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The breeding of wild plants and animals into the agricultural domesti-
cates we know today precedes Mendel’s genetic studies by many millen-
nia. Despite their lack of a formalized understanding, our ancestors
harnessed the evolutionary power of sexual recombination of preexisting
natural diversity to produce plants and animals with characteristics better
suited to their needs. A recent advance in protein design, termed molecu-
lar breeding, allows protein engineers to homologously recombine multi-
ple related genes by a process that closely mimics sexual recombination
to generate functionally diverse libraries of chimeric proteins from which
improved variants can be selected. Molecular breeding effects the permu-
tation of diversity within a pool of related sequences and has proven to
be an extraordinarily effective method to evolve proteins and pathways
for better function.

I. INTRODUCTION

Just look around. Look at what nature has provided—things for basic
necessities, such as the corn in breakfast cereal and cotton for clothing;
things that bring pleasure, such as a pet dog or flowers. Most of these
are not at all like what they were 5000 years ago. In fact, many have
changed dramatically in only the last 100 years. This was accomplished
by a process of selective breeding—a process as simple as mating one’s
two favorite dogs or saving the cream of the crop for next spring’s
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planting. Of breeding, Darwin states: ‘‘The key is man’s power of accumu-
lative selection: nature gives successive variations; man adds them up in
certain directions useful to him’’ (Darwin, 1859). Apart from the nature
of selective pressure, Darwin recognized that the principles operating
in the domestication and breeding of plants and animals were indistin-
guishable from those operating in natural selection. He recognized that
natural variation within a population is the base material on which
evolution and breeding depend. In addition to the similarity between
breeding and natural selection, Darwin recognized that there must be
a mechanism generating variation within the population from which
nature or a breeder selects.

The block-wise exchange of homologous regions of chromosomes,
which occurs during meiosis in sexually reproducing organisms (Roeder,
1997) and during genetic exchange in bacteria (Matic et al., 1995;
Ogunseitan, 1995), is by far the major generator of diversity. Preexisting
diversity present within a population of organisms is shuffled to produce
new variants. The fitter or more desirable organisms are those bearing
a better mixture of beneficial alleles and fewer deleterious alleles; these
are selectively propagated in nature or by a breeder. Accumulation of
beneficial alleles over multiple generations under selective pressure,
be it natural or imposed, can result in remarkable modifications from
ancestral organisms. The role of homologous DNA recombination in
accelerating evolution is evidenced by its chimeric signature in genes
that have endured selective pressure. For example, the penicillin-binding
proteins of �-lactam resistant Neisseria species show complex patterns of
recombination between at least six ancestral species, differing in DNA
sequence identity by up to 23% (Smith et al., 1991). The diversity of
life, both extinct and extant, and the rapidity with which microorganisms
evolve (e.g., see van der Meer et al., 1992) are testaments to the effective
mechanisms nature has developed and breeders have tapped to improve
useful plants and animals (Burbank et al., 1914). Recognizing the power
of selective breeding, protein engineers have captured sexual recombina-
tion in the test tube to rapidly improve the products of genes. The
highly active, functionally diverse gene libraries generated by molecular
breeding1 have extended directed evolution to a plethora of proteins
for which only limited throughput screens are feasible (Chang et al.,
1999; Christians et al., 1999; Minshull and Stemmer 1999; Ness et al.,

1 Maxygen is the leader in the emerging field of directed molecular evolution, the
process by which novel genes are generated for commercial and research purposes.
Maxygen’s proprietary technologies, known as MolecularBreeding�, mimic the natural
process of evolution and bring together advances in classical breeding, molecular biology,
and genomics.
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1999; Patten et al., 1997; Zhang et al., 1997). Molecular breeding has
also been extended beyond proteins to pathways and viruses, as well as
partial genomes (Crameri et al., 1997; Soong et al., 1999).

II. THE NEED FOR BETTER PROTEINS

Our ancestors learned to exploit a variety of natural enzymatic transfor-
mations for the production of food and drink, such as the malting of
barley and its fermentation to beer. Today enzymes have found many
applications. Examples include the multi-enzymatic production of high
fructose corn syrup (Bhosale et al., 1996; Hagedorn and Kaphammer,
1994), the synthesis of acrylamide (Kobayashi et al., 1992), and the use
of streptokinase (Wong et al., 1994; Wu et al., 1998) for the therapeutic
degradation of arterial blood clots. There are many benefits from using
enzymes. In contrast to chemical catalysts, enzymes are nontoxic, biode-
gradable, and can be produced by fermentations of cheap, renewable
feedstocks. In chemical synthesis, the exquisite specificity (substrate-,
regio-, and stereo-selectivity) and efficiency of enzymes can obviate the
need for protecting and deprotecting groups and simplify end-product
purification. In addition, enzymatic processes generally require more
moderate reaction conditions and simpler, more flexible production
units. The use of biocatalysts (both enzymes and whole cells) as benign
alternatives to chemical catalysts for producing renewable chemicals,
pharmaceuticals, polymers, and fuels is integral to realizing current
visions of sustainable development (Nedwin, 1997).

Despite these advantages, there are discrete performance limitations
that have impeded biocatalysts from realizing their industrial potential.
These limitations originate in the natural physiological role that biocata-
lysts play. Most enzymes have evolved to function optimally on a narrow
set of substrates and under the precise conditions (temperature, ionic
strength, pH, etc.) of their natural niche. The efficiency of enzymes
allows for their transient use and for a cell to recycle their amino-acid
components, thus wild-type enzymes often are unstable and prone to
chemical and biological degradation. Although these characteristics pro-
vide a benefit to a cell in nature, they are suboptimal for the biotechnolo-
gist hoping to exploit a biocatalyst. The substitution of an enzyme for
a chemical process often requires that the protein is active for many
hours, capable of functioning under reaction conditions alien to its
natural milieu (such as extremes of temperatures and pH or in the
presence of organic solvents), able to use nonnatural substrates, and
cost effective relative to alternative chemical catalysts.
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Proteins are also used clinically to treat a variety of diseases. Erythro-
poietin stimulates erythrocyte production in kidney dialysis and chemo-
therapy patients. Granulocyte stimulating factor enhances immune sys-
tems compromised by cancer treatments. Cytokines such as interferons
and interleukins are used for their anti-viral and anti-tumor activities.
Other proteins are used to inhibit or stimulate blood clotting. For the
most part, the pharmaceutical protein industry relies on cloning native
human genes and expressing and purifying their products in recombi-
nant form.

