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Phylogenetic analysis
Phylogenies were analysed using PAUP* v4.0b10 (ref. 26), PAML v3.14 (ref. 27) and
MrBayes v3.0b4 (ref. 28). To determine the best-fit likelihood model for nucleotide data,
hierarchical likelihood ratio tests were performed on 100 randomly selected alignments
chosen from experimental data sets (using Modelltest v3.06 (ref. 29), a ¼ 0.05). The true
JC69 model was strongly supported and was used for all maximum likelihood and
BMCMC DNA analyses. The true Poisson model was used for protein analysis, and
maximum parsimony used equal weights. We performed likelihood-based analyses with
and without gamma and invariant sites models to determine their effect on accuracy. The
covarion model implemented in MrBayes was also used. Topology searches were
exhaustive for maximum parsimony and maximum likelihood. BMCMC analysis
involved four chains (three heated) run well past stationarity.
To determine support, we used nonparametric bootstrapping (1,000 replicates) for
maximum parsimony and maximum likelihood and posterior probability for BMCMC,
with a support cutoff value of 95% to construct strongly supported consensus trees. (See
Supplementary Information for details on phylogenetic methods.)

Accuracy
The accuracy of each method was calculated as the proportion of replicates for which the
correct topology was uniquely recovered (f). Nonlinear regression was performed using the
logistic equation f ¼ 1/(1 þ exp((BL50 2 r)H)), in which BL50 is the estimated internal
branch length that produces 50% correct recovery, and H estimates the steepness of the
performance curve. The significance of differences among BL50s was examined by a t-test.

