
posture can also be inferred from the Early Cretaceous troodontid Sinornithoides from the
Ordos basin and perhaps for the nesting oviraptorid Citipati (IGM 100/979); however, these

specimens are incomplete and more distorted1,11.
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One of the central challenges of evolutionary biology is to
understand how coevolution organizes biodiversity over complex
geographic landscapes. Most species are collections of genetically
differentiated populations, and these populations have the
potential to become adapted to their local environments in
different ways. The geographic mosaic theory of coevolution
incorporates this idea by proposing that spatial variation in
natural selection and gene flow across a landscape can shape
local coevolutionary dynamics1–7. These effects may be particu-
larly strong when populations differ across productivity gradi-
ents, where gene flow will often be asymmetric among
populations8. Conclusive empirical tests of this theory have
been particularly difficult to perform because they require
knowledge of patterns of gene flow, historical population
relationships and local selection pressures2. We have tested
these predictions empirically using a model community of
bacteria and bacteriophage (viral parasitoids of bacteria). We
show that gene flow across a spatially structured landscape alters
coevolution of parasitoids and their hosts and that the resulting
patterns of adaptation can fluctuate in both space and time.
Bacteria and bacteriophage have been used as model organisms

for ecological and evolutionary studies since at least the 1960s and
have proven particularly useful for studies of antagonistic coevolu-
tion9–13. The coevolutionary dynamics of the bacterium Escherichia
coli and the bacteriophage T7 are well studied, and can be divided
into a series of phenotypic classes based on patterns of resistance
and counter-resistance9. Ancestral, T7-sensitive bacteria (B0) evolve
resistance to ancestral bacteriophage (T70), after which they are
referred to as first order resistant bacteria (B1). This change most
often occurs through mutations that change or eliminate the cell
surface receptor molecule. T7 can then evolve to attack the first
order resistant bacteria and are referred to as host-range mutants
(T71). Most often this occurs through mutations that change the T7
tail fibres, resulting in an expanded host range (that is, T71 are able
to attack both B0 and B1). Second order resistant bacteria (B2) that
are resistant to T70 and T71 can also arise and eventually invade the
community. T7 have not yet been observed to evolve the ability to
infect B2 (ref. 9). Because T7 directly kills the bacteria that it infects
and also the generation time of T7 is shorter than that of its host, T7
can be thought of as a parasitoid rather than a parasite or predator.
We evaluated how dispersal across a spatially structured land-

scape shapes the coevolutionary dynamics of E. coli and T7 by
establishing a stepping-stone, source–sink experimental landscape
of microbial communities. We directly manipulated dispersal of T7
and E. coli along a resource (productivity) gradient in two land-
scapes (Fig. 1). In one landscape, continuous culture devices
(chemostats) containing T7 and E. coli were linked by dispersal in
a stepping-stone fashion. Every two days, we dispersed 10% of the
community from the highly productive source community to a
community with an intermediate level of resources, and then 10%
of that community to a low productivity (sink) community. In the
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second landscape, chemostats also varied in resource availability
(high, intermediate and low productivity) but were not linked by
dispersal. Each landscape was replicated two to three times.
We predicted that local adaptation (measured as the infectivity of

bacteriophage on sympatric versus allopatric hosts) would differ
across the experimental landscape as a result of a geographic
selection mosaic driven by resource variability. Selection mosaics
occur when natural selection on interactions varies among com-
munities owing to differences in the biotic or abiotic environ-
ment1,14. On the basis of past research in similar systems, we
predicted that experimentally-imposed differences in resource
availability should drive variation in the abundance of B1 across
the landscapes, which should then influence the evolution of
the bacteriophage populations15. The evolution and invasion of
resistant bacteria is often faster in highly productive communities15,
therefore the abundance of B1 should be greater in the high
productivity communities than in the low productivity commu-
nities. In addition, T71 should dominate the high productivity
communities earlier than the low productivity communities. These
differences in the abundance of B1 and the timing of invasion of T71,
driven by differences in productivity, provide evidence for a geo-
graphic selection mosaic.
Twenty-four hours after the experiment was initiated, the abun-

dance of B1 (which evolved de novo in each community) was
approximately five times greater in the highly productive source
communities than in each of the other two communities, and was
slightly greater in the intermediate productivity community than in
the low productivity community (analysis of variance among
groups (ANOVA): F 2,10 ¼ 21.09, P , 0.001). In addition, T71
appeared in the highly productive source communities first (on
day 5). T71 invaded the intermediate productivity communities
approximately two days later and did not appear in the low
productivity communities until approximately day 11. Thus, a
selection mosaic was present across our experimental landscape
(Fig. 1).