As with proteins used as biocatalysts, natural human proteins may
require optimization for use as pharmaceuticals. One frequent limitation
is protein half-life. Another is selectivity. Cytokines often bind to multiple
receptors on different cell types, with different physiological responses
resulting from the different binding events. Thus, while a therapeutically
relevant dose of a protein pharmaceutical may activate a targeted biologi-
cal pathway, it may also increase harmful or even fatal side effects due
to activation of secondary pathways. In this case, a cytokine that activated
only one of the pathways would clearly be desirable. Another limitation
of naturally occurring proteins is that they often require high doses
(milligrams to grams), making their use as therapeutics economically
impractical. Yield of active recombinant protein production in a heterol-
ogous system is another property that could be improved, as was done
for the expression of the jellyfish green fluorescent protein (GFP) in
Escherichia coli (Crameri et al., 1996). The strategies described below are
most frequently related to enzyme activity, yet they clearly also apply to
modifying the properties of interest in proteins for pharmaceutical and
a plethora of other uses.

III. STRATEGIES FOR OPTIMIZING PROTEINS

Natural selection and classical breeding both employ the same empiri-
cal strategy of creating variants and selecting those that perform best—
that is the essence of all protein tailoring methods. They differ only in
the sources of sequence variation and the methods by which this diversity
is tested.

A. Natural Diversity

The most reasonable source of starting points is nature. If one pro-
tein does not perform exactly as required, perhaps a homolog isolated
from a different organism will. For example, an enzyme that functions
well in high salt conditions may best be isolated from a halophile. On
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the other hand, properties such as lack of product inhibition or ability
to function in an organic solvent may never be found by searching
through nature, simply because a cell’s survival has never depended on
these characteristics. Naturally occurring proteins can be thought of as
analogous to the wild ancestors of modern crops or domesticated ani-
mals: good starting points, but unlikely to possess the full range of
properties required for human purposes (Diamond, 1997). A different
source of variants is to take an available protein whose function most
closely approximates that desired, and make and test variations on
that sequence.

B. Variations on a Single Sequence

1. Rational Design

Structure-based protein design relies on knowing the structure of a
protein and on tools for molecular modeling to predict favorable amino
acid changes. A small number of promising modifications are introduced
into the gene by methods such as oligonucleotide-directed mutagenesis
(Kunkel et al., 1991), and the effects tested. This method tests only a
small number of variations. However, our understanding of protein
function, structure, folding, and interaction is still sufficiently imprecise
that no matter how good the available structural data, the variants fre-
quently fail to show the desired improvements. Although the approach
has proven fruitful and general strategies for tailoring a few properties
are slowly being illuminated, the approach is impeded by assumptions
that discount the complexity of biological systems (Rubingh, 1997).
Although recent advances for visualizing proteins as the dynamic struc-
tures they are (Arnold and Ornstein, 1997) and for the de novo design
of protein folds (Dahiyat and Mayo, 1997) hint at a future when proteins
may be built to desired specifications, the prospect of designing proteins
for specific functions is still a long way off.

2. Random Point Mutations

Iterated random point mutagenesis coupled with a screen or selection
to evolve an improved protein (Arnold, 1998a; Shao and Arnold, 1996)
is a strategy for molecular evolution that stems from classical strain
improvement of industrial microorganisms (described below). Random
point mutagenesis of the gene for the protein to be improved is typically
performed by error-prone PCR (Arnold, 1998a; Cadwell and Joyce, 1992;
Cadwell and Joyce, 1994; Chen and Arnold, 1991; You and Arnold,
1996), but exposure to chemical mutagens (Taguchi et al., 1998), or
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mutator strains (Bornscheuer et al., 1998; Low et al., 1996) have also been
used. Because most mutations are detrimental or neutral (Shafikhani et
al., 1997; Suzuki et al., 1996), a low mutation frequency is employed to
generate approximately one to two amino acid changes per protein. A
sample of the library is subjected to an appropriate selection or screen to
identify those variants that have the desired improvements. The process is
repeated with the single best performer, often with increasingly stringent
selection pressure or screening criteria. The result is the ‘‘asexual’’
evolution of an improved protein by stepwise accumulation of single
mutations. The advantage of this method, in contrast to structure-based
engineering or random cassette mutagenesis, is that little or no infor-
mation regarding protein structure and function is required, and few
assumptions are made. Further, the process generally provides new pro-
tein sequences with measurable improvements in a desired activity in
relatively small libraries (�104/iteration). Amino acid changes contrib-
uting to an evolved phenotype are frequently scattered throughout
the protein sequence; changes whose effects could not have been accu-
rately predicted or calculated (Arnold, 1998a; Spiller et al., 1999). The
unbiased nature of the process affects diverse aspects of protein activity
that are not easily modeled, such as transcription, translation, protein
folding, and protein-protein interaction with host systems. Individual
clones commonly have improvements in several of these properties.
Despite the success of iterated mutagenesis compared to rational ap-
proaches, the process is still impeded by the low quality of random
mutations and the inherent limitations of an asexual evolutionary process
that accumulates mutations at a rate of only about one per cycle (dis-
cussed below).

3. Oligonucleotide Randomization

A feature of random point mutagenesis by the methods described
above is that it is limited to single point mutations. Only one nucleotide
in any codon is usually changed, which means that on average less than
six amino acids may be accessed ( Jespers et al., 1997) (the remaining
fourteen amino acids could only be accessed by double- or triple-base
mutations). Because the amino acids that are accessible with a single
base mutation tend to be conservative replacements for the original
residue, this important bias results in mutations that are more conserva-
tive than fully random. However, saturation mutagenesis is a way to
circumvent this bias, for example, by using a cassette containing a ran-
domized codon to replace the native codon with an equal mixture of
all possible codons (Reidhaar-Olson et al., 1991). Because this approach
is the most mutagenic, it can only be applied to a small part of a protein
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and is used primarily when enough structural information is available
to target a certain area, but not enough for designing and testing specific
single mutations. This approach therefore lies between the purely
structural-based and random approaches. Molecular modeling and other
rational approaches are employed to identify regions of a gene to target
by random mutagenesis. Screening the mutant clones for variants of
desired function identifies random mutational solutions lying within the
targeted region. This approach has found success (Black et al., 1996),
but remains limited by several factors. These include its imposition of
rational criteria, the ability to identify critical, contiguous regions for
mutagenesis, the fact that beneficial mutations are often found through-
out a polypeptide, and the low quality of random mutations that requires
the testing of large libraries when multiple random changes are intro-
duced into a critical region, such as the substrate binding pocket of
an enzyme. The latter limitation can be reduced by using a biased
randomization, for example, 70% of the wild-type base and 10% of each
of the other bases (Reidhaar-Olson et al., 1991) or doping for desired
subsets of amino acids (Arkin and Youvan, 1992). Variations of this
method include scanning saturation mutagenesis (Chen et al., 1999)
and recursive ensemble mutagenenesis (Delagrave et al., 1993; Delagrave
and Youvan, 1993). These processes all increase the genetic variation
accessible at a codon (or contiguous series of codons); however, the
methods require construction of many libraries for complete scanning
of a protein and are difficult to iterate.