Bias and error
The type I error rate for each method was determined by analysing data sets generated
under strong heterotachy with zero-length internal branches and determining the fraction
of replicates falsely resolved with 95% bootstrap or posterior probability support30. The
presence of bias was determined by calculating the proportion of erroneous estimates
consistent with each possible incorrect topology over all internal branch lengths. The
intensity of bias was investigated by calculating the proportion of erroneous topology
estimates consistent with each possible incorrect topology when a 95% support cutoff was
imposed.
To determine the impact of homogeneous optimization of branch lengths on maximum
likelihood error, we compared the standard maximum likelihood algorithm that estimates a
single set of branch lengths (MLhomo) with several partitioned maximum likelihood models
with constrained branch lengths. MLtrue constrains all branch lengths for each site to the true
values used to simulate data sets. MLterm constrains the internal branch lengths to the true
value for each site, but terminal branches have the lengths homogeneously optimized under
MLhomo. MLshort assumes the true internal and long terminal branches but uses the short
terminal length from MLhomo. MLlong constrains the internal and short terminal branches
to their true values and takes the long terminal branch length from MLhomo.
Support for the true topology by each character-state pattern was calculated from a
100,000-site data set constructed under strong heterotachy (p ¼ 0.75, q ¼ 0.05,
r ¼ 0.254). Net support for the true tree is defined as the likelihood ratio of the true tree to
the incorrect tree for each pattern x, weighted by the frequency of x (f(x)) in the data set:
SððABÞ;ðCDÞÞ;x ¼ PðxjððABÞ;ðCDÞÞÞ
PðxjððACÞ;ðBDÞÞÞ f ðxÞ.
To determine the performance impact of violating the identical distribution
assumption when the true evolutionary model is used, we implemented a novel
likelihood model (BMCMChetero) that incorporates heterotachy a posteriori by applying
two sets of branch lengths to the data. For P
each sequence site x i, the likelihood of tree t with
branch length sets b 1 and b 2 is Lðtjxi Þ ¼ 2j¼1 ½ri;j* Pðxi jt; bj Þ; where r i,j—the posterior
probabilityP
that x i is in branch length set b j—is calculated from the data as ri;j ¼
Pðxi jt; bj Þ= 2k¼1 Pðxi jt; bk Þ: The overall posterior probability of each topology is calculated
using BMCMC (see Supplementary Information). This new method was compared with a
BMCMC analysis using the true heterogeneous model and correct a priori data
partitioning (BMCMCtrue).
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Taxonomic diversification commonly occurs through adaptive
radiation, the rapid evolution of a single lineage into a range of
genotypes or species each adapted to a different ecological
niche1,2. Radiation size (measured as the number of new types)
varies widely between phylogenetically distinct taxa2–4 and
between replicate radiations within a single taxon where the
ecological opportunities available seem to be identical5,6. Here we
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show how variation in energy input (productivity) and environmental disturbance combine to determine the extent of diversification in a single radiating lineage of Pseudomonas fluorescens
adapting to laboratory conditions. Diversity peaked at intermediate rates of both productivity and disturbance and declined
towards the extremes in a manner reminiscent of well-known
ecological patterns 7–9. The mechanism responsible for the
decrease in diversity arises from pleiotropic fitness costs associated with niche specialization10,11, the effects of which are
modulated by gradients of productivity and disturbance. Our
results indicate that ecological gradients may constrain the size
of adaptive radiations, even in the presence of the strong
diversifying selection associated with ecological opportunity,
by decoupling evolutionary diversification from ecological
coexistence.
The size of an adaptive radiation is thought to be governed by the
extent of ecological opportunity (defined as the number of vacant
niches or unutilized resources; where ‘niches’ refers to the collection
of sites within an environment offering different conditions of
growth) in a given geographical region or community1,2,12. This
requires the processes of evolutionary diversification (which introduces variant types into the community) and ecological assortment
(which can eliminate new types) to be closely matched. Any factor
that influences the relative rates at which these two processes occur
is likely to have an impact on the size of a given adaptive radiation
such that diversification may be less (or more) extensive than
predicted on the basis of ecological opportunity alone. Relevant
factors include contingent or idiosyncratic increases in the probability of diversification or extinction through sexual selection13,
drift7 or loss of habitat associated with decreasing area14. A more
general factor may arise from pleiotropic fitness costs associated
with niche specialization, particularly if the magnitude of the cost is
affected by ecological conditions2,3,15.
To understand the effect of ecological constraints on diversification we allowed replicate populations of a single genotype of the soil
bacterium P. fluorescens SBW25 to diversify in spatially structured
(static) microcosms across gradients of productivity and disturbance over the course of 16 days in the absence of predation.
Ecological opportunity is afforded by the combination of spatial
structure of the microcosms and resource depletion in the broth
caused by the growth and metabolism of the ancestral population.
Under these conditions, P. fluorescens rapidly diversifies into niche
specialist genotypes that differ in colony morphology on agar plates
and occupy different ecological regions of a static microcosm11. The
diversity in these communities is non-neutral, being stably maintained by negative frequency-dependent selection, and the extent of
diversification has been shown to be related to nutrient concentration16. When spatial structure is removed by shaking, diversification of the kind observed in the presence of spatial structure does
not occur and diversity is rapidly lost from previously diverse
cultures11,17,18.
Figures 1 and 2 depict the response of diversity and richness
(number of morphotypes) to gradients of both productivity and
disturbance after 16 days. There is a peak at intermediate rates of
both, a result confirmed by an analysis of covariance showing a
significant negative quadratic relationship between diversity and
both productivity and disturbance but no significant linear relationship (Table 1). This bivariate pattern of diversity is also consistent
with purely ecological models of competition between niche
specialists under resource competition8,19–21 and in the presence of
coarse-grained spatial heterogeneity17,18,22,23 (see Supplementary
Information). Note, however, that as interpretations of our data
these models are not appropriate because they do not account for
diversification from an initially isogenic state.
The two dominant niche specialists in our experiment were the
ancestral smooth, which occupies the broth, and wrinkly spreader,
which colonizes the air–broth interface. Note that a single smooth
NATURE | VOL 431 | 21 OCTOBER 2004 | www.nature.com/nature

