one cell,
albeit with low efficiency (Hopwood and Wright 1978). This
means that recombination between several mutants can oc-
cur at once, potentially accelerating the evolution process by
creating more combinations and permutations. Four rounds
of recursive fusion were later shown to increase the propor-
tion of recombinants: cells carrying two markers went from
8.4 % of the population after one round to 60 % after four,
while those carrying three and four markers increased from
0.73 to 17 % and from 0.00005 to 2.5 %, respectively
(Zhang et al. 2002). Protoplast fusion is less efficient in
gram-negative than gram-positive bacteria. The periplasm
and outer membrane of gram-negative bacteria harbour
many important functions that are stripped away during
protoplasting, making regeneration more challenging. In
E. coli, the highest reported proportion of prototrophs from
the fusion of two complementary auxotrophic populations is
0.7 % (Dai et al. 2005). A small number of GS studies in
gram-negative bacteria have been published (Dai and
Copley 2004; Gong et al. 2007; Lee et al. 2009; Wang
et al. 2012a; Zheng et al. 2013b).

Sexual recombination

Sexual recombination is typically used when genome shuf-
fling S. cerevisiae and other yeast (Table 1). This approach
takes advantage of the well-characterized mating and sporu-
lation cycles of yeast species to avoid some of the disadvan-
tages of protoplast fusion. Using the natural ability of haploid
yeast cells to fuse with one another circumvents the delicate
task of generating protoplasts. The strategy also takes advan-
tage of the molecular meiotic machinery for recombination.
Using any pair of drug resistance markers, cells that have not
mated can be eliminated by selecting for double resistance
(Zheng et al. 2011b). Yet, sexual recombination has a number
of disadvantages. The most obvious is that it is limited to the
subset of organisms with an easily manipulated sexual cycle.
A second objection is that it only allows pairwise recombina-
tion, whereas other methods enable poolwise recombination.
Mating takes place between two cells, allowing for only two
genomes to recombine at once. In theory, GS based on sexual
recombination could thus require more cycles than protoplast
fusion to combine the same set of beneficial mutations into a
single cell. However, using auxotrophic strains carrying four
different auxotrophic markers, it was possible to generate
35 % double auxotrophs after one round of mating (Pinel
et al. 2011), a proportion considerably above what has been
reported for protoplast fusion (Zhang et al. 2002). Prototrophs
(i.e. individuals that recombined four markers into one cell)
represented 0.024 % of the population after two rounds and
0.84% after three (Pinel et al. 2011). The latter efficiencies are
inferior to similar reports for protoplast fusion of S. coelicolor
(see above). The same experiment in S. stipitis achieved a
proportion of mated cells of 0.05 % (Bajwa et al. 2010),
demonstrating the interspecies variability of sexual
recombination.

Others recombination methods

Other recombination methods can be envisioned in microbes,
many of which will show higher efficiency in gram-negative
bacteria. Mechanisms for horizontal gene transfer can be
exploited to foster recombination between mutants. For ex-
ample, in bacterial species with characterized fertility factors,
conjugation may be an attractive way of effecting exchanges
of genetic information. Phage-mediated transduction and di-
rect transformation may also be exploited to deliver DNA
libraries into cells. In their evolution of xylose fermentation
in baker's yeast, Zhang and Geng (2012) used existing trans-
formation protocols to deliver entire gDNA preparations from
S. stipitis and S. cerevisiae into baker's yeast. This approach
has the advantage of being simple and straightforward and is
especially attractive for shuffling S. cerevisiae with related
species because of the efficient homologous recombination
capabilities of this organism.
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In organisms lacking well-established transformation pro-
tocols, liposomes can be used to deliver DNA into protoplasts.
The form in which DNA is delivered can also vary. It may be
transformed as pure DNA fragments and left to recombine
freely into cells. Recombination efficiency can be promoted
by coating DNA with RecA protein prior to transformation
(Radding 1989; Révet et al. 1993; Sena and Zarling 1993) or
by using a recombination system that uses clustered regularly
interspaced short palindromic repeats (CRISPR) (Cong et al.
2013). To promote recombination, the stability of the trans-
formed DNA can be increased by the use of vectors. Suicide
vectors (i.e. lacking a functional origin of replication in the
recipient host) can be used to insert sequences into cells for
recombination while ensuring clearing of the foreign DNA.
Replicating vectors and artificial chromosomes can also be
used, but will require means of negative selection curing them
from the recipient. Recombination before curing is necessary
in this approach and may have to be induced or selected. Yeast
artificial chromosomes, for example, will recombine during
meiosis. In all approaches relying on transformation or lipo-
some delivery rather than cell fusion, an elegant way to
perform recursive recombination is the split pool approach
(delCardayre et al. 2013). After the initial recombination, the
pool of recombinants is split in two. Genetic material is
extracted from one pool and delivered into the second pool
for recombination.