We next asked how gene flow influenced patterns of local
adaptation through space and time. Under relatively high levels of
gene flow, local adaptation may not be evident because gene flow
can act as a homogenizing force, preventing independent evolution
in local populations. In contrast, at lower levels, gene flowmay act as
a source of beneficial mutations to local populations and therefore
increase levels of local adaptation16–19. Dispersal (gene flow)
occurred at a low rate in our experiment. For the bacteriophage
populations, the average fraction of immigrants (m)20 was 0.002 per
generation into the intermediate productivity community and
0.005 per generation into the low productivity community (values
were lower for the bacterial populations). Thus, we predicted that
dispersal from higher productivity to lower productivity commu-
nities would increase levels of local adaptation in the lower pro-
ductivity communities, relative to the communities that were closed
to dispersal, owing to the influx of genetic variation.

We also predicted that, although dispersal would lead to
increased levels of local adaptation, it would also result in increased
variation in adaptation through time16,17,21. This is predicted to
occur because at a given point in time, gene flow can enhance
(through increased genetic variation) or reduce (through dilution
of beneficial alleles) local adaptation, although at relatively low
levels it is predicted to have an overall positive effect when averaged
over space and time. Whether gene flow has a net positive or
negative effect at a given point in time and space is random; thus
variation in local adaptation should be greater than in the closed
communities.

We used local adaptation in the bacteriophage as an indicator of
ongoing coevolution in the bacteria and bacteriophage populations
through time. Local adaptation in the bacteriophage reflected
combined changes in the host and parasitoid as they coevolved
through time. In other words, local adaptation in the bacteriophage
population at one time point should result from changes in the
bacteriophage that enhance its ability to attack the bacteria, whereas
local maladaptation in the bacteriophage at a subsequent point in
time should reflect the evolution of resistance in the bacteria. This
cycle should continue through time, resulting in variation in levels
of adaptation owing to the coevolutionary arms race between the
bacteriophage and bacteria (although under some circumstances it
is possible for local adaptation to consistently improve with time22).

We measured local adaptation of the bacteriophage through time
to contemporary B1 (that is, isolated from the same time point as
the bacteriophage). This allowed us to assess co-adaptation of the
bacteriophage and bacteria as both evolved through time. We
considered the bacteriophage to be locally adapted if their infectiv-
ity was greater when tested on the numerically dominant sympatric
host (from the same community) than on the dominant allopatric
host (from a different community, but at the same productivity
level; see Methods).

We first analysed patterns of local adaptation in the bacterio-
phage populations from the source (high productivity) commu-
nities. This provided us with a baseline understanding of the
dynamics of adaptation, as well as information on the potential
causes of coevolutionary dynamics in the intermediate and low
productivity regions that were linked to the source community.
Patterns of local adaptation through time were not significantly
different in the open source communities compared to the closed
communities (ANOVA, time £ dispersal: F1,4 ¼ 6.747, P ¼ 0.06).

Figure 1 The experimental landscapes. Circles represent communities with different

levels of productivity that are either open (indicated by arrows) or closed to dispersal.

Greyscale represents the intensity of selection (dark ¼ most intense, light ¼ least

intense) as indicated by the abundance of B1 on day 1 and the first date of invasion of T71.

The abundance of B1 was greatest in the high productivity communities and T71 invaded

these communities earliest. (Post hoc planned comparisons of B1 abundance among

communities. Significant differences indicated by A and B; A: F 1,10 ¼ 27.32,

P , 0.001; B: F 1,10 ¼ 33.35, P , 0.001).

Table 1 Results from the repeated measures ANOVA (Pillai Trace test statistic)

Hypothesis d.f. Error d.f. F P
.............................................................................................................................................................................

Time 2 3 8.387 0.06
Time £ productivity 4 8 5.408 0.021
Time £ dispersal 2 3 24.187 0.014
Time £ dispersal £ productivity 4 8 5.082 0.025
.............................................................................................................................................................................
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This was as we expected—the only difference between the open and
closed source communities was emigration every two days out of
the open communities. This rate of emigration increased the rate of
loss (and thus growth rate) of the bacteriophage population in the
source communities by only 1%, not enough to significantly alter
the rate of evolution during the course of this experiment.

