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Adaptive radiation of a lineage into a range of organisms with
different niches underpins the evolution of life’s diversity. Al-
though the role of the environment in shaping adaptive radiation
is well established, theory predicts that the evolvability and niche
of the founding ancestor are also of importance. Direct demon-
stration of a causal link requires resolving the independent effects
of these additional factors. Here, we accomplish this using exper-
imental bacterial populations and demonstrate how the dynamics
of adaptive radiation are constrained by the niche of the founder.
We manipulated the propensity of the founder to undergo adap-
tive radiation and resolved the underlying causal changes in both
its evolvability and niche. Evolvability did not change, but the pro-
pensity for adaptive radiation was altered by changes in the po-
sition and breadth of the niche of the founder. These observations
provide direct empirical evidence for a link between the niche of
organisms and their propensity for adaptive radiation. This gen-
eral mechanism may have rendered the evolutionary dynamics of
extant adaptive radiations dependent on chance events that de-
termined their founding ancestors.
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Rapid diversification of a single lineage into organisms with
different niches—adaptive radiation—underpins the evolu-

tion of biodiversity (1–4). Here, we define a niche as the complex
of reciprocal ecological interactions between an organism and its
environment that governs organismal fitness (following refs. 5–
7). Although the dynamics of adaptive radiation are determined
by the interplay of many factors, two universal prerequisites are
sufficiency of founder evolvability and availability of ecological
opportunity (1–4, 8–12). Founder evolvability concerns the
maximal range of derived organisms with different niches that
can be accessed from the founding ancestor by mutation and
recombination over an interval of evolutionary time (3, 8, 13–
16). Ecological opportunity for adaptive radiation emerges when
the environment allows the possibility of invasion and persis-
tence of multiple derived organisms with different niches (17).
Spectacular adaptive radiations, such as those of the Galapagos
finches (18), African Rift Lake cichlids (15) or Caribbean Anolis
lizards (19), can occur when evolvability and ecological oppor-
tunity interact to facilitate generation of niche specialists while
precluding superior generalists, which might otherwise usurp
ecological opportunity.
Since Simpson (2) formulated the requirements for adaptive

radiation in the 1950s, the environment has been established as
a major determinant of ecological opportunity (3). This is sup-
ported by a large body of work on extant adaptive radiations (3,
8, 9, 11, 15, 18, 19). In addition, evolutionary experiments with
bacteria have provided direct evidence that links environmental
components of ecological opportunity to patterns of adaptive
radiation (20–30).
However, because ecological opportunity emerges from the

interaction between the organism and the environment, it is also
influenced by the niche of the (prospective) founder [e.g., posi-
tively by key innovations and negatively by resource usurpation

(3)]. Compared with the role of the environment, relatively little is
known about the effects of the founder’s niche on the dynamics of
adaptive radiation. Comparative studies reveal differences in the
tempo and outcome of parallel adaptive radiations that may have
arisen from ecological differences among the founding ancestors
(31, 32). In contrast, phylogenetic reconstruction of the niche of
founders of extant adaptive radiations is yet to resolve significant
correlations with patterns of diversification (4, 8). An effect of
founder niche on evolutionary branching has been observed in
experimental bacterial populations, demonstrating that founder
specialization can increase the likelihood of diversification (33).
In addition to its niche, a second property of the founder that

shapes adaptive radiation is evolvability (3, 8, 13–16). Founder
evolvability places an upper limit on the number of organisms
with different niches that can emerge by adaptive radiation over
an interval of evolutionary time. Moreover, for adaptive radia-
tion to occur, founder evolvability must facilitate generation of
diverse niche specialists but preclude “Darwinian demons” with
superior, generalist niches that would impede adaptive radiation
(10, 34). Studies on extant adaptive radiations have begun to
probe the impact of evolvability (16, 35, 36), and its importance
for diversification in general is supported by evidence from ex-
perimental evolution (e.g., refs. 37, 38).
The ecological theory of adaptive radiation predicts that

founder evolvability and niche have an impact on the dynamics
of diversification (8). An important step toward further estab-
lishment of these factors is direct demonstration of their effects.
To achieve this, it is necessary to manipulate the evolvability and
niche of the founder experimentally and resolve their in-
dependent effects on adaptive radiation. Here, we accomplish
this using experimental populations of the bacterium Pseudomonas
fluorescens SBW25. First, we exploit a previously described evo-
lutionary selection regime to manipulate the propensity for adaptive
radiation of the founder (39). We then apply a combination of
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analyses to resolve the underlying causal changes in evolvability and
niche. The results provide a direct demonstration of the founder-
niche effect on the dynamics of adaptive radiation.

