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High dispersal rates between patches in spatially
structured populations can impede diversification
and homogenize diversity. These homogenizing
effects of dispersal are likely to be enhanced by
coevolving parasites that impose strong selection
on hosts for resistance. However, the interactive
effects of dispersal and parasites on host diversifi-
cation have never been tested. We used spatially
structured, experimental populations of the bac-
terium Pseudomonas fluorescens, cultured with
or without the phage SBW25V2 under three
levels of dispersal (none, localized or global), and
quantified diversity in terms of evolved bacterial
colony morphologies after approximately 100 bac-
terial generations. We demonstrate that higher
levels of colony morphology richness evolved in
the presence of phage, and that dispersal reduced
diversity most strongly in the presence of phage.
Thus, our results suggest that, while parasites
can drive host diversification, host populations
coevolving with parasites are more prone to
homogenization through dispersal.
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1. INTRODUCTION
Spatial population structure can contribute to genetic
diversification by allowing divergent evolutionary trajec-
tories to be followed in different patches. This may
arise by chance through the stochastic nature of allele fre-
quency fluctuations in small population patches [1–3],
or through the localizing of ecological interactions
favouring local adaptation [4,5]. High dispersal rates
can cause migration load through genetic swamping
(the replacement of locally selected alleles with alleles
common in the rest of the metapopulation [6]) and
further impede local adaptation in spatially structured
populations by homogenizing genetic variation [7] or
selective trajectories between patches [8,9]. Such pat-
terns are commonly inferred from negative correlations
between measures of adaptive divergence and gene flow
[9]. To our knowledge, the only direct empirical test
has used spatially structured populations of the bacter-
ium Escherichia coli cultured with and without
population mixing, where as expected, diversity only
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evolved in the absence of population mixing [4]
(although the effect of spatial structure on diversity
may be somewhat dependent upon the mechanism
maintaining diversity, cf. [10]). While parasites can
directly drive divergence in hosts if, for example, multiple
resistance mechanisms are available [11–13], coevolving
host populations could be more prone to the homogeniz-
ing of selection by dispersal because parasites often
impose strong selection on hosts for resistance. However,
the interactive effects of parasites and dispersal on the
diversification of hosts have not been studied.

We used an experimental evolution approach to test
the effects of dispersal on host diversification in
spatially structured laboratory populations of the bac-
terium Pseudomonas fluorescens and its naturally
associated phage SBW25V2 [14]. In the absence of
phage, P. fluorescens readily diversifies in laboratory
microcosms, forming three ecologically distinct classes
distinguishable by their niche preference and colony
morphology: smooth (SM) inhabits the liquid broth
and has a smooth-colony morphology, wrinkly sprea-
der (WS) inhabits the air–broth interface and has a
wrinkled-colony morphology, and fuzzy spreader
(FS) inhabits the bottom of the microcosm and has a
fuzzy-colony morphology [15]. These phenotypes are
heritable, and diversity is stably maintained by negative
frequency-dependent selection. Hence, to a large
extent, such diversification is deterministic, with simi-
lar morphotypes occurring in all replicate populations.
However, introduction of phage SBW25V2 into popu-
lations of P. fluorescens inhibits adaptive radiation
within populations by reducing density, thus weakening
diversifying selection mediated by resource competition
[16,17]. However, between populations, coevolution-
ary trajectories are divergent and distinct morphotypes
tend to dominate in different replicate populations,
depending on which genetic background is the first to
obtain a resistance mutation. In addition, phage select
for novel colony morphologies not seen in the absence
of phage, notably mucoids [16,17].
2. MATERIAL AND METHODS
Each population was propagated in 64 wells on a 96-well microtitre
plate (i.e. an eight-well by eight-well grid), each well containing
100 ml of King’s B (KB) liquid media. Eighteen replicate phage-free
spatially structured populations were initiated with approximately
1.7� 106 bacterial cells per well and 18 replicate phage-containing
populations were initiated with approximately 1.7� 106 bacterial cells
and 170 viral particles per well using a 96-pin replicator. These den-
sities were chosen to be equivalent to the starting population densities
previously used in experiments with this system [14]. Populations
were propagated by serial transfer for 12 transfers (every 2 days, 1 ml
of each well was used to inoculate a fresh well using a 96-pin replicator)
under one of the following dispersal regimes: global—all patches were
pooled and homogenized prior to transfer; localized—the contents of
all eight wells in each row were pooled and homogenized prior to
even-numbered transfers, the contents of all eight wells in each
column were pooled and homogenized prior to odd-numbered trans-
fers; and none—no between well mixing occurred prior to transfer.
Diversity was measured by determining the morphologies of 100
random colonies on KB agar plates [15,18,19]. Population diversity
was calculated as the complement of the Simpson index [20]:

1� l ¼ 1�
X

i

p2
i

 !
N

N � 1

� �
;

where pi is the proportion of the ith morph and N is the total number of
colonies sampled. This measure is the probability that two randomly
selected colonies are morphologically different. Six colony morphology
variants were observed: SM, two distinct WSs (WS1 and WS2), FS,
mucoids (MUs), opaques (OPs) and swarming spreaders (SSs).
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Figure 1. Colony morphology richness. Bars represent mean
proportion of colony morphology variant (+s.e.m.) within

populations under each treatment after 12 transfers (n ¼ 6).
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3. RESULTS
Highest bacterial colony morphology richness was
observed in the presence of phage under no dispersal
(figure 1, dispersal � phage interaction, F2,30¼ 9.23,
p , 0.001; simple effect of phage: no dispersal, F1,30¼

29.99, p , 0.001; localized dispersal, F1,30¼ 1.38, p .

