
EVOLUTIONARY EMERGENCE OF DIVERSITY
The majority of phenotypic and ecological diversity on the planet has arisen during

successive adaptive radiations, that is, periods in which a single lineage diverges rapidly

to generate multiple niche-specialist types. Microbiologists tend not to think of

bacteria as undergoing adaptive radiation, but there is no reason to exclude them from

this general statement – in fact, rapid generation times and large population sizes

suggest that bacteria may be particularly prone to bouts of rapid ecological diversi-

fication. Indeed, there is evidence from both experimental bacterial populations

(Korona et al., 1994; Rainey & Travisano, 1998) and natural populations (Stahl et al.,

2002). This being so, insight into the evolutionary emergence of diversity requires an

understanding of the causes of adaptive radiation.

The causes of adaptive radiation are many and complex, but at a fundamental level

there are just two: one genetic and the other ecological. Put simply, heritable phenotypic

variation arises primarily by mutation, while selection working via various ecological

processes shapes this variation into the patterns of phenotypic diversity evident in the

world around us.

The ecological causes of adaptive radiation are embodied in theory that stems largely

from Darwin’s insights into the workings of evolutionary change (Darwin, 1890), but

owes much to developments in the 1940s and 1950s attributable to Lack (1947),

Dobzhansky (1951) and Simpson (1953). Recent work has seen a reformulation of the

primary concepts (Schluter, 2000).
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At its most basic, the ecological theory of adaptive radiation postulates that ecological

opportunity (vacant niche space) and competition are necessary conditions for the

emergence and maintenance of diversity. Imagine a single lineage, of any given species,

in a pristine environment replete with ecological opportunity such that the environment

provides alternative ‘fitness peaks’. The population grows geometrically until the

primary resource becomes limiting, at which point competition – the so-called ‘engine’

of adaptive radiation – becomes a significant factor. Variant types (arising by random

mutation) are driven by competition to exploit new resource types where they are

subject to different selective conditions. Under this scenario, the genotypes most

favoured by selection are those that occupy niches different from those inhabited by 

the dominant type (species or genotype). Continual exposure to divergent natural

selection promotes further divergence in phenotype leading, if unrestrained, to

ecological speciation.

It is not our intention here to discuss the ecological causes of diversity further: this has

been the subject of recent reviews (Kassen & Rainey, 2004; Rainey et al., 2000, 2005)

and the focus of much experimental evolutionary analysis (Rainey & Travisano, 1998;

Buckling et al., 2000; Kassen et al., 2000, 2004; Travisano & Rainey, 2000; Buckling &

Rainey, 2002a, b; Hodgson et al., 2002; Rainey & Rainey, 2003). Instead, we wish 

to consider the genetical causes of new phenotypes – in particular, we wish to draw

attention to the relationship between the molecular architecture of phenotypes (i.e. the

molecular genetic and structural basis of a phenotype) and the implications of these

architectures for the evolution of new phenotypes.

GENETICS OF ADAPTATION
As surprising as it may seem at first, there is no well-developed genetical theory of

phenotypic evolution – at least not one that parallels the ecological theory of adaptive

radiation. Some have argued that such a theory is unnecessary given our understanding

of the ultimate causes of variation (mutation, recombination and migration) and the

forces that determine the patterns of diversity (natural selection and genetic drift);

however, there is growing awareness that understanding of these microevolutionary

processes alone is insufficient to provide a comprehensive explanation for the origins of

new phenotypes – the stuff of evolution. What is needed is a means of understanding

how genotype, phenotype and fitness are connected through evolutionary time: in

short, what is necessary is a genetical theory of evolutionary development.

At the core of the ensuing discussion is the process of adaptive evolution: the movement

of a population towards a phenotype that is better suited to the prevailing environ-

mental conditions. A good deal is known about natural selection, but we don’t have a

good understanding of the genetic bases of adaptation – of the kinds of mutations that
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generate adaptive phenotypes, whether these mutations are typically pre-existing in

populations or whether they are generated de novo, whether adaptations arise by single

or multiple mutations and whether mutations have small or large phenotypic effects. At

an altogether different level, increased understanding of the molecular mechanisms

that underlie life leads to questions concerning the organization of systems: whether

there might be certain kinds of genes, genetic organizations or cellular architectures

that increase the likelihood that mutations produce phenotypically viable solutions.