Results
When cultured in statically incubated microcosms, P. fluorescens
populations rapidly diversify by mutation and selection into
coexisting genotypes with different niches, which can be distin-
guished on the basis of the morphology of their colonies when
grown on agar plates (22). A critical difference between the
niches that evolve is the mode of growth in static microcosms.
The ancestral genotype, which forms colonies of the smooth
(SM) morphology class, grows predominantly as planktonic cells
in static microcosms. In contrast, genotypes that form colonies of
the wrinkly spreader (WS) class form thick mats at the air–liquid
interface of static microcosms (22, 40). The SM ancestor and
a WS genotype have been shown to be capable of reciprocal
invasion from rare in static microcosms (22). However, in shaken
microcosms that preclude mat formation, WS genotypes cannot
invade populations of the SM ancestor from rare (40). These
observations show that SM and WS genotypes occupy different
niches and coexist due to frequency-dependent fitness inter-
actions and tradeoffs (10, 22, 34). Coexistence among WS gen-
otypes has also been shown to be stabilized by negative
frequency-dependent fitness interactions, indicating differences
between their niches (41). The genetic changes underlying this
model of adaptive radiation have been established for various
niche specialists at the nucleotide level (40, 42–47).

Evolution of Adaptive Radiation Impaired Genotypes. We manipu-
lated the propensity for adaptive radiation of founding genotypes
using the selection regime of Buckling et al. (39). This involved
selection of a population founded with the ancestral genotype in
static microcosms for six consecutive selection rounds (each
lasting 7 d), which were separated by population bottlenecks that
allowed the passage of a single, numerically dominant individual
with an SM colony morphology. The regime caused the evolution
of genotypes with an SM colony morphology but a reduced
propensity for adaptive radiation (39). The mechanistic causes
underlying this observation were not determined (Discussion).

We founded six replicate populations with the ancestral ge-
notype. Each round of selection involved ∼10 generations, ex-
cluding population turnover due to cell death. As expected, the
propensity for adaptive radiation during one round of selection
decreased significantly with increasing rounds of selection (Fig.
1A; Shannon’s index of colony morphology diversity; Spearman’s
correlation test: rs = −0.443, n = 42, P < 0.001). To identify
genotypes with a significantly reduced propensity for adaptive
radiation (ARr), we compared the diversity produced during
adaptive radiation of genotypes that had undergone six rounds of
selection with that produced by the ancestral genotype (ARa).
With the exception of replicate line 1, all round 6 genotypes were
significantly impaired in their propensity to undergo adaptive
radiation (Fig. 1B; Shannon’s index of colony morphology di-
versity; Bonferroni-corrected Student’s t tests or analysis of de-
viance: n = 3, P < 0.031 for all comparisons). ARr genotypes
produced between zero and five genotypes with new, heritably
different colony morphologies compared with between four and
seven genotypes produced by the ARa genotype. In agreement
with previous observations (39), all ARr genotypes had an in-
creased fitness relative to the ARa genotype during one selection
round of 7 d in static microcosms (Fig. 1C; Bonferroni-corrected
Student’s t tests: n = 3, P < 0.035 for all comparisons). All ARr

genotypes formed colonies of the ancestral SM class when grown
on agar plates (Fig. 1D). The reduced propensity for adaptive
radiation could be caused by (i) decreased evolvability, (ii) re-
duced ecological opportunity due to niche evolution, or (iii)
a combination of changes in both factors.