C. Recombination of Diversity

A fundamental difference between the mutagenesis methodologies
previously described and the examples of natural evolution and breeding
described in the Introduction (Section I) is the role played by recombina-
tion. Homologous recombination has two major effects on an evolving
system. First, it avoids reinventing the wheel: Once a mutation that
confers an improved phenotype has entered a population, recombina-
tion allows it to be tested in combination with all other beneficial muta-
tions, rather than all of these combinations having to be derived de novo.
Second, it allows efficient removal of deleterious mutations by replacing
them with wild-type sequence, thereby avoiding the downward spiral
of fitness resulting from deleterious mutations in asexual populations
(Muller’s ratchet) (Muller, 1964). Not only is recombination a feature
of all biological systems, but computational simulations of recombination
show dramatic increases in the speed and range of evolution when
recombination is included in the algorithms (Forrest, 1993; Gibson,
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1989; Holland, 1975; Kelly, 1994). Molecular breeding (also called DNA
shuffling) was developed to mimic this essential feature of natural evolu-
tion. The sexual process of molecular breeding (Stemmer, 1994a; Stem-
mer, 1994b) has supplanted iterated random mutagenesis as the most
efficient and rapid method for directing the evolution of nucleic acids
and proteins.

The most widely used format for molecular breeding is in vitro fragmen-
tation and reassembly of DNA (Fig. 1). In this format, DNA from a pool
of selected mutants is randomly fragmented (e.g., with DNase I) and
reassembled in a primerless DNA amplification reaction. The reassembly
reaction is recombinogenic because fragments from one DNA sequence
can prime homologous regions of different DNA sequences by template
switching. In addition, the level of mutagenesis can be adjusted with the
appropriate choice of DNA polymerase and reaction conditions (Zhao
and Arnold, 1997c).

1. Recombination of Single Sequences by DNA Shuffling

The power of the combinatorial nature of DNA shuffling was first
demonstrated using the TEM-1 �-lactamase (Stemmer, 1994b). When
expressed in E. coli, the TEM 1 �-lactamase provides low-level resistance
to the poorly hydrolyzed antibiotic cefotaxime. Three cycles of DNA
shuffling (error-prone, to create the initial diversity), selection, and
pooling of the most cefotaxime resistant mutants improved resistance
from a minimal inhibitory concentration (MIC) of 0.02 �g/ml to
320 �g/ml for a 16,000-fold increase in resistance. Two rounds of
backcrossing (i.e., shuffling with a molar excess of the parental gene)
resulted in a mutant that was 32,000-fold more drug resistant. Backcross-
ing (Stemmer, 1994b) of genes that encode improved variants is a
method to identify beneficial mutations while flushing out neutral and
deleterious mutations (Zhao and Arnold, 1997b). In addition to im-
proved turnover, this mutant retained a promoter mutation that resulted
in a twofold increase in expression over the parental enzyme, illustrating
the ability of DNA shuffling to solve a problem through more than
one route.

This example demonstrates both of the recombination-derived advan-
tages of DNA shuffling. The first advantage is that DNA shuffling can
create combinations of distant, separately selected residues. In a previous
approach to increase cefotaxime resistance by molecular modeling of
the known structure of the TEM-1 �-lactamase, three active site loops
were randomized separately (Palzkill and Botstein, 1992). These separate
libraries yielded the key E104K and G238S mutations, resulting in four-
and eight-fold increases in cefotaxime resistance, respectively. In combi-
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FIG. 1. DNA shuffling by fragmentation and reassembly. A pool of DNA sequences is
randomly fragmented (e.g., by treatment with DNase I). The gene fragments are assem-
bled into a library of full-length chimeric genes by repeated cycles of denaturation,
annealing, and DNA polymerase extension.

nation, however, these two changes result in a 500-fold increase. Al-
though shuffling quickly yielded this double mutation (in addition to
other mutations that provided a further sixty-four-fold improvement),
the libraries constructed in separate loops based on rational design
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could not yield such a combination mutant. The second advantage of
recombination is the purging of the excess of deleterious mutations,
which tend to mask the effect of the beneficial mutations. A control
experiment using three cycles of error-prone PCR resulted in only a
sixteen-fold improvement. Although in principle this method should
have yielded the combination of the two key mutations, and the 500-
fold increase in MIC, the combination was not seen in practice, probably
as a result of the much higher rate of deleterious mutations. Reversal
of such deleterious mutations by replacement with wild-type sequence
via recombination is efficient, but reversal of deleterious mutations by
error-prone PCR is very inefficient. This second advantage is also demon-
strated in the example of GFP evolution by DNA shuffling (Crameri et
al., 1996). All three of the mutations that resulted in a 45-fold increase
in fluorescence were present in a single mutant following the first round
of mutagenesis. The effect of two subsequent rounds of shuffling was
simply to remove three additional mutations by recombination with wild-
type sequences within the pool.

The ability of DNA shuffling to generate a large number of new
combinations of beneficial mutations that originated on separate DNA
molecules is the key accelerator of directed evolution, since the muta-
tions are often additive or even synergistic in effect (Chen and Arnold,
1991; Matsumura et al., 1986; Shaw et al., 1999; Wells, 1990). By contrast,
in nonrecombination approaches the single best parent is typically se-
lected as the sole parent to create the mutant library (either by random
or rational mutagenesis) that is to be screened in the next cycle; this
effectively discards all except the single best mutation, as well as combina-
tions of mutations that were painstakingly identified in the previous
cycle. Iterated cycles of DNA shuffling of a single starting gene using
random point mutations as a source of diversity have been successively
used to evolve proteins with enhanced activity (Stemmer, 1994b), altered
substrate specificity (Zhang et al., 1997), improved protein folding
(Crameri et al., 1996), thermostability (Giver et al., 1998), solvent toler-
ance (Moore et al., 1997), and resistance to chemical modification
(Matsumura et al., 1999). Table I summarizes a selection of published
examples of DNA shuffling of a single starting sequence.