Bridging the gap between genotype and phenotype

Little attention has been given to the genetic basis of improved
phenotypes in GS-evolved strains. Yet, these strains are an
opportunity to gain insight into the genetic basis of often
poorly understood but industrially important phenotypes. In-
vestigating the genetic changes in GS mutants can therefore
prove rewarding for future rational approaches, such as in-
verse metabolic engineering. Linking phenotype to genotype
can also prove interesting from a basic science point of view,
contributing to our understanding of the systems biology of
complex traits. A relatively few examples of such investiga-
tions can be found in the literature.

Examination of changes in gene expression profiles of GS-
evolved strains is a powerful means of uncovering the causes
of phenotypic improvements. After GS of S. cerevisiae for
increased performance in very high gravity (VHG) fermenta-
tion, Tao et al. (2012) monitored changes in expression of
genes involved in trehalose metabolism. Trehalose is an oli-
gosaccharide tightly associated with stress response in yeast,
and analysis of cells revealed the evolved strain accumulated
more trehalose. Activity of trehalose-producing enzymes was
also augmented, while trehalose degradation activity was de-
creased. Reverse transcriptase quantitative PCR (RT-qPCR) of
genes involved in trehalose metabolism revealed a constitutive

expression pattern in the GS-evolved strain, whereas induced
expression was observed in the parent. Pulse-field gel electro-
phoresis revealed chromosomal rearrangements hypothesized
to cause the changes in gene expression.

In another example, RT-qPCR was used to probe levels of
sur fac t in synthe tase (Sr fA ) gene express ion in
B. amyloliquefaciens evolved by GS (Zhao et al. 2012). The
shuffled strain, which produced more than 10-fold the
surfactin titres of its parent, also contained around 15 times
more SrfA mRNA. Also, using qPCR, Jin et al. (2012) inves-
tigated gene expression variations in a previously identified
GS mutant of Streptomyces pristinaespiralis with increased
pristinamycin production (Xu et al. 2008), concentrating on
genes known to be involved in pristinamycin synthesis. The
expression of two of these genes (snbA, snaB), involved in
distinct sections of the synthesis process, declined during
prolonged fermentation in the parent strain, while it was
maintained in the shuffled mutant. A third gene involved in
resistance to the antibiotic was expressed earlier during fer-
mentation by the mutant than by the parent. Restriction frag-
ment length polymorphisms (RFLP) analysis was also used to
visualize chromosomal alterations potentially involved in
pristinamycin yield improvements. Cloning of fragments
present in the mutants but not in the parent strain identified
two novel genes hypothesized to play a role in pristinamycin
synthesis by S. pristinaespiralis.

A yeast species with potential for flavour enhancement of
soy sauce, Zygosaccharomyces rouxiiwas genome shuffled to
yield a strain with increased resistance to high salt concentra-
tions (Cao et al. 2010). In a follow-up study, the causes for this
increased resistance were investigated (Wei et al. 2013). The
HOG1 mitogen-activated protein kinase is known to activate
genes involved in glycerol synthesis in S. cerevisiae, and it
was reasoned that the Z. rouxii homolog (ZrHOG1) was a
likely hit in the shuffled strain. Sequence comparison of the
parental and mutant ZrHOG1 genes revealed two nucleotide
substitutions in the open reading frame, resulting in a single
amino acid change and a single base change upstream of the
start codon. While the amino acid change in ZrHOG1 sug-
gested no obvious changes in protein function, estimation of
transcription levels by qPCR pointed to elevated activity in the
shuffled mutant. Furthermore, expression of mutant ZrHOG1
in S. cerevisiae led to increased glycerol contents.