morphotype dominates at the extremes of both productivity and
disturbance (Fig. 2a, e). We did observe other types (including the
fuzzy spreader morph that inhabits the bottom of the microcosm
and many variant types within categories), however these never
comprised more than 5% of the total population so we do not
consider them further.
These results are consistent with previous work, which has
highlighted the importance of spatial structure11,17,18 and resource
competition11,16,24 for the emergence and maintenance of diversity;
the results are also consistent with our knowledge of the evolutionary ecology of P. fluorescens in static microcosms. In spatially
structured microcosms the key limiting resource seems to be
oxygen. Shallow oxygen gradients arise even in the absence of
bacteria, owing to diffusion and the special properties of liquid
surfaces. These gradients are steepened by the metabolic activities of
growing bacteria, causing intense resource competition that drives
diversification. This interpretation is consistent with the ecological
theory of adaptive radiation2,15 that sees diversification being
spurred initially by divergent natural selection underlain by
environmental heterogeneity and subsequently driven by resource
competition.
Mutation in the ancestral smooth population constantly introduces new variants into the population where, under standard
conditions (intermediate nutrient concentrations and disturbance
frequencies), strong diversifying selection favours the evolution of
niche specialist genotypes—one of the most successful being the
wrinkly spreader which, by overproducing an adhesive polymer25,
can grow at the air–liquid interface where oxygen is abundant.
Diversity is maintained through negative frequency-dependent
selection generated through the combination of resource competition and spatial structure. Under frequent disturbances and low
nutrient concentrations, population sizes are large enough
(approximately 2 £ 107 cells ml21) to guarantee a constant supply
of new mutants, including wrinkly spreader, but not to permit
formation of a coherent mat, which requires expression of an
energetically costly adhesive cellulosic polymer10,24,25. At high nutrient concentrations and infrequent disturbances, intense resource

Figure 1 The joint effect of productivity and disturbance on diversity, as 1 2 l, for the
experiment. Data were transformed by Loess smoothing using a sampling proportion of
0.5. High diversity regions are shown in lighter shades, low diversity regions in darker
shades. Values of diversity may be read directly from the graphs in Fig. 2.
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competition leads to strong diversifying selection and the evolution
of a thick wrinkly spreader mat. Eventually the mat sinks under its
own weight. The collapse is further hastened by smooth morphotypes that act as cheats by invading the mat, thereby gaining access
to oxygen, but contributing nothing towards mat strength24.
The overproduction of cellulose characteristic of wrinkly spreader
is accompanied by a pleiotropic fitness cost10, the precise effects of
which appear to be dependent on the ecological gradients of
productivity and disturbance. Experimental evidence supporting
this interpretation is shown in Fig. 3, which depicts the population
density of smooth and wrinkly spreader genotypes as pure cultures
and in competitive mixtures over 4 days across five levels of
productivity. The population density of the smooth morphotypes
is typically 1–2 orders of magnitude higher than wrinkly spreader
after 1 day of growth in both pure and mixed cultures, reflecting the
inability of wrinkly spreader to form a coherent mat in overnight
cultures and implying that the smooth morphotype is the superior

competitor under frequent disturbances. On day two and after, the
wrinkly spreader morphotype typically achieves population densities comparable to that of smooth in pure culture (Fig. 3a–e)
across the entire range of productivities, but is inferior to smooth at
low (0.00781 £ , 0.125 £ ) and high (8 £ ) resource supply rates
(Fig. 3f, g, j). After 4 days of growth at the highest productivity level
(8 £ ), the density of smooth is moderately but significantly greater
when cultured in the presence of wrinkly spreader than in its
absence (one-tailed t-test: t ¼ 4.64; P ¼ 0.005, degrees of
freedom ¼ 2; compare Fig. 3e, j), whereas that of wrinkly spreader
is again lower when competing against smooth (Fig. 3e, j). This
result is consistent with the idea that the smooth genotype gains a
fitness advantage at the air–broth interface, hastening the collapse of
the mat24.
The reduced competitive ability of wrinkly spreader relative to
smooth at the extremes of productivity and disturbance could arise
through changes in either the relative fitness of either type in

Figure 2 Diversity in relation to productivity, according to disturbance regime. a–e,
Diversity expressed as 1 2 l (solid line) and 1/l (dashed line) (^1 standard error). f–j,
Diversity expressed as richness; that is, the number of distinct colony morphs (^1

standard error). k–o, The frequency of smooth morphotypes (filled sections) relative to the
frequency of all other types, at each level of productivity.
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Table 1 Analysis of covariance for the experiment
Source

Degrees of freedom

Mean square

F statistic

P-value

Parameter estimate (^standard error)

Partial r 2

...................................................................................................................................................................................................................................................................................................................................................................