Although DNase I fragmentation and reassembly is the most widely
used format for DNA shuffling, a number of alternative methods have
been developed. All rely on the same underlying principle that the most
efficient way to explore all possible combinations and permutations of
sequences is by recombination. Two proved alternative methods of DNA
shuffling are the staggered extension process or StEP (Zhao et al., 1998)
and in vivo shuffling in Saccharomyces cervisiae (Cherry et al., 1999). Shuf-
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TABLE I
Systems Improved by DNA Shuffling of a Single Starting Sequence

System Comments Reference

Single Proteins
TEM-1 �-lactamase 3 cycles of shuffling and 2 cycles of Stemmer, 1994

backcrossing, 32,000-fold increase
in antibiotic resistance

�-galactosidase 7 cycles, 66-fold increase in fucosidase Zhang et al.,
specific activity, 1000-fold increase 1997
in substrate specificity

Green fluorescence 3 cycles, 45-fold improvement in Crameri et al.,
protein fluorescence as a result of 1996

improved protein folding
Human antibody 8 cycles of shuffling and 2 cycles of Crameri et al.,

backcrossing, �440-fold increase in 1996
avidity

Mouse antibody 100-fold increase in expression level Crameri et al.,
1996

Pathways
Arsenate degradation 3 cycles, 40-fold improvement in Crameri et al.,

pathway arsenate resistance 1997

fling by random primers (Shao et al., 1998) is not currently widely prac-
ticed.

StEP is a PCR-like reaction consisting of a mixture of full-length tem-
plates with different beneficial mutations and flanking oligonucleotide
primers. In contrast to PCR, StEP employs an extremely abbreviated
polymerization step to generate partially extended fragments, which
undergo template switching during subsequent cycles of the fragment
reassembly reaction. Although StEP can be carried out in a single tube,
crossover frequencies are limited by the rapidity with which cycles can
be performed.

In vivo DNA shuffling in S. cerevisiae uses the cell’s highly efficient
double-strand DNA break repair pathway to obtain recombination. Yeast
cells are co-transformed with a linearized vector and a series of overlap-
ping DNA fragments (e.g., restriction fragments) that together comprise
the target sequence. Vector replication requires recircularization of the
fragments and vector by a series of in vivo recombination events in the
homologous overlapping regions. As little as 15 to 30 bp of contiguous
identity is all that is required for recombination in yeast (Manivasakam
et al., 1995).
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Although we have developed and are continuing to develop a range
of alternative recombination formats (in vitro, in vivo, and combination
methods), the in vitro methods such as fragmentation and reassembly
are currently preferred for most applications due to their versatility
and control.

2. Recombination of Multiple Homologs from Natural Diversity by
DNA Shuffling

The diversity of sequence variations that exists in natural populations
of organisms is likely to be very old and highly stable. It is a reservoir
of diversity that has proved itself functional and useful. Although this
‘‘proved’’ diversity originated from random mutagenesis, it is much
more conservative. For example, introduction of random single amino-
acid mutations into a typical protein leads to a high level of nonfunctional
‘‘knockout’’ mutants, yet in dog breeding where one is shuffling two
dog genomes that can differ by over a million different single base
mutations, most of the puppies that are born are fully functional, suggest-
ing high library quality. Such a result could only be obtained if this large
pool of natural diversity was extremely conservative. The fact that such
a large fraction of the new combinations of this diversity are so well
tolerated suggests that perhaps many of the mutations have already been
selected for function and permutability. By contrast, ten generations of
randomly mutating dogs will produce a very sick dog rather than a useful
new breed.

On the level of the individual gene as well as of the entire organism,
changes have been accumulated over millions of years. In the example
given above, only genes that function within the context of an entire
functional dog have persisted. Similarly, for a single gene, nature has
only maintained sequences that are functional within the sequence and
structural context of the entire protein and within the complex environ-
ment of the whole cell. However, together with the sequence divergence,
there has been divergence in a range of properties of gene families.
For example, enzymes have evolved to function in diverse physical and
chemical conditions (Narinx et al., 1997), to accept new substrates (Scan-
lan and Reid, 1995), or even to perform fundamentally different chemi-
cal reactions (Babbitt et al., 1995). Receptors and ligands have diverged
as they co-evolved, maintaining tight binding with each other, but greatly
reduced binding to the receptor ligand pairs that have co-evolved in
other species. Consequently, as with dog breeding, exchanging blocks
of these sequences results in a library containing a large proportion
of active members, with a high degree of phenotypic diversity. The
permutation of natural sequence diversity encoding amino-acid changes
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and neutral mutations, as well as deletions and insertions, produces
libraries of progeny that are quite different in sequence and in their
combinations of characteristics from any of the parents and therefore
represents a broad but sparse sampling of sequence space. Sparse sam-
pling is obtained because the exchange of large sequence blocks by
shuffling means that neighboring mutants generally differ at multiple
amino-acid positions (Fig. 2). Just as the recombination of dog genomes
resulting from sexual reproduction produces functional offspring that
differ from either parent, so the molecular breeding of the genes encod-
ing a closely related family of proteins results in a library of functional
but different molecules. However, unlike classical breeding, molecular
breeding is not limited to two parents and thus bypasses natural species
barriers. In addition, molecular breeding is fast with a cycle time of days
rather than months or years required for a cycle of classical breeding
(Table II).

FIG. 2. Searching sequence space by molecular breeding versus random mutagenesis
of a single starting sequence. Random mutagenesis yields clones with a few point muta-
tions. The approach is suitable for ‘‘hill climbing’’ to a local performance maximum.
Family shuffling yields chimeras that typically have many changes relative to parental
sequences and other progeny. At equal library size, the increased sequence diversity
results in a sparse sampling of a much greater area of sequence space, allowing much
more promising regions to be found and subsequently explored at increased sampling
density (Crameri et al., 1998).
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TABLE II
Classical Breeding versus Molecular Breeding

Classical breeding Molecular breeding

Cycle time � years Cycle time � days
Whole genome Genes, pathways, genomes
Breed within species Breed across species
Two parents One to many parents
Limited control Multilevel control
Complex selection pressure Focused selection pressure
Whole plants and animals Applicable to microbes, cells, whole organisms

The first published example of molecular breeding of natural diversity
involved the recombination of four ampC �-lactamases that shared 58%
to 82% amino-acid identity (Crameri et al., 1998). A library of recombi-
nants was tested for ability to confer increased bacterial resistance to
moxalactam, an antibiotic that is poorly degraded by ampC �-lactamases.
Screening 50,000 members of this library produced a variant that was
different from its closest parent at over 25% of its amino acids and
conferred 270-fold greater resistance to moxalactam than did the best
parent. This compares with an up to eightfold improvement found by
single sequence DNA shuffling of any of the four parent genes separately
(Fig. 3, see color insert). This enzyme also conferred resistance to a
number of other �-lactams.