The characterization studies reviewed above primarily rely
on prior knowledge of the phenotype of interest and target
specific genes. More open-ended approaches increase the
probability of identifying novel genes and pathways not pre-
viously associated with the phenotype of interest. Such ap-
proaches may also provide a wider, system-level picture of the
changes operated in evolved strains. In one study, a shuffling
mutant of Propionibacterium shermanii with improved vita-
min B12 production was submitted to a cursory proteomics
analysis by 2D-gel electrophoresis. Comparison of the gel
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profiles of the parent and enhanced strains identified 38 pro-
teins with altered levels, including several enzymes involved
directly or indirectly in vitamin B12 synthesis.

In recent years, the cost of whole-genome sequencing has
decreased considerably. This enables the detailed investiga-
tion of genetic and transcriptional changes in genome-shuffled
recombinants. The genome of a previously isolated shuffling
mutant of S. cerevisiae with increased resistance to toxic
pulping effluents (Pinel et al. 2011) was fully sequenced to
identify single-nucleotide polymorphisms (SNPs) responsible
for the enhanced phenotype (manuscript submitted). Sequenc-
ing identified many SNPs in genes that encode stress-response
proteins as well as hitherto unexpected hits.

In a recent study, strains of S. cerevisiae evolved for in-
creased stress resistance and ethanol titres in VHG fermenta-
tion were characterized by a combination of physico-chemical
and genetic methods that include karyotyping, qPCR, array
comparative genome hybridization (aCGH) and RNA se-
quencing (RNA-Seq) (Zheng et al. 2013a). The report is
unique among GS studies, in that it used a chemical mutagen,
methyl benzimidazole-2-yl-carbamate (MBC), that mainly
induces large-scale structural rearrangements of the genome
rather than point mutations. Pulse-field gel electrophoresis
showed the evolved strains displayed altered karyotypes com-
pared to parent. qPCR also showed copy number variations
throughout the genomes of the mutants. aCGH of the most
productive shuffled mutant identified the largest copy number
variations on chromosomes 8, 11 and 14. RNA-Seq analysis
confirmed the presence of several differentially expressed
genes from those chromosomes. Mitotic cell cycle, small-
molecule metabolism and stress response were the main func-
tional annotations among differentially expressed genes. For
example, catalase and trehalose metabolism genes showed
increased transcription. This observation correlated with in-
creased catalase and trehalose titres in all mutants tested. Two
other genes with suspected roles in stress resistance (YFL052W
and SKN7) had increased transcription in the most productive
mutant. Their effect on the stress resistance phenotype was
confirmed when overexpressed in the parent background. To-
gether, these results showed a clear link between copy number
variations, transcription levels and stress resistance phenotype.

An important challenge of whole-genome sequencing ap-
proaches is assessing the contribution of each SNP to the
phenotype of interest. Because of synergistic effects and
hitchhiker mutations, studying SNPs in isolation may not
reveal the importance of each mutation. In addition, relatively
small pools of mutations result in large numbers of combina-
tions of two or more mutations to test. Backcrossing GS
recombinants with the wild type may eliminate hitchhikers.
Focused libraries and other targeted genome engineering ap-
proaches based on the sequencing results may also allow
identification of critical genes and mutations while potentially
affording further phenotypic improvements.

Conclusion

Genome shuffling is a powerful method for the directed
evolution of whole organisms and complex phenotypes. It
requires a source of genetic diversity, natural or induced, a
method for recursive mutant recombination and a robust
screen or selection for mutant isolation. We have seen how
GS studies have addressed these central requirements and
have suggested possible approaches for future studies. To
date, applications of genome shuffling have been relatively
narrow in scope and method, and it can only be hoped that in
the coming years, this technology will find wider application
in innovative studies. Furthermore, we have barely started
exploring what genome-shuffled mutants can teach us about
the systems biology of industrially relevant organisms. The
many existing genome-shuffled strains are all potential targets
for such investigations by sequencing, transcriptional analy-
sis, proteomics and other methods. The combination of direct-
ed evolution and mutant characterization therefore holds
promises for both increases in productivity and advancement
of basic science.
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