Productivity
Linear
Quadratic

1
1

0.138
0.533

3.38
13.1

0.070
0.001

0.35 ^ 0.19
20.15 ^ 0.04

0.06
0.26

Disturbance
Linear
Quadratic

1
1

0.023
0.164

0.57
4.03

0.451
0.048

0.42 ^ 0.55
20.62 ^ 0.31

0.07
0.07

Productivity x disturbance
Linear
Quadratic

1
1

0.076
0.028

1.88
0.70

0.175
0.406

–
–

–
–

71

0.041

–

–

–

–

Residual

...................................................................................................................................................................................................................................................................................................................................................................
The dependent variable is diversity, measured as the complement of Simpson’s index. Performing the same analysis using the reciprocal of Simpson’s index gives comparable results.

competition or through the total production of individuals (carrying capacity) associated with a given patch or resources19,23,26,27. The
results depicted in Fig. 3 allow us to distinguish between these
alternatives. If differences in competitive ability arise through
changes in carrying capacities alone, then the population densities
of the two types in pure culture should diverge through time, with
smooth becoming more abundant than wrinkly spreader. Our
results do not support this prediction (Fig. 3a–e), suggesting that
the competitive superiority of smooth across a gradient of productivity stems from changes in the relative fitness of wrinkly
spreader associated with the overproduction of cellulose rather
than through changes to the relative carrying capacities of the two
types.
Given the large population sizes (over 7 £ 106 cells ml21) and
asexual nature of reproduction in these populations, genetic drift
and hybridization among incipient niche specialists can be eliminated as explanations for the variance in diversity observed in our
experiment. An alternative explanation is that the extent of ecological opportunity, and so the strength of diversifying selection
promoting diversification, decreases at the extremes of productivity
and disturbance. A similar mechanism has been used to explain
ecological patterns of diversity along productivity gradients in plant
communities28, and it may account for the inability of wrinkly
spreader to invade a population of smooth morphotypes from rare
at low productivity and under frequent disturbance (mean
fitness ^ 95% confidence limits of a standard laboratory genotype
of wrinkly spreader after 1 day of competition against SBW25 at
0.00781 £ normal resource concentration and introduced at a ratio
by volume of 1:100: 1.15 ^ 1.11). However, wrinkly spreader is
capable of invading from rare a smooth morphotype population
under infrequent disturbance regimes18 and at high productivities
in overnight competitions (mean fitness ^ 95% confidence limits
as above at 8 £ normal resource concentration: 1.86 ^ 0.27),
suggesting that the ecological opportunity conferred through the
combination of smooth morphotype population growth and spatial
structure persists when disturbance is rare and productivity high.
Ecological gradients of productivity and disturbance may thus
constrain the equilibrium level of diversity achieved after adaptive
radiation by decoupling evolutionary diversification from ecological coexistence, rather than through changes to the extent of
ecological opportunity. The cause of this decoupling in the
P. fluorescens radiation stems from the pleiotropic costs of niche
specialization10 and manifests as costs of adaptation associated with
resource competition in a spatially structured environment. This
mechanism may provide a simple explanation for the variation in
size between replicate adaptive radiations: large and spectacular
radiations imply the existence of abundant ecological opportunity
but are likely to be rare because the conditions promoting diversification may be different from those ensuring its maintenance. It is
interesting to note that the pattern of species diversity in at least two
well-known replicate radiations—among islands in the Hawaiian
Tetragnatha spiders29 and the Galapagos finches (see Supplementary
NATURE | VOL 431 | 21 OCTOBER 2004 | www.nature.com/nature

Fig. 2)—is unimodal, peaking on islands of intermediate age, in a
manner reminiscent of our results. It is tempting to interpret these
patterns along similar lines, although a variety of other factors such
as dispersal3, sexual selection13, loss of habitable area14 or population