The shuffling of twenty-six subtilisins and over twenty human interfer-
ons are two recent examples that demonstrate the power of molecular
breeding to generate high quality and functionally diverse libraries of
useful proteins that serve as rich sources of hits when screened for
desired properties (Chang et al., 1999; Ness et al., 1999).

a. Interferons. The evolution of pharmaceutical proteins by molecular
breeding has recently been demonstrated by Chang et al. (Chang et al.,
1999). They built a high quality �-interferon library by shuffling more
than twenty human �-interferons that shared nucleotide homologies of
85% to 95% (much greater than in the �-lactamase example previously
cited). The library was screened as pools of clones for increased antiviral
activity, measured by the protection of murine cells against a challenge
with lymphocytic choriomeningitis virus, and positive pools were then
deconvoluted. Using a total of sixty-eight assays to screen a library of 1672
previously unscreened clones from a single round of recombination, a
variant was identified with 135,000-fold greater specific activity than the
parent interferon, Hu-IFN-�2a. A second round of shuffling yielded a
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variant with a 285,000-fold higher specific activity than Hu-IFN-�2a, 185-
fold higher specific activity than Hu-IFN-�1, and four-fold more active
than the most potent murine interferon, Mu-IFN-�4, despite the fact
that the human and murine sequences are only about 65% identical
(Fig. 4, see color insert). Importantly, the best three clones were all
composed of multiple segments from known human interferons, and
contained no new point mutations, suggesting that these clones are
much less likely to be immunogenic.

Mice and humans (and their respective cytokines and receptors) have
been evolutionarily separated for over 100 million years. Consequently,
the murine interferons differ from all of the human interferons at fifty-
six to seventy-two amino-acid positions. Nevertheless, it was possible,
simply by recombining human sequences, to produce an interferon with
an activity greater than that of the natural mouse protein. Sequences
that had been ‘‘pre-tested’’ in humans to function as �-interferons con-
tained the information necessary to build a protein that functions well
with murine cells. Even though it was not possible to reconstruct the
exact sequence of murine �-interferon from the human genes, it was
possible to reconstruct its function.

b. Subtilisins. A second example of molecular breeding of a large
family of proteins is that of subtilisin. Subtilisins are commercially impor-
tant serine endoproteases, valued for a range of applications, perhaps
most notably as additives to laundry detergents for hydrolysis and solubili-
zation of protein stains (Bott and Betzel, 1996). With annual sales of
about $500 million, it is not surprising that subtilisin is one of the best
understood proteins and a frequent target for improvement using both
structure-based design and random mutagenesis (Ballinger et al., 1996;
Bryan et al., 1986; Graycar et al., 1999; Kano et al., 1997; Russel and
Fersht, 1987; Wells and Estell, 1988; You and Arnold, 1996). As with
most industrial enzymes, incremental improvements in performance are
significant. A major challenge in the rational design or directed evolution
of industrial enzymes is that performance is not defined by any single
property, but by a complex mix of parameters. Although rational design
and random mutagenesis can improve single properties, such as thermo-
stability or activity in organic solvent, it is often at the expense of other
critical properties (Patkar et al., 1998; Shoichet et al., 1995), making it
difficult to obtain an enzyme that is optimized for several of the important
performance criteria. Just as multiple traits in plants and animals can
be recombined by classical breeding, multiple enzyme properties can
be recombined by molecular breeding. Ness et al. (Ness et al., 1999)
demonstrated this by using DNA shuffling to breed twenty-five subtilisin
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Legends for Color Insert

FIG. 3. (a) Comparison of single sequence shuffling and family shuffling of cephalospo-
rinase. (b) Computer model of winning chimera created from the known structure of
the Enterobacter cloacae protein (Crameri et al., 1998; Lobkovsky et al., 1993). The predicted
structure of the �-chain backbone is within an r.m.s deviation of O.766Å from the known
structure. The segments derived from Enterobacter are shown in blue, those from Klebsiella
are shown in yellow, and those from Citrobacter are shown in green. The thirty-three amino
acid point mutations are shown in red. The enzyme differs by 102 amino acids from the
Citrobacter enzyme, by 142 amino acids from the Enterobacter enzyme, by 181 amino acids
from the Klebsiella enzyme, and by 196 amino acids from the Yersinia enzyme.

FIG. 4. Summary of antiviral activities of native and evolved IFN-�s. The antiviral
activities of purified protein for native Mu-IFN-�s and Hu-IFN-�s as well as evolved IFN-
�s on murine L929 cells are shown. One unit of activity corresponds to half-maximal
protection from lethal ECMV viral challenge. Arrows on the right indicate fold improve-
ment of the winning IFN-� (IFN-�-CH2.1) relative to Hu-IFN-�1 and Hu-IFN-�2a (Chang
et al., 1999).

FIG. 5. Activities of 654 active clones from the shuffled subtilisin library compared to
twenty-six parents. Relative activities of each clone in five screens are plotted as concentric
circles. Each color represents one of the five screening conditions: pH5.5 (orange), pH7.5
(blue), pH10 (dark red), thermostability (yellow), and activity in 35% DMF at pH 7.5
(green). The area of the circle is proportional to the activity in the five assays relative to
the best parent in each assay.

gene fragments obtained from a panel of mesophilic Bacillus isolates
with the full-length gene for Savinase, a leading industrial protease
(Graycar et al., 1992; Hastrup et al., 1989). The diversity of subtilisins
used was much greater than that used in the interferon and �-lactamase
examples. Pairwise identities of the DNA sequences were as low as 56.4%
(protein sequences homology as low as 63.7%). A small library of 654
active clones was screened for thermostability, solvent stability, and pH
dependence (at pH5, pH7.5, and pH10), three properties that are of
commercial importance for subtilisin and of general concern for other
industrial enzymes and biocatalysts.

The vast array of functional diversity generated in this experiment is
shown in Figure 5 (see color insert). The frequency of improved clones
ranged from 4% to 12% of the active library in any single parameter.
In addition, the diversity of combinations of properties ranged well
beyond the properties of the parental enzymes. Sequence analysis of
some of the best performing clones under each set of conditions revealed
that variants with similar properties could be encoded by very different
sequences. Thermostability, for example, could be conferred by any one
of at least three different genetic elements. In many applications, a
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family of natural sequences is known, but for historical reasons all of
the characterization has focused on only one of the family members,
typically one whose structure has been determined. Molecular breeding
allows less-well characterized sequence homologs (and even partial or
inactive sequences) to be incorporated into the breeding pool in any
molar ratio desired. The screening of pluripotent enzyme libraries gener-
ated by molecular breeding of a handful of homologs provides an eco-
nomical alternative to rational design or bioprospecting for leads that
meet the multiple parameters required for commercialization. In addi-
tion, the ability of molecular breeding to demarcate functional sequence
elements is likely to be a valuable tool for building structure-function
databases for guiding protein design in the future. Table III summarizes
a selection of published examples of molecular breeding of multiple
related sequences.