Quantifying Genetic Constraints. We first evaluated the hypothesis
that adaptive radiation was suppressed by a change in evolv-
ability that limited the mutational accessibility of genotypes with
new niches. This required quantification of the rates at which
these genotypes arise by random mutation in growing pop-
ulations of the ARr and ARa genotypes. However, the frequency
of mutants in a population is also affected by natural selection,
including selection engendered by the niche of the ancestral
genotype. Therefore, to disentangle these factors, we measured
the rate at which WS genotypes are generated by random mu-
tation in the absence of the confounding influence of natural
selection. This was achieved using a genetically encoded morph
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Fig. 1. Evolution and characterization of ARr gen-
otypes. (A) Colony morphology diversity (Shannon’s
diversity index) generated during adaptive radiation
by genotypes that have undergone increasing
rounds of selection for a reduced propensity to un-
dergo adaptive radiation (numbers indicate replicate
selection lines; n = 1). (B) Replicate measurements of
colony morphology diversity generated during adap-
tive radiation by the ancestor (ARa) and six genotypes
from round 6 (n = 3). (C) Fitness of ancestral and
round 6 genotypes relative to the ancestral genotype
(n = 3). Bars indicate SEM. Asterisks indicate signifi-
cant deviation from the ancestor (*P < 0.05, **P <
0.01, ***P < 0.001; statistics are provided in main
text). (D) Colonies of the ancestral ARa and ARr gen-
otypes. (E) Colonies of five randomly selected, differ-
ent ARa-derived WS genotypes.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1310310110 Flohr et al.

www.pnas.org/cgi/doi/10.1073/pnas.1310310110


selection cassette that allows quantification of WS genotypes at
low frequency (29, 44) (Materials and Methods). WS genotypes
represent 44.6 ± 4.6% of the diversity that evolves during
adaptive radiation of the ARa genotype (n = 18, mean ± SEM;
7-d radiation).
Using a fluctuation test design, we estimated the probability

with which the ARa genotype and five ARr genotypes mutated to
WS genotypes upon cell division on the basis of the Ma–Sandri–
Sarkar maximum likelihood estimator method (48, 49). Although
two of five ARr genotypes did not produce detectable WS gen-
otypes during adaptive radiation (Fig. 1B; ARr2 and ARr4), all
ARr genotypes had nonzero mutation rates to WS genotypes
(Fig. 2). Pairwise comparison of the mutational accessibility of
WS genotypes from ARa and ARr genotypes did not support the
hypothesis that adaptive radiation of ARr genotypes was sup-
pressed due to a reduction in the mutational accessibility of al-
ternative niche-specialist genotypes. Rather, the accessibility of
WS genotypes was significantly higher from all ARr genotypes
than from the ARa genotype [Bonferroni-corrected Student’s
t tests on estimates of mean number of mutations (m) in 40
populations: P < 0.001 for all comparisons; Materials and
Methods].

Screening for Altered Ecological Constraints. Next, we tested the
hypothesis that the reduced propensity for adaptive radiation of
ARr genotypes was due to changes in their niche that limited the
ecological opportunity for invasion of derived niche-specialist
genotypes. To examine this, we measured the capacity of ARr-
derived WS genotypes, which were isolated using the morph
selection cassette, to invade ARa and ARr genotypes from rare
(starting frequency of ∼10−5). Overall, the invasion fitness of
ARr-derived WS genotypes was positive but significantly lower
against ARr genotypes than against the ARa genotype (Fig. 3;
paired Student’s t test: n = 5, t = −3.74, P = 0.02). These findings
demonstrate that ARr genotypes suppress invasion of derived
WS genotypes through ecological interactions. Consequently, the
observed reduction in WS genotype diversity during ARr adap-
tive radiations must have involved changes in the niche of ARr.

Quantifying Niche Evolution. How did the niche of ARr genotypes
change to constrain their potential for adaptive radiation? De-
spite the (deceiving) simplicity of P. fluorescens experimental
radiations, not all ecological interactions that govern the dy-
namics have yet been elucidated. To quantify the niche of a ge-
notype, we measured how it affected the invasion fitness of two
of the niche-specialist genotypes that had been characterized
thus far: the ancestral ARa genotype that predominantly shows

planktonic growth and a randomly selected ARa-derived reference
WS genotype (WSref) that grows predominantly in mats (22,
40). Thus quantified, the niche of any genotype can be repre-
sented as a point in a 2D niche space. The invasion assays were
performed for 2 d rather than 7 d to avoid confounding effects
associated with the evolution of new genotypes with alternative
niches that occurs during 7 d (approximately 10 generations,
excluding cell turnover).
We used this approach to examine three hypotheses regarding