Allen Orr has been instrumental in reawakening the need to work toward a more

complete theoretical understanding of adaptive evolution, and his review articles pro-

vide excellent coverage of both the history of the field and its current status (see Orr,

2005a, b). These will not be recounted here, other than to point out that the basic ideas

extend back to Darwin and encompass some of biology’s most influential thinkers: 

R. A. Fisher, M. Kimura and J. Maynard Smith. Prevalent among the basic ideas has

been a strong sense of micromutationism, that is, the argument that evolutionary

change through mutation and selection is a gradual process that acts on slight changes

in successive generations. More recently, molecular data on the genetics of adaptation

have become available – often (but not exclusively) from studies in experimental micro-

bial evolution (see Elena & Lenski, 2003) – indicating that small mutations in ‘major

genes’ can have major phenotypic effects. Very often these major genes have a regu-

latory role. In studies with virus populations, the first beneficial mutations fixed by

selection as a population moves to become better adapted to its environment are often

mutations with large phenotypic effects (Bull et al., 1997; Burch & Chao, 1999;

Wichman et al., 1999; Rokyta et al., 2005). All of this goes against the grain of strict

micromutationism and has led to attempts to revise and extend theory so that it speaks

in the same terms as the data. Progress to date has led to models that predict that the

size of favourable mutations fixed by selection declines as a geometric progression

(Barton, 1998; Fisher, 1930; Orr, 1998). Although these models represent a step forward

in our understanding of the probabilistic nature of the phenotypic variation caused by

random mutations, they say nothing about the underlying mechanisms, their effects on

the dynamics of evolution and the kinds of changes expected in evolving populations.

The challenge is to understand the connection between DNA sequence, phenotype and

fitness and, most importantly, the relationship between the molecular architecture of an

organism and the mechanisms by which changes at the DNA sequence level to translate

through to phenotypically useful solutions.

THE EVOLUTIONARY ORIGINS OF NEW PHENOTYPES
This is an already large but still burgeoning field: attempting to cover the entire topic –

even superficially – is well beyond the scope of a single chapter. Here we focus on a

single aspect, namely, the relationship between the underlying genetic architecture of an
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organism and the evolutionary emergence of new phenotypes. We have chosen to do so

for several reasons: firstly, our own attempts to explain the evolutionary origins of new

phenotypes continue to draw attention to the importance of genetic architecture;

secondly, microbiologists routinely obtain data from DNA array, proteomic and meta-

bolomic analyses that provide a glimpse of the molecular networks of organisms

(genetic architecture); and thirdly, because there is a growing realization that specific

wirings among the components of these cellular networks both facilitate and constrain

the evolution of phenotypic novelty.

The origin of new phenotypes through evolution might, on first consideration, appear 

a relatively trivial issue: simply a consequence of a chance causal mutation, a specific

gene acquisition event, a specific gene duplication event or similar. Although this is true

in principle, this explanation for the origins of phenotypic novelty is naive in the

extreme. The phenotypic consequences of random mutations in the DNA of an organ-

ism are in fact not random, but are strongly biased by the structure of organisms;

certain phenotypic innovations are more likely to arise through random mutation 

than others. This concept is illustrated by the evolution of propanediol reductase in

Escherichia coli. Wild-type E. coli is incapable of aerobic growth with propanediol as a

sole carbon and energy source; however, mutation of a gene encoding lactaldehyde

reductase, an enzyme normally involved in anaerobic fermentative growth on the

carbon and energy source fucose, can permit growth on this novel substrate (Mortlock,

1982; Lin & Wu, 1984). In this instance, random genetic change is responsible for the

evolution of a new metabolic capability, but the likelihood that this capacity emerged

owed much to the fact that the genome already encoded a not too dissimilar gene

(lactaldehyde reductase).