0.05; global dispersal, F1,30¼ 0.15, p . 0.05). Up to
seven distinct colony morphologies were observed to
coexist within these spatially structured populations,
including several that were never observed in the absence
of phage (figure 1; e.g. MUs, OPs and SSs). In the pres-
ence of phage, increasing dispersal led to the domination
of populations by MUs (figure 1; simple effect of
dispersal with phage: F2,30¼ 20.34, p , 0.001).
However, no such decline in colony morphology richness
with increasing dispersal was observed in the absence of
phage; in all cases, the same four colony morphotypes
were always observed, regardless of dispersal regime
(figure 1; simple effect of dispersal without phage:
F2,30¼ 0.41, p . 0.05). Dispersal and phage, therefore,
had interactive effects on Simpson index diversity
(figure 2, dispersal � phage interaction, F2,30¼ 5.91,
p , 0.01), such that dispersal decreased diversity in the
presence of phage, but had no effect on diversity in the
absence of phage (simple effect of dispersal: with phage,
F2,30¼ 21.45, p , 0.001; without phage, F2,30¼ 1.47,
p . 0.05).
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Figure 2. Colony morphology diversity. Bars represent mean
diversity measured as the complement of the Simpson index
(+s.e.m.) in the absence (grey) and presence (white) of
phage after 12 transfers (n ¼ 6).
4. DISCUSSION
Our results suggest that dispersal decreases diversity
much more strongly in the presence of coevolving
parasites, and furthermore, that parasites can both
promote and impede host divergence in spatially
structured populations depending upon the scale of
dispersal. Without dispersal, phage imposed selection
for the evolution of novel colony morphologies that
were never observed in the absence of phage. Taken
together with previous experiments on this system
[16,17], it is likely that different morphologies evolved
in different patches owing to chance variation in resist-
ance mutations (and linked genetic variation) between
patches. These diverse colony morphologies were able
to coexist at a ‘regional’ population level owing to
spatial structure. Increasing dispersal reduced diversity
in the presence of phage owing to the domination of
populations by MU colony morphology variants.
This presumably occurred as a result of the homogen-
ization of coevolutionary trajectories between patches.
No such decline in diversity with increasing dispersal
was observed in the absence of phage. Ecological
metacommunity models and experiments emphasize
that high rates of dispersal can homogenize diversity
through enhancing regional competitive exclusion
[21–23]. Our experiments suggest that the homogen-
izing effect of dispersal is likely to be even stronger
when combined with a source of strong selection,
such as that imposed by shared parasites (and other
natural enemies) on hosts.

Phages are thought to impose pervasive and intense
selection in almost all bacterial communities [24].
Recent work demonstrates that soil phage populations
are locally adapted to their bacterial hosts on spatial
scales similar to those employed in our experiments
Biol. Lett. (2011)
(i.e. centimetre scales) [25]. This highlights that
bacteria-phage coevolution plays an important diversi-
fying role in nature; our findings suggest that such
populations may be particularly prone to homogeniz-
ation through dispersal. However, extrapolation from
simple laboratory models to natural systems should
be made with great caution. We therefore highlight
two important caveats. First, the rates of dispersal
used in these experiments were relatively high
compared with those observed in some natural systems
[26]. Our dispersal regimes consisted of mass
migration events at each transfer, with each growth
period between transfers allowing approximately
10 bacterial generations. This equated to m (i.e. pro-
portion of immigrants per patch per generation
[26,27]) values of approximately 0.10 for global dis-
persal and approximately 0.09 for localized dispersal.
Second, bacteria and phage were dispersed at equal
rates in our experiments. In some host–parasite associ-
ations such congruent patterns of host and parasite
gene flow are observed [28], while in others either
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the host [29] or the parasite [30,31] have relatively
greater levels of gene flow. Our findings may, therefore,
be limited to systems where dispersal rates are rela-
tively high and the parasite relies upon the host for
its dispersal, as is the case for contact-transmitted
parasites, or where co-dispersal of host and parasite
is driven by an external factor such as a prevailing
wind or aquatic current.

In summary, we demonstrate that parasites and dis-
persal have interactive effects on the evolution and
maintenance of host diversity in spatially structured
host populations. We provide empirical evidence that
parasites can drive host divergence, by selecting for
novel resistance phenotypes, and that these may coex-
ist through spatial population structuring. However,
we also show that selection imposed by coevolving
parasites can enhance the diversity-homogenizing
effects of dispersal, by selecting for highly resistant
phenotypes across all patches.

This work was funded by a NERC studentship to T.V. and a
Royal Society project grant to A.F. We are grateful to the
anonymous reviewers for valuable comments on previous
versions of the article.
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