the relative positions in niche space of the ARa genotype; the five
ARr genotypes; and five randomly selected, different ARa-
derived WS genotypes (designated WS1–WS5; Fig. 1 D and E).
First, based on the SM/WS relationship described previously, we
expected that the niches of the ARa genotype and the WS1–WS5
genotypes would occupy different positions in niche space. Sec-
ond, our finding that ARr genotypes had an increased potential
to suppress mutationally derived WS genotypes led us to test the
hypothesis that the niches of ARr genotypes had shifted toward
those of WS1–WS5 relative to the niche of the ARa genotype.
Finally, if we assume that the SM/WS tradeoff described pre-
viously is evolutionarily unbreakable, we expect that evolution of
an increased ability to suppress invading WSref would be paral-
leled by a decrease of equal or larger magnitude in the ability to
suppress ARa, and vice versa (i.e., linear or strong tradeoffs,
respectively, that maintain or increase niche specialization). We
evaluated this by testing for deviation from a linear tradeoff
drawn through the location of the ARa genotype in niche
space (Fig. 4A, dashed line).
As expected, WS1–WS5 suppressed the WSref genotype more

than it was suppressed by the ARa genotype (Fig. 4A; analysis of
covariance followed by Bonferroni-corrected planned compar-
isons with ARa: covariate = invader_density, n = 5, F5,23 = 10.00,
P < 0.003 for all comparisons). The degree of suppression of the
ARa genotype varied substantially between the different geno-
types WS1–WS5. Although some suppressed ARa to a level
consistent with a linear SM/WS tradeoff, WS2 deviated from this
significantly [Fig. 4A, linear tradeoff is indicated by the dashed
line; Bonferroni-corrected Student’s t tests: n = 5, t(8) = 5.11,
P = 0.009; Materials and Methods]. All ARr genotypes had an
increased capacity to suppress invasion by the WSref genotype
relative to the ARa genotype (Fig. 4A; analysis of covariance with
Bonferroni-corrected planned comparisons with ARa: covariate =
invader_density, n = 5, F5,23 = 8.16, P < 0.002 for all compar-
isons). This demonstrates that the niches of all ARr genotypes
had significantly shifted toward that of WS genotypes. One of the
five ARr genotypes deviated significantly from a linear SM/WS
tradeoff [ARr3; Fig. 4A; Bonferroni-corrected Student’s t tests:
n = 5, t(8) = 7, P = 0.002]. This analysis indicates that the niche
of ARr3 (and also that of WS2) had become broader (i.e.,
generalized relative to the niche of the ARa genotype). The
finding that the WSref genotype was suppressed more by the ARr

genotypes than by the ARa genotype shows that the effect of ARr
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Fig. 2. Mutation rates of ancestral (ARa) and ARr genotypes to WS geno-
types per cell division (fluctuation tests; n = 40). Bars indicate 95% confi-
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Fig. 3. Invasion fitness of ARr-derived WS genotypes (WSAR
r
) in populations

of the ARa genotype and their cognate ARr ancestors. The term n indicates
five different ARr genotypes and cognate-derived WS genotypes. Values are
means of the invasion fitness measurements of the five ARr genotypes ±
SEM. The difference between mean invasion fitness values is significant (n =
5; statistics are provided in main text).
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genotypes on invasion of ARr-derived WS genotypes shown in Fig.
3 also holds for ARa-derived WS genotypes.
The salient characteristic of the niche of WS genotypes is

formation of a thick mat at the air–liquid interface (22, 40). To
examine if the increased overlap of the niches of ARr genotypes
with the WS niche involved increased exploitation of the air–
liquid interface, we measured the amount of biomass in mats
produced by the ARa genotype, ARr1–ARr5 and WS1–WS5.
This was achieved by collection of the mat from microcosms
after 48 h, suspension by vigorous mixing, and measurement of
the turbidity (Materials and Methods). WS genotypes produced
significantly thicker mats than the ARa genotype, which pro-
duced very thin, difficult-to-discriminate mats (Fig. 4B; Kruskal–
Wallis test followed by Bonferroni-corrected planned compar-
isons with ARa: n = 5, Ws = 15, z = −2.514, P = 0.04 for all
comparisons). Mats of the ARr genotypes appeared thinner than
those of WS genotypes; nonetheless, all ARr mats contained sig-
nificantly more biomass than those formed by the ARa genotype
(Fig. 4B; Kruskal–Wallis test followed by Bonferroni-corrected
planned comparisons with ARa: n = 5, Ws = 15, z = −2.507,
P = 0.04 for all comparisons). All ARr mats only contained

genotypes with an SM colony morphology (∼250 cells checked
per genotype).
WS mats are reinforced by increased expression of extracel-

lular cellulose (40). Qualitative estimation of cellulose expres-
sion on agar plates containing Congo red, a cellulose-binding
dye, did not indicate that ARr cells had increased cellulose ex-
pression levels compared with ARa cells.