In the above example, the evolution of a novel phenotype depended largely on the gene

complement of the cell. The problem for the evolution of novel phenotypes, however, 

is more complex and is made so by the fact that organisms are far more than a set of

independently acting genes with a simple one-to-one relationship between gene and

trait. Put another way, there are the interrelated problems of pleiotropy (especially

antagonistic pleiotropy) and epistasis: the vast majority of potentially beneficial muta-

tions have accompanying deleterious effects. It follows, then, that for a mutation to be

favoured by natural selection the beneficial effects must outweigh the detrimental

effects. Whether this is so depends largely on the network structure of connections

between the components (e.g. enzymes, transcription factors, tissues, organs) that

make an organism; it also depends on the number of traits under selection (Orr, 

2000).
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NETWORKS, POWER-LAW DISTRIBUTIONS AND ROBUSTNESS
The interconnectedness of components that make up cells – be they prokaryotic or

eukaryotic – has been known in a formal sense since the early days of metabolic

pathway analysis. More recently, with advances in large-scale ‘omic’ technologies, it has

become possible to characterize protein–protein interaction networks, metabolic

networks, gene regulation networks and evolutionary protein-domain networks with

increasing scope and precision. This has provided a rejuvenated and more compre-

hensive view of living cells as an ensemble of interacting molecular components. In

turn, these insights have led to systems biology – a ‘new’ research programme that seeks

a deeper understanding of life by studying how higher-order phenomena result from

the interactions between lower-level components (Csete & Doyle, 2002; Kitano, 2002).

At present, understanding of the functioning of networks is still relatively limited. One

of the main reasons is lack of information on the functional characteristics (e.g. activity,

binding coefficient, stability etc.) of the component parts in vivo. Nonetheless, progress

has been made in understanding how phenotypes of real organisms are realized

through molecular networks and even in predicting evolutionary change on the basis of

knowledge about the molecular structure of cells (Ibarra et al., 2002).

A typical network analysis involves plotting the basic components of the system (which

might range from genes to proteins through to interacting species in a community) as

nodes on a graph connected by edges (arrows) that are interactions. An understanding

of the architecture of the network is then obtained using the results of graph theory,

which allows a network to be quantified in a few simple statistics: for example, the

number of connections per node, the average distance between nodes and the degree 

to which neighbours of nodes are connected. Arising from such analyses has been the

surprising realization that complex biological networks are not random: in almost all

cases, the interactions form a network where the frequency distribution of interactions

among nodes follows that of a ‘power-law’ distribution, that is, there are a small

number of nodes that are highly connected to other nodes (hubs) and a large number of

nodes that are connected to just a single node. Such an arrangement results in a ‘scale-

free’ topology (Proulx et al., 2005). The classic example of such a network is the so-

called ‘small world phenomenon’, which hypothesizes that most people in the world are

acquainted via a small number of acquaintances; the World Wide Web is a further

example (Albert et al., 1999).

Discovery that the power-law distribution is an apparently universal feature of

networks has led some to suggest that there is a universal law of life (Wolf et al., 2002)

maintained by the ‘forces of self-organization’ (Barabasi, 2002) [but see Keller (2005)

for an alternative view]. In the context of certain networks, e.g. protein-interaction
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networks, this is an appealing idea that seems to fit with intuitive expectations. For

example, highly connected proteins show low rates of evolution (Fraser et al., 2002), are

more likely to be essential for survival (Jeong et al., 2001) and less likely to be lost over

evolutionary time (Krylov et al., 2003) and are more pleiotropic (Promislow, 2004) than

are weakly connected proteins. Similarly, for metabolic pathways and gene-regulatory

networks, conformity to the power-law distribution gives the appearance of being 

‘fit for purpose’. For example, in E. coli six known central regulators including 

FIS, FNR and HNS regulate half of the known E. coli genes (Martinez-Antonio &

Collado-Vides, 2003).

A consequence of networks with a power-law distribution of connections is that they

are robust to mutational change. If most nodes are connected to just one other node

then the random removal of a node is unlikely to have large effects (Jeong et al., 2001) –

of course, removal of a central hub would have a catastrophic effect and thus scale-free

networks are susceptible to targeted attack. The biological significance of robustness

has been much championed (see for example Wagner, 2005) and has even led some to

argue that selection has favoured the evolution of scale-free networks because such

networks provide a buffering against genetic and or environmental change. Indeed,

many have noted the appealing connections between robustness and long-standing

ideas surrounding genetic canalization and homeostasis (Waddington, 1942; Maynard

Smith et al., 1985).