IV. SCREENING IS KEY

As Darwin observed, the only difference between the breeding of
domestic plants and animals and the evolution of wild organisms is how
the selection is applied. In nature, adaptation occurs in response to
the environment: Diverse ecological niches give rise to a diversity of
organisms to exploit them. Organisms undergo a very low level of random
mutagenesis and those mutations that confer a competitive advantage
(such as the ability to utilize a new nutrient source, survive at a higher
or lower temperature, or kill a neighbor) are maintained in organisms
that consequently grow and colonize a new niche.

TABLE III
Systems Improved by Molecular Breeding of Homologous Sequences

System Comments Reference

Cephalosporinase 4 sequences, 58%–82% DNA identity, 1 round, Crameri,
270-540-fold increase in antibiotic resistance Raillard et

al., 1998
Thymidine kinase 2 sequences, 78% DNA identity, 4 rounds, 32- Christians,

16,000-fold decrease in levels of AZT Scapozza et
required to sensitize Escherichia coli al., 1999

�-interferon �20 sequences, 85%–95% DNA identity, 2 Chang, Chen
rounds, 185–285,000-fold improvement in et al., 1999
specific activity

Subtilisin 26 sequences, 56%–99% DNA identity, 1 Ness, Welch et
round, up to 4-fold improvement in 5 al., 1999
properties
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In classical breeding, the criteria for survival are altered to favor human
needs and many of the restraints of natural selection are removed. For
example, with people to protect them from predators, cattle are no
longer subject to all the rigors of competing in the wild. Humans select
and breed from those animals with the highest milk and meat productiv-
ity, while alertness and aggression are not only no longer required, but
are in fact characteristics that detract from the ‘‘performance’’ of a large
domesticated mammal. In a similar way, enzymes used in industrial
processes need not be constrained by what is useful to an organism in
the wild. For example, a property like product inhibition, which is a
critical function of cellular economics, is no longer desirable. The pro-
tein economics attempts to subvert the function of the enzyme to be
maximally productive and stable under conditions dictated by bioprocess
engineers. Like breeders, protein engineers select those enzymes that
perform best under the desired conditions.

The challenge of protein design by molecular breeding is the formula-
tion of a screen that precisely emulates the final process conditions.
This can be difficult to do in a high throughput format. A powerful
approach is the employment of multitiered screens that sample decreas-
ing numbers of clones with increasing scrutiny, ultimately ending with
a handful of variants that are tested in the final process. Variants with
improved performance under process conditions are carried forward to
the next cycle of alteration and screening.

All evolutionary screens require some way to link phenotype with
genotype. Recent technologies for linking genotype and phenotype have
expanded the accessible library size by many orders of magnitude. For
example, cell surface display (Daugherty et al., 1998; Daugherty et al.,
1999; Georgiou et al., 1997), phage and virus display (Hodits et al., 1995;
Smith et al., 1998; Winter et al., 1994), and ribosome display (Hanes et
al., 1999; Hanes et al., 1998; Hanes and Pluckthun, 1997; Mattheakis et al.,
1994; Roberts and Szostak, 1997) provide access to libraries of 109–1014

variants. Unfortunately, screening these libraries remains limited to pri-
marily affinity enrichment. For this reason applications have generally
been limited to the identification of polypeptides (mostly antibodies
and peptides) that bind tightly to a desired ligand. Although creative
exceptions have been reported (Baca et al., 1997; Janda et al., 1994;
Smiley and Benkovic, 1994), catalysis or intracellular function have not
been conveniently addressed, nor has the technology realized general
application such as screening for catalysis.

In some situations it is possible to develop a way to use genetic selection
to identify mutants (Black and Loeb, 1993; Naki et al., 1998). By coupling
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gene function to cell survival (e.g., the acquisition of an essential nutri-
ent, the destruction of a toxic compound, or the ability to activate or
complement an existing host metabolic pathway), up to about 1012 vari-
ants (using combinatorial infection) can be tested. However, the ap-
proach is limited by the fact that cells under selective pressure often
find unexpected ways to grow (e.g., via genetic reversion or activation
of cryptic functions). In addition, selections often have a limited dynamic
range. Moreover, it is difficult to distinguish between the specific activity
of an enzyme and an increase in its expression level. In general, one
must evaluate promising variants from several different angles to avoid
undesirable solutions, and must confirm that a phenotype is linked to
the gene of interest (i.e., that plasmids from survivors confer viability
to a naive cell). Perhaps the main limitation is that a genetic selection
for a particular problem is not always obvious. When available, selections
are most useful as the first tier (‘‘filter’’) of a multitiered screening
program, which needs to be followed by subsequent, lower throughput
but higher veracity screens to evaluate the positive clones.

Fluorescence-based cell sorting also allows screening of large numbers
of variants (105–109). In general, this requires that a fluorescent product
is formed and then retained within the cell. An elegant example is the
evolution of a P450 enzyme to use hydrogen peroxide in place of the
normal NADH cofactor in the hydroxylation of aromatic substrates ( Joo
et al., 1999). Cells containing active horseradish peroxidase were trans-
formed with a P450 library. Hydroxylated aromatic compounds were
linked by the peroxidase to form fluorescent compounds that could then
be detected by FACS or digital imaging. The intensity of the fluorescence
increased with activity of the P450. In addition, different hydroxylation
products resulted in different fluorescence spectra, so that an indication
of regioselectivity could be obtained.

Agar plate screens allow the rapid analysis of up to 106 different
colonies. Screenable phenotypes include enzymes that give rise to a
color or fluorescence change in a diffusible substrate (Yang, 1994) or
that form a halo around a producing cell because of the degradation
of a insoluble substrate, such as the proteolysis of casein in agar plates
containing skim milk (Cunningham and Wells, 1987). Plate-based bioas-
says can be used to detect and quantitate the production of a toxic
compound (such as an antibiotic) as a zone of killing of an overlaid
tester strain around the producing colony. Coupling of an agar plate-
based screen with automated colony picking of positive clones provides
a powerful first screen in a multi-tiered screening approach (Ness et
al., 1999).
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In general, assays that quickly analyze an enormous population of
variants tend to compromise the characteristics for which the variants
are screened, sacrificing veracity and appropriateness for increased
throughput. Consequently, while a high capacity assay may be an efficient
way to reduce the number of candidates, it is essential to progress to a
more accurate screen before doing additional cycles of recombination.
Conditions can typically be manipulated in microtitre plates to give a
reasonable approximation of the final process conditions. With a robotic
system and a simple homogeneous fluorogenic or chromogenic assay,
it is possible to test up to 106 variants in microtiter plates. In cases
demanding a more complicated screen, such as an assay for stereoselec-
tivity ( Janes and Kazlauskas, 1997), about 104 clones can be screened
in microtiter plates. Finally, manufacturing conditions can be even better
simulated in flasks, fermentors, or small reactors, using the protein in
its final whole-cell or purified protein form. Low throughput but accu-
rate physical methods such as HPLC, mass spectroscopy, and gas chro-
matography measure catalytic activity accurately. These high veracity
methods are useful as the final assay in a round of directed evolution
to ensure that the positive variants really have the required activities
and properties.