Extended Adaptive Radiation. To examine how the altered prop-
erties of ARr genotypes affected adaptive radiation in the longer
term, we compared the evolutionary dynamics of ARa and ARr

genotypes in populations that were propagated by serial dilution
(22). To allow us to interpret the dynamics in the same frame-
work as the niche characterization, we used a selection regime
that also involved selection rounds of 2 d. Comparison of the
mean diversity in populations founded with ARa and ARr gen-
otypes over time revealed that the tempo of ARr radiations was
significantly lower (Fig. 5; Shannon’s index of colony morphology
diversity; Wilcoxon’s rank-sum tests per time point: n = 5, Ws ≤
17.0, z ≤ −2.193, P < 0.05 at selection rounds 0, 1, 2, and 3). ARa

and ARr genotypes reached a plateau at a similar diversity by the
fifth selection round.

Discussion
We used experimental evolution of the bacterium P. fluorescens
as a model to examine the link between the evolvability and niche
of organisms and their propensity for evolutionary diversification
by adaptive radiation. We accomplished this by decomposing or-
ganismal evolutionary constraints into two causative factors,
namely, evolvability and niche. Our results provide experimental
support for the theoretical prediction that the niche of the founder
affects the dynamics of adaptive radiation (8).
The conclusion that the tempo of adaptive radiation was re-

duced as a result of changes in the niche of the founder is based
on the observation that invading mutationally-derived WS gen-
otypes were suppressed more by ARr founders. Three additional
observations support this conclusion. First, quantification of the
evolvability of ARr genotypes did not reveal altered genetic
constraints that limit diversification; rather, mutational accessi-
bility of the WS phenotype had increased. Second, the niche of
ARr genotypes had shifted toward that of WS genotypes and, in
one case, had broadened relative to the ancestral genotype,
which has a higher propensity for adaptive radiation (ARa). The
niches of the reference genotypes used to characterize niche
evolution most likely do not represent all dimensions of the
niche space of this model of adaptive radiation. Nonetheless, our
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sion. Bars indicate SEM (n = 5). Asterisks indicate significant deviation fromARa

(*P < 0.05; statistics are provided in main text). AU, arbitrary units.
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analysis revealed differences that, at least in part, explain how ARr

genotypes limited the ecological opportunity available for their
own adaptive radiation. Third, the finding that ARr genotypes
exploited the air–liquid interface more than the ARa genotype
shows that their niche shifted toward that of WS genotypes.
In addition to these general findings, our results shed new light

on the P. fluorescens model of adaptive radiation. Discovery of
P. fluorescens adaptive radiation and its extensive use in experi-
mental evolutionary research have been facilitated by the for-
tuitous link between niche and colony morphology. Although our
data support this pleiotropic link, they also indicate that shifts in
the niche of genotypes with an SM colony morphology toward
the WS niche are not necessarily paralleled by a shift from the
SM morphology class to the WS morphology class. SM and WS
genotypes appear to correspond to two potentially overlapping
clusters in niche space. Recent work indicates the same holds for
the niches of WS and fuzzy spreader genotypes (47).
Our quantification of the niches of ARa, ARr, and WS geno-

types revealed evidence suggesting that increased competitive-
ness in the WS niche is not necessarily traded off in a one-to-one
manner for a decrease in the ability to compete in the niche of
the ancestral SM genotype. Within the niche space sampled by
our approach, ARr3 and WS2 deviated from linear and strong
SM/WS tradeoffs, evolving a broader niche than their ancestor.
Our observation that niche generalization coincided with
a reduced propensity for adaptive radiation is consistent with
previous experimental work showing that specialization
increases the likelihood of evolutionary branching in experi-
mental bacterial populations (33).
We manipulated the propensity for adaptive radiation of the

founder using an evolutionary selection regime described pre-
viously (39). This previous study did not dissect the underlying
causes. Rather, making a number of reasonable but untested
assumptions, the authors concluded that reduced capacity for
diversification was a consequence of altered genetic constraints
engendered by increased adaptation of the founder to the an-
cestral SM niche (39). Our observations show that these
assumptions and the conclusion they support do not hold.
More than a century ago, H. F. Osborn coined the term