Robustness is more than just a high-level emergent property of the networks that

comprise living systems: it is apparent at different levels of biological organization,

ranging from the positive and negative control systems that are commonly found in

gene circuits through to redundancy of components (as found in alternative metabolic

pathways of bacteria) and modularity (where subsystems are insulated so that failure 

in one module does not lead to a system-wide failure). From an evolutionary

perspective, mechanisms that buffer against mutational change are likely to limit the

capacity of a population of organisms to adapt (genetically by natural selection) to new

environments. Clearly there is a tension: organisms are faced with the challenge of

keeping pace with changing environments. If mutational robustness is the dominant

feature of organisms, evolution would struggle to produce new phenotypes: popu-

lations would find it difficult to keep pace with the environment and it is hard to

imagine how life could persist. It seems reasonable therefore to expect a balance

between robustness and mechanisms that facilitate the evolution of phenotypic 

novelty. Indeed, as the next section shows, modular systems can be both robust and

evolvable.
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MODULARITY AND THE EVOLUTION OF PHENOTYPIC
NOVELTY
Arguably the most important concept in terms of organizations that might facilitate

evolutionary change is modularity: the bundling of features of a living system such that

a change to one part should not disrupt the whole system (Barton & Partridge, 2000).

A characteristic feature of all organisms, and particularly notable in bacteria, is a

modular organization: the tendency for groups of genes to interact in such a way as to

limit the extent of pleiotropic effects among characters belonging to different

functional complexes. This means that changes that occur within one complex have less

chance of impacting negatively on others – there is robustness. Striking evidence of

both modularity and robustness stems from analysis of the phenotypic consequences 

of individually deleting all two-component regulators from the E. coli genome (Oshima

et al., 2002; Zhou et al., 2003). In that study, nearly half of the deletions had no

discernable phenotypic effect even when measured across hundreds of different

environmental conditions. Modular structures possess additional features that are

amenable to the generation of phenotypic variability. In addition to pleiotropic

robustness, the organization of organisms into parts means that the parts function as

building blocks that can be reused in various combinations to increase the probability

of generating viable novel (and potentially useful) phenotypic variation (Kirschner &

Gerhart, 1998). Finally, although pleiotropy is often viewed as limiting the evolution of

novel phenotypes, the opposite can also hold – pleiotropy can allow mutations of small

genetic size to have large phenotypic effects, some of which can be beneficial (Crozat

et al., 2005).

Bacterial signal transduction cascades provide a good example of modular structures

(Hoch & Silhavy, 1995; Reizer & Saier, 1997; Patthy, 2003). On the one hand, regulatory

components usually show high fidelity and regulate a small number of structural genes,

which means that changes in one regulatory module are less likely to impact negatively

on other regulatory modules (Oshima et al., 2002; Zhou et al., 2003). In addition, the

regulatory components exhibit ‘genetic’ modularity which confers properties relevant

to evolutionary change (Kirschner & Gerhart, 1998). These properties include versatile

protein elements and weak linkage among components. Versatility among protein

elements is particularly common in protein kinases, where minor mutational modifi-

cation can alter the specific target of activity or affect the timing of activation (Hoch 

& Silhavy, 1995). Weak linkage is also a feature of signal transduction pathways:

components have switch-like properties and signals act to release the activity, but do not

act instructively. Such regulatory organization facilitates a component’s accom-

modation to novelty and reduces the cost of generating variation (for more information

see Gerhart & Kirschner, 1997; Kirschner & Gerhart, 1998).
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THE ORIGINS OF ROBUSTNESS AND MODULARITY
The evolutionary origins of robustness and modularity are of considerable interest: 

the central issue being the role of natural selection. Much has been written on the

subject (e.g. Gerhart & Kirschner, 1997; Schlosser & Wagner, 2004; Wagner, 2005), but

still the origins of robustness and modularity remain obscure (Wagner & Altenberg,

1996; Kirschner & Gerhart, 1998; Lipson et al., 2002; Gardner & Zuidema, 2003;

Rainey & Cooper, 2004).