Figure 3 Population density (log(CFU ml21)) of smooth (filled circles) and wrinkly spreader
(open circles) morphotypes over 4 days across a productivity gradient. a–e, Pure culture.
f–j, Mixed culture. Error bars are 95% confidence limits.
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persistence7 may further contribute to the variance in species
diversity between replicate radiations in these more complex
systems. Nevertheless our results, taken together with those of a
recent study demonstrating that a further cost of adaptation may be
to limit diversification itself30, provides strong support for the
importance of constraints in governing the size of adaptive
radiations.
A

Methods
Diversification across productivity and disturbance gradients
Following previous work17,18, a gradient of productivity was constructed through serial
dilution of a standard growth medium across a threefold range of nutrient concentrations
from 8 £ to 0.00758 £ normal for a total of eight productivity levels. Global disturbances
were imposed by transferring a 6-ml aliquot (approximately 107 cells) from a microcosm
that had been vigorously vortexed for approximately 45 s to obtain a completely mixed
population into 6 ml of fresh medium daily, every 2 days, every 4 days, every 8 days, or not
at all, over the course of 16 days. Cultures were plated and scored for the frequency of
different colony morphologies at the end of the experiment. Diversity was estimated as the
complement and reciprocal of Simpson’s index, 1 2 l and 1/l, respectively, where
l ¼ Sp 2i and p i is the frequency of each colony type counted from approximately 100
colonies and used in all statistical analyses. Final population sizes varied between 7 £ 106
to 2 £ 109 cells ml21, making sampling effects an unlikely explanation for our results. Note
that the disturbance regime allows for approximately ten generations of growth per
transfer, so frequently disturbed populations will have undergone more selection than less
frequently disturbed populations. This provides a likely explanation for the high diversity
at the extreme productivity levels under the daily transfer regime (Fig. 1), which was due to
the presence of different kinds of smooth genotypes (Fig. 2a, f, k).
Despite obvious and dense growth in the microcosms at 8 £ standard nutrient
concentration in the never-transferred disturbance regime, we were unable to obtain
viable cells on plates from fresh cultures. Viable cells were present in the culture, however,
as aliquots from frozen samples grew when inoculated into fresh medium. To estimate
diversity, we allowed frozen samples of cells to recover in standard concentrations of liquid
King’s B medium for approximately 7 h before plating. We observed only smooth colony
morphotypes from these recovered populations. Data from these cultures are treated as
missing values in the statistical analysis but have been included in Figs 1 and 2 for clarity.

Population density in pure and mixed cultures
Pure and mixed cultures of the ancestral smooth (SBW25) and a derived wrinkly spreader
genotype were inoculated at low density (n ^ s.e.m; smooth 311 ^ 58; wrinkly spreader
180 ^ 51) into static microcosms at five productivity levels (0.00781£ , 0.125£ , 1£ , 3£
and 8£ standard). Three replicates of each genotype and mixture were grown at 28 8C and
destructively sampled every day for 4 days. We measured the population size of both
genotypes by counting the number of colony-forming units (CFU) at known dilution in
four 10-ml drops on standard KB agar plates.
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The functional importance of the roughly 98% of mammalian
genomes not corresponding to protein coding sequences remains
largely undetermined1. Here we show that some large-scale
deletions of the non-coding DNA referred to as gene deserts2–4
can be well tolerated by an organism. We deleted two large noncoding intervals, 1,511 kilobases and 845 kilobases in length,
from the mouse genome. Viable mice homozygous for the
deletions were generated and were indistinguishable from wildtype littermates with regard to morphology, reproductive fitness,
growth, longevity and a variety of parameters assaying general
homeostasis. Further detailed analysis of the expression of
multiple genes bracketing the deletions revealed only minor
expression differences in homozygous deletion and wild-type
mice. Together, the two deleted segments harbour 1,243 noncoding sequences conserved between humans and rodents (more
than 100 base pairs, 70% identity). Some of the deleted sequences
might encode for functions unidentified in our screen; nonetheless, these studies further support the existence of potentially
‘disposable DNA’ in the genomes of mammals.
The genome of an organism is frequently referred to as its ‘book
of life’5. It remains unclear, however, whether this is an informationdense book, in which every page is required for the proper telling of
the story, or whether some of it is disposable, without an impact on
the story line. For coding regions, the general necessity of maintaining most genes in animal genomes has been established in many
studies. Although gene inactivation can sometimes fail to result in
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