“adaptive radiation” to refer to the “differentiation of habit in
several directions from a primitive type” that occurs during
evolution (1). Since then, our understanding of adaptive radia-
tion (in the modern definition) has greatly increased, but some
dynamics remain hidden in evolutionary history. At the cost of
disregarding relevant complexity, our minimal experiment has
empirically established a link between the niche of organisms
and their propensity for adaptive radiation.
Rapid diversification is one of the hallmarks of adaptive ra-

diation. ARr genotypes diversified at a rate that was approxi-
mately threefold lower than that of the ARa genotype. If the
niches of the potential founders of natural adaptive radiations
were diverse, and selection of the actual founding ancestors
sufficiently stochastic, the relation between niche and diversifi-
cation may have contributed to random variation in the tempo of
extant adaptive radiations. The importance of this general princi-
ple as a cause of historical contingency in adaptive radiations is
worthy of further study (50, 51).

Materials and Methods
Selection of Adaptive Radiation Impaired Genotypes. P. fluorescens SBW25
(22) was grown in 30-mL glass vials filled with 6 mL of King’s medium B
(glycerol, 10 mL·L−1; K2HPO4, 1.5 g·L−1; MgSO4·7H2O, 1.5 g; proteose pep-
tone, 20 g·L−1) supplemented with 0.0024% (wt/vol) vitamin B5 (D-pan-
tothenic acid hemicalcium salt). Replicate microcosms were inoculated with
∼107 cells from −80 °C glycerol stocks and incubated statically with loose
caps at 28 °C. After 7 d, microcosms were mixed by vortexing, diluted, and
plated on King’s medium B agar plates (glycerol, 10 mL·L−1; K2HPO4,
1.5 g·L−1; MgSO4·7H2O, 1.5 g; tryptone, 20 g·L−1; agar, 15 g·L−1) that were
incubated for 2 d at 28 °C. Colony diversity was scored by counting the

number of distinct, heritable colony morphology types—sub-SM and sub-WS
types and the fuzzy spreader type (22)—in a sample of 100 randomly se-
lected colonies. Colony diversity was expressed using Shannon’s index,

H′= −
XR

i= 1
pi lnpi , where R is the total number of different colony mor-

phologies in a population and pi is the frequency of the ith colony mor-
phology in the population. Cells from one numerically dominant colony
of the SM class were grown for 16 h in shaken microcosms with loose caps
(28 °C; 200 rpm; orbit diameter 2.5 cm; 30° angle) and stored at −80 °C. New
rounds were started with ∼107 SM cells from frozen stocks. This procedure was
repeated five times.

Propensity for Adaptive Radiation. Genotypes were allowed to diversify for
7 d in replicate microcosms, and colony diversity was analyzed as de-
scribed above.

Fitness Assays. Cells of the genotype to be analyzed and labeled cells of the
ancestral genotype [genomic lacZ (52)] were preconditioned by growth in
shaken microcosms as described above. Competitions were founded with
∼5 × 106 cells of each competitor in a fresh microcosm and incubated stat-
ically for 7 d as described above. Start and end population sizes of each
competitor were determined by plating of a diluted sample on King’s me-
dium B plates containing X-Gal (0.4 g·L−1) and scoring of at least 50 colonies.

Fitness was expressed as the selection rate constant, rij =
ln

�
Ni ðtÞ
Ni ð0Þ

�
− ln

�
Nj ðtÞ
Nj ð0Þ

�

t ,
where N is the population size of genotypes to be analyzed (i) and the
ancestral genotype (j) at the start (t = 0) and at the end (t = t) (53). Geno-
types with a fitness equal to that of the ancestor have a selection rate co-
efficient of zero.