When optimizing a single property in model systems, such as
thermostability or tolerance to an organic solvent, simple high through-
put screens have proved adequate (Zhao and Arnold, 1997a). However,
to address more complex problems, such as the generation of an
improved pharmaceutical protein, a much more elaborate screen may
be required. In such cases, molecular breeding of multiple sequences
from natural diversity is the best way to generate high-quality libraries
that cover a very large area of mostly functional sequence space, so
that very few variants need to be tested to obtain the required changes.
For example, in the �-interferon example, only sixty-eight assays were
used to obtain a significant functional improvement in the first
cycle of shuffling. The interferon and subtilisin examples previously
described show that the libraries created by molecular breeding can
be of unusually high quality. This general approach makes it feasible
to perform a small number of assays directly in complex conditions
that correlate closely with the final commercial application. We foresee
screening small, high-quality libraries of clones directly in whole
transgenic plants or animals, especially for whole organism traits for
which assays cannot otherwise be obtained, such as yield, drought
resistance, or disease resistance.
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V. BEYOND PROTEINS

A. Molecular Breeding of Multigene Phenotypes

Although most of the previously mentioned methods and examples
have focused on improvement of the isolated protein product of a single
gene, whole cell biocatalysts make up the majority of industrial biocata-
lysts. Industrial microorganisms effect the multistep conversion of renew-
able feedstocks to high value chemical products in a single reactor and
comprise a multibillion dollar industry. Fermentation products range
from commodity chemicals such as ethanol, organic acids, and amino
acids, to high-value small molecule pharmaceuticals, protein pharmaceu-
ticals, and industrial enzymes. Similar to enzymes, whole cell biocatalysts
isolated from nature seldom demonstrate the required properties to
function under the constraints of a commercial process and thus require
specific improvements, such as increased yield of desired products, re-
moval of unwanted co-metabolites, improved utilization of inexpensive
carbon and nitrogen sources, and adaptation to fermenter conditions.
Success in bringing biocatalytic processes to market and competing in
those markets relies on the ability to continuously improve the biocata-
lyst. The scientific and commercial efforts to understand and manipulate
specific functions of whole cells have created the disciplines of metabolic
engineering and industrial strain improvement.

Current strategies for strain improvement rely on the empirical and
iterative modification of fermenter conditions and genetic manipulation
of the whole cell biocatalyst. The genetic manipulation of industrial
microorganisms has traditionally taken two paths: the rational approach
of metabolic engineering and the empirical approach of classic strain
improvement. Although years of intensive research have yielded the
genetic tools and information database required to attempt the calcu-
lated manipulation of a number of established industrial organisms,
metabolic engineering suffers from its reliance on the assumptions of
a rational approach. Furthermore, the method and experience gained
is typically species-specific and not easily transferred to newly discovered
or poorly characterized microorganisms. For these reasons, the most
widely practiced strategy is classic strain improvement, which employs
random point mutagenesis (chemical or UV) of the producing strain
and screening for mutants that have improved properties. Classic strain
improvement is robust but suffers from limitations that are typical of
iterated point mutagenesis (described above). Molecular breeding,
which simulates classical breeding, accelerates whole cell improvement
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by removing the limitations of metabolic engineering and classical strain
improvement.

The strategies of metabolic engineering generally fall into three
classes: (1) enhancing the flux through a desired metabolic pathway by
amplifying the expression of genes encoding ‘‘rate limiting’’ enzymes
and those resistant to feedback inhibition (see Jetten et al., 1994);
(2) the introduction of exogenous genes, which convert a metabolite
of the host organism to a desirable chemical at a viable yield (see Cam-
eron and Tong, 1993); and (3) decreasing the diversion of chemical
precursors by the disruption of genes encoding competing pathways.
All these approaches closely resemble structure-based design of proteins
in that they rely on a great deal of information and are often limited
by invalid assumptions. The interpretation of biological data is domi-
nated by information considered ‘‘known’’ about the system under inves-
tigation. This occurs even though the ‘‘known’’ data set is intrinsically
incomplete due to the complexity of biological systems. Recent metabolic
engineering studies have demonstrated that cellular physiology is ex-
tremely robust, and that well-conceived genetic perturbations often re-
sult in little or no change in phenotype. Even severe changes to primary
metabolism, such as the deletion of the genes encoding pyruvate kinase,
have been shown to have negligible effects on primary metabolic fluxes
or growth rate in E. coli (Sauer et al., 1999). Complex biological systems
from single enzymes to whole cells continue to resist rational manipula-
tion but succumb to empirical approaches, such as mutagenesis and
screening, which rely on few assumptions.

Each of the three strategies of metabolic engineering has demon-
strated value, yet each is limited by its assumptions and the ‘‘cut and
paste’’ nature of genetic engineering. Overexpressing gene(s) believed
to represent a rate limiting step or eliminating feedback regulation of
pathway enzyme(s) can be a productive means of enhancing flux through
desired pathways (class 1 above). However, this approach often results
in only a small increase in rate since other genes affecting the pathway
become rate limiting. The term ‘‘rate-limiting step’’ is misleading since
the rate through a metabolic pathway is generally limited by a collection
of enzymes rather than a single enzyme step (Fell, 1998). Metabolic
networks are tightly controlled and have evolved to prevent the unneces-
sary buildup of toxic or useless intermediates. Participating enzymes
function at similar rates and under similar conditions to avoid these
scenarios, and more than a single enzyme in a given pathway may be
under feedback regulation. For example, the biosynthetic enzymes of
the aspartate derived amino-acid pathway are under multiple levels of
regulation (Eikmanns et al., 1993). Therefore, a small increase in meta-
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bolic flux resulting from gene overexpression may be accompanied by
a buildup of undesired or detrimental intermediates. Molecular breed-
ing of the genes that encode the pathway enzymes followed by screening
the resulting libraries for the desired phenotype provides a direct route
to unbiased genetic solutions. This approach allows the improvement
of the individual components of the system—for example, improving
expression balance within the pathway, eliminating feedback inhibition,
improving kcat and Km for the pathway enzymes, and adaptation to the
cellular conditions imparted by the bioprocess. This strategy assumes
only that a genetic solution exists within the DNA that is shuffled.