When local adaptationwas analysed for all communities for three
time points during the experiment, we found that dispersal across
the selectionmosaic strongly influenced patterns of adaptation, and
that these patterns changed through time and with differences in
productivity (Table 1; Fig. 2). Measures of adaptation were greatest
in the open/high productivity communities on day 9 and appeared
lagged in time in the open/intermediate and open/low productivity
communities. Local adaptation was lower in the closed commu-
nities than in the open communities. In addition, there was more
evidence for maladaptation in the closed communities compared to
the open communities. Overall, these results suggest that gene flow
was acting as a source of beneficial mutations in the open commu-
nities, which drove the dynamics of adaptation. Similar results have
been found in other studies of bacteriophage–bacteria coevolution
on much smaller spatio–temporal scales23. In our experiment,
dispersal from the highly productive source community was seeding
the intermediate and low productivity communities with genetic
variation, resulting in time-lagged patterns of adaptation in these
communities.

In addition to evaluating mean values of adaptation at a series of
time points during the experiment, we also assessed how dispersal
across a heterogeneous landscape influenced variation in adaptation
of bacteriophage through time. Variation in adaptation was

approximately 50% greater in bacteriophage from the open/high
and open/low productivity communities than in the closed commu-
nities (Fig. 3), as predicted. We observed the opposite pattern in the
intermediate productivity communities: variation in adaptation was
greater on average in the closed than in the open communities.
However, this pattern was driven solely by one of the two replicate
runs of the experiment; the other run was consistent with the pattern
observed for the other productivity levels. In general, our results
suggest that although dispersal led to local adaptation in the
bacteriophage, it also increased variation in adaptation through time.
Based on our results, it seems likely that the equivocal results of

past work on the role of spatial heterogeneity in patterns of
adaptation are due to the limited snapshot in time in which these
measures were taken. Our results show that patterns of adaptation
shaped by coevolution can be highly dynamic through space and
time. Overall, our results provide the first direct empirical evidence
that gene flow across a spatially structured landscape can alter the
dynamics of coevolution. Our experimental design allowed us to
evaluate both the separate and combined influences of time and
gene flow across a heterogeneous landscape on coevolution. The
results demonstrate that even in a relatively simple, controlled
experimental setting, coevolutionary interactions are highly
dynamic when embedded within a geographic mosaic. A

Methods
Experimental design
The experiment was conducted in continuous culture devices known as chemostats15,24.
The experiment ran for approximately 19 days (approximately 200 bacterial generations
and 1,000 generations of bacteriophage), and, unless otherwise noted, under previously
described conditions15. Nutrients entered the chemostats at a predetermined rate, which
was equal to the rate at which unutilized resources, waste and organisms were removed.

Each chemostat represented a community with a specific level of productivity,
determined by the input concentration of glucose, the growth limiting resource for
bacteria. Three levels of productivity were used (high ¼ 1mgml21,
intermediate ¼ 100mgml21 or low ¼ 10 mgml21 glucose input). The communities were
either connected by dispersal in a stepping-stone design, which occurred from high to
intermediate to low productivity, or closed to dispersal. Dispersal occurred through the
manual removal of 10% of the community (bacteriophage and bacteria combined) every
48 h. Each landscape of six chemostats was replicated two to three times.

At the start of each run of the experiment, all chemostats were inoculated with the same
ancestral strains of T7 bacteriophage (obtained from the American Type Culture
Collection) and of E. coli B (strain REL 607; ref. 24). Chemostats were sampled one day
after inoculation to verify that populations of bacteriophage and bacteria were present in
all chemostats and then every 48 h (immediately before dispersal) throughout the
duration of the experiment. The same volume of the community (approximately 5ml) was
removed from each chemostat for sampling. A portion of the 5ml was used for dispersal in
the open communities (3ml). Another portion of the sample was used to determine
population sizes of the bacteriophage and bacteria. The remainder of the sample was
stored at 280 8C, for further detailed post hoc evaluation of patterns of adaptation.

Figure 2 Adaptation in the bacteriophage populations from each productivity level.

Bacteriophage populations measured with (open) and without (closed) dispersal on days

9, 13 and 19 of the experiment (^standard error). Values above one indicate local

adaptation. Values below one indicate maladaptation. Values equal to one indicate no

evidence of adaptation or maladaptation. ND ¼ no data for the high productivity

community on day 19, where samples were lost due to contamination. Where values are

small they are written below the columns.