Perhaps the most compelling argument in favour of an adaptive explanation for

robustness and modularity comes from demand theory (Savageau, 1998), a design

principle that accounts for natural selection in the evolution and optimization of

modular gene circuits (see Wall et al., 2004). Demand theory posits that repressors

regulate frequently needed genes, whereas activators control genes needed infrequently.

This configuration means that mutations that abolish regulation maintain gene

expression for high-demand genes, but turn off low-demand genes. Careful analysis of

the design principles of gene circuits shows that those that conform to the demand

theory principle are robust to mutational change, yet evolvable, such that a large

fraction of possible mutations lead to small quantitative changes in behaviour, but 

a smaller fraction change the wiring altogether (Wall et al., 2004). Several model 

gene circuits have been examined in detail in order to elucidate the combined properties

of robustness and evolvability. Gene circuits involving negative regulation (e.g. the 

lac operon of E. coli and the lambda phage lysis/lysogeny circuit) have been shown to 

be both robust and evolvable (Ozbudak et al., 2004; Wall et al., 2004). In the case of

phage lambda, the circuitry is such that a wide range of simple mutations can readily

tune the sensitivity and cooperativity of the regulatory switch (Little et al., 1999).

Similar circuitry (with similar attributes) is evident in the sin operon of Bacillus subtilis

(Voigt et al., 2005), leading to the suggestion that the ‘dynamic plasticity’ of negative

regulation may be a motif that has been favoured by selection because of its inherent

evolvability (Voigt et al., 2005).

Computational studies have provided further insight into the evolution of modular-

ity. A recent study showed the de novo evolution of modularity and network motifs, 

but only under conditions where the evolving system was required to adapt to a

modular environment (an environment that switches regularly between two states)

(Kashtan & Alon, 2005). Evident in the modular organization was a striking capacity

of the system to undergo further evolution; indeed, the simplest of possible rewirings

was all that was necessary for the network to optimize its response to a new

environment.
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STUDIES WITH EXPERIMENTAL PSEUDOMONAS
POPULATIONS PROVIDE INSIGHT INTO THE EVOLUTION OF
PHENOTYPIC NOVELTY
Our own experimental work has focused on the genetic origins of phenotypic inno-

vations in simple populations of Pseudomonas fluorescens that evolve in static labora-

tory microcosms. The phenotypic innovation that has most preoccupied us is the

‘wrinkly spreader’ (WS), a niche-specialist genotype that forms a mat at the air–liquid

interface of liquid cultures and grows poorly in the liquid column (Rainey & Travisano,

1998). WS genotypes arise by spontaneous mutation from the ancestral (smooth; SM) –

non-mat-forming – P. fluorescens genotype and show a significant negative frequency-

dependent fitness advantage over the ancestral strain (Rainey & Travisano, 1998). Its

selective advantage is attributable to cooperation among individual WS cells: over-

production of attachment factors, while costly to individual cells, results in the interests

of individuals aligning with those of the group and allows colonization of the oxygen-

replete air–liquid interface (Rainey & Rainey, 2003).

WS is not a single genetic or phenotypic entity: there is a broad swathe of pheno-

typically diverse types of WS indicative of multiple mutational routes to the adaptive

phenotype. Of central importance to all WS genotypes is the wss operon, a set of 10

genes that together encode the enzymes necessary for the biosynthesis of an acetylated

cellulose polymer (Spiers et al., 2002, 2003; Spiers & Rainey, 2005). Overproduction 

of the polymer is a primary cause of the WS phenotype and is brought about not 

by enhanced levels of transcription of the wss operon (Spiers et al., 2002) but by

overactivation of a diguanylate cyclase (DGC), which causes overproduction of cyclic-

di-GMP (P. J. Goymer, S. G. Kahn, J. G. Malone, S. M. Gehrig, A. J. Spiers and 

P. B. Rainey, manuscript submitted) – a secondary messenger and known allosteric

activator of the cellulose biosynthetic enzymes (Ross et al., 1987; Tal et al., 1998).