The cloning of heterologous genes to generate new metabolic path-
ways is one of the most powerful methods for generating new biocatalysts
(class 2 above), but poor functioning of the cloned genes often hampers
the success of this approach. Genes and gene products have adapted to
function in the environment of their native hosts, and these environ-
ments are specific to the organisms and their ecological niches. For
example, enzymes from thermophilic organisms do not function well
in mesophilic hosts. Heterologous genes may be poorly expressed and
the encoded polypeptides may not fold properly. Basic genetic elements
and the identity of the primary metabolites may be similar between
different organisms, but the physical and chemical states of the cells
can be significantly different. The concentration of metabolites, pH,
temperature, and ionic strength will differ, each influencing the optimal
performance of an enzyme; further, the structure of macromolecules
with which an enzyme might interact will differ, compromising functional
interactions. Thus, a metabolic pathway transplanted from one organism
to another may not function optimally. Indeed, the cytoplasmic state of
a cell under the conditions of fermentation will be different from that
experienced in its natural environment, and even a native pathway may
not function optimally. Shuffling heterlogous or native genes and screen-
ing them for performance under the desired bioprocess conditions pro-
vides a means to identify variants of those genes that have adapted to
the new cellular environment and are functioning optimally. The ability
of DNA shuffling to alter the substrate preference of enzymes also allows
one to access promiscuous activities of enzymes and evolve them to
function productively in the context of new metabolic pathways.

The deletion of competing pathways is also a productive route to
increasing flux through a desired pathway or at least eliminating poten-
tial contaminating products (class 3 above) (Hols et al., 1999). However,
the removal of a known pathway may be insufficient to divert flux through
the desired pathway, since flux may be limited by either the kinetic
parameters of the pathway enzymes or by external factors. Further, the
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competing pathway may be essential and its elimination may not be an
option. The goal is to divert maximal flux down the desired pathway while
maintaining only the necessary flux through any competing pathway.
Simultaneous shuffling of both pathways should produce an optimal
balance in which flux through the desired pathway is maximized, while
maintaining the minimal necessary flux through the competing path-
way(s) to allow survival. An intrinsic value of the directed evolution
approach is that it allows one to find this balance within a complex
system. This often is not possible in a straight metabolic engineering
‘‘all-or-nothing’’ strategy.

DNA shuffling has been demonstrated to improve the heterologous
expression of proteins, alter the substrate specificity of enzymes, and
improve the function and stability of enzymes under a variety of extreme
environmental conditions. Improvement of single genes by DNA shuf-
fling results in the alteration of the expression, structure, and function
of the gene product. In contrast, improvement of metabolic pathways
by DNA shuffling results in the alteration of the individual genes (as
above) as well as complex interactions of the gene products with each
other and the cellular environment. In this way, DNA shuffling comple-
ments the strategies of metabolic engineering and provides access to
the complex genetic solutions required of strain improvement goals.
Crameri et al. demonstrated the productivity of this approach by the
evolution of the Staphylococcus aureus arsenate resistance operon to impart
increased resistance to arsenate in E. coli (Crameri et al. 1997). The
pathway consisted of three genes encoding an arsenate reductase, an
arsenite efflux pump, and a regulatory protein. Previous rational work
suggested that any improvements required would be found in the arse-
nate reductase. After three rounds of shuffling and screening, a variant
of the operon imparting a resistance to 0.5 M arsenate was identified
(a forty-fold improvement). Analysis of the new operon identified two
major surprises: most of the thirteen mutations were clustered in the
efflux pump with no mutations found within the coding region of the
reductase, and the originally episomal plasmid had integrated into the
chromosome and this shuffling-dependent integration was shown to
contribute a large part of the improvement. These data emphasize the
complex and non-intuitive solutions that arise from a directed evolution
approach and demonstrate the utility of molecular breeding to optimize
the function of a complete metabolic pathway.

B. Genome Shuffling

Long before molecular geneticists began tinkering with the structure
and function of proteins and metabolic pathways, researchers were ma-
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nipulating the performance of industrial microorganisms by classic strain
improvement. These classical approaches remain an important part of
all strain improvement programs, primarily because they are robust
and reproducibly yield new strains with slightly improved phenotype.
Although metabolic engineering requires a great deal of information
and molecular tools, classical strain improvement requires only a starting
organism, a mutagen, and a good screen for improvement. Cellular
phenotypes are complex and are influenced by many more genes than
those that are recognized as ‘‘necessary and sufficient.’’ Although im-
provements in phenotype may be accessible by variations within a defined
set of genes, other elements distributed throughout the genome may
have equal or greater influence. Again, an analogy with protein design
is relevant. The improvement of enzyme function is most productive
when the entire structural gene is targeted as opposed to only those
regions known to encode the active site. Similarly, the most productive
mode of improving whole cell biocatalysts is through the evolution of
the cell’s entire genome. The robust nature of classical strain improve-
ment lies in the fact that it is unbiased and can address complex, distrib-
uted phenotypes. The superior performance of classical strain improve-
ment over metabolic engineering is a testament to this fact. The
limitations to classical strain improvement are the same as those of
sequential point mutagenesis—the process is asexual. Improvements are
small and one can accumulate only one beneficial mutation at a time.
Genome shuffling incorporates recombination into the strain improve-
ment process and thereby significantly accelerates the process. It provides
the means to recombine the genomic information from many strains
so that the useful alleles from all of them can be combined into a single
superior organism. Useful mutations are combined and deleterious mu-
tations are replaced with wild-type sequence. Instead of accumulating a
single beneficial genetic event per cycle of mutagenesis and screening,
evolution occurs via large leaps by creating complex combinations of
multiple mutations.

VI. CONCLUDING REMARKS

Our preferred method for molecular breeding involves recombination
of homologous genes obtained from nature, in order to permutate the
proven diversity. These libraries are high quality (rich in functional
sequences) because the variations have been prescreened for function
in nature and phenotypically diverse. In rare cases when adequate natural
diversity is not available, such as when homologous sequences are not
known or if the target is a small segment of a protein, the sequence
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diversity must be generated artificially. Typical methods include random
mutagenesis of a single DNA sequence followed by screening for the
best mutations, various kinds of synthetic oligonucleotide cassette muta-
genesis of a small part of a protein, or mutations that were suggested
based on molecular modeling of the protein’s structure.

However, regardless of the source of variation, recombination by DNA
shuffling is the most effective method for creating higher order combina-
tions of previously selected mutations, whether the targets are single
genes, pathways, or whole genomes.
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