Figure 3 Variation of the adaptation ratio. The coefficient of variation of the adaptation

ratio calculated from day 9, 13 and 19 for each of the open (filled bars) and closed (open

bars) communities. Letters indicate significant differences (the same letter above a bar

indicates that the values depicted by the bars are significantly different).

letters to nature

NATURE |VOL 431 | 14 OCTOBER 2004 | www.nature.com/nature 843©  2004 Nature  Publishing Group



Analyses
Wedetermined the population size of the bacteriophage by adding 30 ml of chloroform to a
1ml subsample of each chemostat (to remove bacteria) and plating 100 ml of the purified
subsample of bacteriophage with 300 ml of an overnight culture of bacteria in 3ml of soft
agar. We counted the number of plaques (spots cleared of bacteria by the bacteriophage)
after 24 h. Because the bacteriophage were well mixed before plating, each plaque was
presumed to result from a single viral particle. A lawn of ancestral bacteria (B0) was used to
determine the total size of the bacteriophage population and a lawn of resistant bacteria
(B1) was used to calculate the number of host-range mutants (T71) in the bacteriophage
population.

We determined the population size of the bacteria by plating 100ml of a subsample
(without chloroform treatment) and counting the number of bacterial colonies present
after 24 h of incubation. To determine the size of the B1 population, we plated the bacteria
with an equal volume of ancestral bacteriophage.

To investigate local adaptation in the bacteriophage through time, we isolated two to
three colonies of B1 from the same day (day 9, 13 and 19) from each treatment during each
run of the experiment. For each adaptation assay, overnight cultures of the colonies were
grown up in 1mgml21 glucose media. We plated replicate samples of T71 from each time
point on a lawn of sympatric (from the same chemostat) and allopatric (from a different
chemostat, but at the same productivity level) B1 from the overnight culture. We used the
‘efficiency of plating’ (the number of plaques on each host) as a measure of bacteriophage
infectivity.

We calculated adaptation as the ratio of the number of plaques formed by the
numerically dominant bacteriophage on the dominant sympatric host to the number of
plaques formed on the allopatric host. Ratios of the number of plaques formed on the
bacterial isolates from each replicate run of the experiment were averaged to give a mean
ratio for each run. Only one replicate run of the experiment was used in assays of the
closed/high productivity community due to contamination. There were often no plaques
on allopatric hosts, therefore we coded the data by adding one to both the numerator and
the denominator to allow calculation of a ratio. A value above one indicates local
adaptation and a number below one indicates local maladaptation (that is, the number of
plaques was higher on the allopatric host than on the sympatric host). All ratios were log-
transformed before analysis.

Variation in adaptation was assessed by calculating the coefficient of variation of the
adaptation ratios. Significance was tested using an F-test, with a sequential Bonferroni
correction for five pairwise comparisons25. Inspecting the data in detail showed that the
reversed pattern for the open and closed intermediate productivity communities was
driven by one of the two replicate runs of the experiment. Thus, we did not include data
from the intermediate productivity communities in the analyses.
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Hedgehog (Hh) proteins are responsible for critical signalling
events during development1 but their evolutionary roles remain
to be determined. Here we show that hh gene expression at the
embryonic midline controls eye degeneration in blind cavefish.
We use the teleost Astyanax mexicanus, a single species with an
eyed surface-dwelling form (surface fish) and many blind cave
forms (cavefish)2, to study the evolution of eye degeneration.
Small eye primordia are formed during cavefish embryogenesis,
which later arrest in development, degenerate and sink into the
orbits. Eye degeneration is caused by apoptosis of the embryonic
lens, and transplanting a surface fish embryonic lens into a
cavefish optic cup can restore a complete eye3–5. Here we show
that sonic hedgehog (shh) and tiggy-winkle hedgehog (twhh) gene
expression is expanded along the anterior embryonic midline in
several different cavefish populations. The expansion of hh
signalling results in hyperactivation of downstream genes, lens
apoptosis and arrested eye growth and development. These
features can be mimicked in surface fish by twhh and/or shh
overexpression, supporting the role of hh signalling in the
evolution of cavefish eye regression.

Cave animals often lose their eyesight during evolution in
perpetual darkness (Fig. 1a, b), but the evolutionary and develop-
mental mechanisms underlying these dramatic phenotypes are
unknown6. Over the last 10,000 yr, at least four different Astyanax
cavefish populations may have evolved various degrees of eye
degeneration independently7–10. In addition to blindness, cavefish
show other regressive and constructive morphological features,
including loss of melanin pigment, modifications in the orbital
skeleton and increases in jaw size, maxillary teeth and taste buds2,10.
We previously reported that pax6 expression is downregulated in
the presumptive optic fields in several cavefish populations,
suggesting that upstream regulators of pax6 may control eye
degeneration11.

To detect early changes in eye development, optic morphogenesis
and gene expression patterns were compared in cavefish and surface
fish embryos. The results showed that the optic vesicle is reduced in
size (Fig. 1c, d) and the ventral sector of the optic cup is lost (Fig. 1e, f)
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