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Adaptation to local environmental condi-
tions is crucial to the evolution and distri-
bution of biodiversity. Parasites are thought

to be responsible for intense and spatially varying
selection pressures on their hosts and vice versa.
Despite evidence for host and parasite local adap-
tation in a range of taxa (1), very little is known
about this process in natural communities of some
of the most abundant organisms on the planet:
bacteria and their parasitic viruses (bacteriophages,
phages). Lytic phages bind to the bacterial cell
surface, inject their genetic material, and use the
host cellular machinery to replicate. Understanding
bacteria and bacteriophage population structure is
of particular importance because microbial diver-
sity ultimately determines how ecosystems func-
tion and respond to environmental change (2).
Consequently there has beenmuch recent interest
in determining the relative importance of biotic
and abiotic factors in driving microbial diversity
in natural ecosystems (3).

We measured local adaptation of one focal
group of bacteria and their associated phages in
soil by collecting soil samples from two 25-cm-
by-25-cm grids on a grazed flood plain (Port
Meadow, Oxford, UK), taking five-by-five evenly
spaced soil cores (1-cm diameter) from each grid.
We isolated 24 isomorphic bacterial colonies as
well as a suspension of the total bacteriophage
population from every sample (4). Sequencing of
16S ribosomal RNA in randomly chosen clones

demonstrated that the majority of isolates (75%)
were Stenotrophomonas.

To first determine the proportion of bacterial
clones that were susceptible to phage from the
same 25-cm-by-25-cm population, we plated out
each of the 600 bacterial clones from a sampling
grid with amixture of all 25 phage suspensions to
score phage plaques after overnight incubation
(plaques indicate that bacteria have been success-
fully infected and lysed). A total of 199 and 241
clones displayed plaques for the respective grids.
A large proportion of bacteria (33 and 40%) thus
could be lysed by phage originating from the
same 625-cm2 area.

We next paired all sensitive clones to all 25
individual bacteriophage suspensions in each grid
to test whether local phages (from the same sam-
ple) were more or less infective than foreign phages
(from other samples) (Fig. 1A). Phages were on
average 9% more infective to local than to foreign
bacteria (Fig. 1B). No correlation existed between
the degree of local adaptation and distance between
samples (5 to 28 cm;R2<0.01,P> 0.4), indicating
that local adaptation occurs at a scale of centimeters
or less. This finding is particularly striking because
the site is grazed and regularly flooded, which pre-
sumably would increase soil homogenization over
such small spatial scales.

In the absence of selection, local adaptation
could only result by chance (5), which we have
statistically ruled out. Phage local adaptation must

therefore result from divergent selection imposed
by bacteria, because this is the phage’s one essen-
tial resource. We are unable to unequivocally estab-
lish whether phage-imposed selection is similarly
responsible for variation in phage resistance be-
tween samples of bacteria because bacteria are
likely to experience additional selection pressures
from both the abiotic and other aspects of the biotic
environment. However, the relatively high degree
of lysis by phages suggests that they may impose
very strong selection. Moreover, reciprocal selec-
tion of bacterial resistance and phage infectivity
(antagonistic coevolution) has been inferred from
sequence data (6, 7) and has been shown to drive
rapid between-population divergence of both bacte-
ria and phage in laboratory studies [e.g., (8)].

Phage local adaptation suggests that phages are
ahead of the bacteria in the coevolutionary arms
race. We propose two non–mutually exclusive rea-
sons (8). First, selection acting on phages to over-
come bacterial resistance is likely to be stronger
than phage-imposed selection for bacterial resist-
ance, simply because phages have to infect bacte-
ria to replicate. Second, the genetic diversity, and
hence evolutionary potential, of the sampled phages
(the whole community) is likely to be greater than
that of the bacteria, which largely belong to a sin-
gle taxonomic group.

Our study emphasizes the importance of bi-
otic interactions, in addition to variation in the
physical environment, in shaping natural micro-
bial communities. More generally, selection, and
not just migration, clearly plays a crucial role in
the small-scale spatial structuring of microbial
genetic diversity in soil.
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Fig. 1. (A) An example of how local adaptation was measured for every pair of soil samples (here termed X
and Y) in each grid. We scored the number of clones in sample X that were infected by phages from samples X
and Y and vice versa. Local adaptation was calculated for each sample pair as the mean difference in the
proportion of local and foreign bacterial clones infected by the two phage populations. When phages on
average infect local and foreign bacteria equally well, this measure is zero; when bacteria are locally adapted,
this measure is negative; and when phages are locally adapted, this measure is positive. (B) Phages are
significantly locally adapted, on average infecting 0.92 and 0.43 more clones (out of 24) in sympatric (S)
populations than in allopatric (A) populations (one-sample t test P< 0.0001, n = 300; bars display one SEM).
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