Differences among WS morphs are largely attributable to differences in the activity

levels of the DGC (P. J. Goymer, S. G. Kahn, J. G. Malone, S. M. Gehrig, A. J. Spiers and

P. B. Rainey, manuscript submitted).

So far, two mutational routes to WS have been uncovered (P. B. Rainey, E. Bantinaki, 

Z. Robinson, R. Kassen, C. G. Knight and A. J. Spiers, manuscript submitted; 

S. M. Gehrig, A. J. Spiers and P. B. Rainey, unpublished). Both involve simple muta-

tional changes (mostly transitions, transversions or small deletions) within components

of signal transduction pathways that control the activity of different DGCs. Most

significantly, in both cases, the causal mutations reside within negative regulators. In

one of the negative regulators, 15 independent causal mutations have been identified –

remarkably, each mutation has a different phenotypic effect.
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Placing these findings in the context of the connectivities among components of

the cellular system, it is probably no coincidence that the two pathways identified so 

far control the activities of DGCs. Given that the P. fluorescens genome has more than

30 DGCs (there is considerable redundancy), it is highly likely that additional causal

mutations will be found within other DGC pathways. Whether these will also reside

within negative regulatory components is of special interest. Although our under-

standing of the DGC network of cells is in its infancy (D’Argenio & Miller, 2004;

Romling et al., 2005), there is growing evidence that this network forms a distinct post-

translational regulatory system at a high level of organization. Each of the mutational

routes identified so far define submodules within this network, and the causal muta-

tions affect components of the signal transduction pathways that act to attenuate the

output of the pathway. Loss-of-function mutations in these components therefore cause

increased activity of the output modules of the systems, which results in increased levels

of cyclic-di-GMP in the cell and increased activity of the enzymes that produce the

cellulosic polymer and associated attachment factors. The fact that the pathway exists

as an intact and operable module means that pleiotropic effects are likely to be minimal

because the changes wrought by mutations in the negative regulators causes alterations

in levels of output without wholesale changes in the wiring of connections (Raff, 1996;

Stern, 2000).

There are additional features of the negative control systems that regulate the activity

of DGCs that are likely to be relevant to understanding the causes of variation within

the WS phenotype. Negative regulatory loops are highly evolvable (Csete & Doyle,

2002) such that mutations can easily tune the output status of a given pathway. For

example, in the ancestral genotype, the output status (DGC activity) is controlled by an

oscillating switch; however, mutations that subtly decrease (without completely

abolishing) the activity of the negative regulator tune the switch to different output

levels (and to a stable state). Indeed, different mutations can tune the status of the

pathway to different output levels, and it is this that is responsible for variation in WS

type. Similar insights into the evolutionary significance of negatively regulated systems

have come from the targeted analysis of robustness and evolvability in model gene

circuits subject to negative regulation [e.g. the lac operon of E. coli (Ozbudak et al.,

2004), the lysis/lysogeny switch in phage lambda (Little et al., 1999) and the sin operon

of B. subtilis (Voigt et al., 2005)].

CONCLUDING COMMENTS
Explaining the origin of new phenotypes – from DNA sequence change through to

phenotypic and fitness effects – is a significant problem for biologists. Crucial for

progress is an understanding of how cellular systems are wired and how particular

wirings act to facilitate or constrain the evolvability of the system. Advances in abilities
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to study the biology of organisms as complete systems and at different levels of organi-

zation are providing new insights. An emerging theme is one of robustness and modu-

larity – the two together seeming to confer on living systems an ability to tolerate

mutational and environmental noise, while at the same time increasing the likelihood

that a small fraction of mutations will generate potentially useful phenotypes.

There remains much yet to unravel. A major future goal is the development of fully

predictive models of phenotypic evolution: models that allow the direction of pheno-

typic evolution to be predicted in real organisms evolving in real environments. This

requires that we understand not only the behaviour of an individual organism at a

‘systems’ level, but also the rules that govern the wiring of component parts.
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