Fluctuation Tests. The morph selection cassette comprises a kanamycin re-
sistance gene downstream of a promoter (Pwss_operon) that is up-regulated in
WS cells, rendering these cells kanamycin-resistant (29, 44). Morph selection
cassettes were introduced into the genotypes to be analyzed by triple
mating and single cross-over into the chromosome. Fluctuation tests were
performed using 40 replicate populations per genotype that were founded
with ∼20 cells in 50 μL of King’s medium B with vitamin B5. Populations were
grown in 96-well plates at 28 °C (800 rpm, 2-mm orbit diameter) to a size of
1.35 × 107 ± 1.33 × 106 (mean population size of all populations of all
genotypes ± SD) using the turbidity measured at 500 nm and calibration
curves. The number of WS mutants was determined by plating each pop-
ulation in its entirety on King’s medium B plates supplemented with kana-
mycin (30 μg·mL−1) and Congo red (cellulose dye for detection of WS-specific
cellulose overexpression; 15 mg·L−1) and subsequent counting of the num-
ber of red colonies with a WS morphology. The average number of mutation
events per culture, m, was estimated using the Ma–Sandri–Sarkar maximum
likelihood estimator method of the Fluctuation Analysis Calculator web tool
(49). Statistical comparisons of m values of different genotypes using Stu-
dent’s t test were performed according to the method of Rosche and Foster
(54). Per division mutation rates were calculated by dividing m by the total
number of cell divisions per culture [N(t) − 20]. Variation in N(t) between
populations did not affect the statistical significance of mutation rate
comparisons, as determined by estimating the effect of variation in N(t) on
m using the “p0” method (55).

ARr-Derived WS Invasion Fitness. Low frequencies of WS invaders were
measured using the morph selection cassette-encoded selection marker
(kanamycin). Resident andWS invader cells were preconditioned as forfitness
assays. Invasions were founded with a mixture of ∼10 invader cells and ∼106

resident cells and were incubated and analyzed in the same manner as the
fitness assays. Start and end population sizes of resident and invader cells
were measured by plating on regular King’s medium B plates and the same
plates with added kanamycin and Congo red (as for the fluctuation test).
Invasion fitness was expressed as the selection rate coefficient calculated in
the same manner as for the fitness assays.

Niche Quantification. Cells of the genotype to be analyzed (resident), labeled
cells of the ancestor [invader; genomic lacZ (52)], and a randomly selected
“reference” WS genotype (invader; derived from the lacZ-labeled ancestor
after a 7-d adaptive radiation) were preconditioned as for the fitness assays.
Invasions were founded by a mix of ∼104 invader cells and ∼106 resident cells
and incubated statically for 2 d as in the selection experiment. Invasion fit-
ness was determined by measuring the start and end population sizes of the
resident and invader cells and was calculated in the same manner as for the
fitness assays. Deviation of evolved genotypes from a linear SM/WS tradeoff was
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assessed by calculating the invasion_fitness_ancestral_genotype value that
would be expected under a linear tradeoff from the ancestral genotype on the
basis of the measured invasion_fitness_reference_WS_genotype value of the
evolved genotypes, and subsequently testing the hypothesis that their
expected and measured invasion_fitness_ancestral_genotype values are
equal, in which case there was no deviation from the linear tradeoff.

Mat Size.Microcosms were founded as described for the selection of adaptive
radiation impaired genotypes but incubated for 2 d. Mats were collected
from the air–liquid interface using a cutoff 1-mL pipette tip. The collected
material contained the mat material (fragmented) but also planktonic cells.
Mat fragments were separated from the planktonic cells by washing the
collected material in 30 mL of Ringer’s solution (NaCl, 8.6 g·L−1; KCl, 0.3
g·L−1; CaCl2, 0.33 g·L−1). From this mixture, a very small mat fragment was
taken for analysis of the colony morphology of the cells it comprised by
plating on King’s medium B agar plates. Next, all mat fragments were col-
lected from this mixture with a 1-mL pipette tip and washed once by cen-
trifugation and resuspension in Ringer’s solution. The same was done for
a 1-mL sample of the remaining planktonic cells from this mixture. The
amount of biomass in such collected mat- and planktonic-cell fractions was

quantified by measuring the turbidity at 600 nm after vortexing. Mat
size was expressed as turbidity corrected for the contribution of the plank-
tonic cells.

Extended Adaptive Radiation. Populations of ARa and ARr genotypes were
founded in microcosms with ∼106 cells and incubated as described for the se-
lection experiment. After 2 d, microcosms were mixed by vortexing and frozen
in −150 °C glycerol stocks. Populations were propagated by transfer of 0.01% of
the volume of the original population to fresh microcosms, after which the
frozen population was stored at −80 °C. This procedure was repeated nine times.
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