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Local migration promotes competitive restraint in a
host-pathogen ‘tragedy of the commons'

Benjamin Kerr', Claudia Neuhauser?, Brendan J. M. Bohannan® & Antony M. Dean?

Fragmented populations possess an intriguing duplicity: even if
subpopulations are reliably extinction-prone, asynchrony in
local extinctions and recolonizations makes global persistence
possible'®. Migration is a double-edged sword in such cases: too
little migration prevents recolonization of extinct patches,
whereas too much synchronizes subpopulations, raising the like-
lihood of global extinction. Both edges of this proverbial sword
have been explored by manipulating the rate of migration within
experimental populations* %, However, few experiments have
examined how the evolutionary ecology of fragmented popu-
lations depends on the pattern of migration®. Here, we show
that the migration pattern affects both coexistence and evolution
within a community of bacterial hosts (Escherichia coli) and viral
pathogens (T4 coliphage) distributed across a large network of
subpopulations. In particular, different patterns of migration
select for distinct pathogen strategies, which we term ‘rapacious’
and ‘prudent’. These strategies define a ‘tragedy of the commons™:
rapacious phage displace prudent variants for shared host
resources, but prudent phage are more productive when alone.
We find that prudent phage dominate when migration is spatially
restricted, while rapacious phage evolve under unrestricted
migration. Thus, migration pattern alone can determine whether
ade novo tragedy of the commons is resolved in favour of restraint.

Biological communities are often fragmented into subpopulations
that are loosely linked through migration'®. The dynamics of such
‘metapopulations’ have been investigated using theoretical models,
statistical tools, field studies and laboratory experiments'*">. While
extremely valuable, experiments with multi-species metapopulations
have focused on ecological dynamics (for example, abundance data) in
relatively small networks. The experimental evolution of interacting
species in large metapopulations remains comparatively unexplored.

Using a model host—pathogen system'*""”, we investigated how the
pattern of migration within large metapopulations affects eco-evol-
utionary dynamics. The bacterial host (E. coli) and its viral pathogen
(T4) were embedded in 96-well microtitre plates, which imposed a
metapopulation structure: each media-filled well was a subpopulation
nested within the larger collection. The entire metapopulation was
perpetuated through serial transfer, with each well culture diluted into
a well with fresh medium every 12h. At each transfer, migrations
between wells were executed by a high-throughput liquid-handling
robot according to a pre-specified migration scheme.

Our system illustrates the duplicitous nature of metapopulations.
Empirically we find that bacteria and phage cannot coexist within a
single well. However, our empirically calibrated simulations predict
that coexistence in the metapopulation is feasible (see Box 1 and
Fig. 1a, b). Wells come in three varieties (bacteria-filled, phage-filled
and empty/media-filled) and exhibit a kind of ‘rock—paper—scissors’
dynamic: Migrating phage ‘beat’ bacteria (through infection and deci-
mation), migrating bacteria ‘beat’ empty wells (through colonization),

and empty wells ‘overtake’ phage (without host, phage are diluted to
extinction). Spatially restricted migration leads to clumping of well
types (Fig. 1c), which indicates spatial synchrony at small scales. The
spatial asynchrony at large scales, which leads to the dampening of
inherent oscillatory dynamics (compare Fig. 1a and Fig. 1b), is due to
the decay of autocorrelations over space inherent to restricted

Box 1| Empirically calibrated stochastic cellular automata

Each well in the metapopulation can be characterized as being in
one of five discrete states: (1) filled with bacteria (state B), (2)-(4)
filled with phage at one of three titres (decreasing from states P1 to
P2 to P3) and no bacteria or (5) empty (state E). Even with
abundant host, phage below the P3 titre have insufficient
reproduction to compensate for dilution, and are thus effectively
extinct. We empirically determine how each of these well states is
transformed under dilution and migration events (see Methods).
Collecting this information on single well transformations into a
transition matrix (see Box 1 Table 1), we can explore the dynamics
of a large collection of wells using stochastic cellular automata.

In this simulation technique, each point in a lattice represents a
single well in one of the five possible states. The states of all points
at time t are represented by S;. Randomly assigning one of the
states B, P1 or E to each point produces So. For each time step, every
point in S; is updated synchronously according to the rules in Table 1
to produce S; ;. Migration into any focal point occurs with
probability m from a randomly chosen point in its ‘neighbourhood'.
The 'Restricted neighbourhood' is the set of points directly north,
south, east and west of the focal point (we employ wrap-around
boundaries to avoid edge effects). The ‘Unrestricted neighbourhood’
is the set of all points in the lattice, minus the focal point. In
Supplementary Information Il we relate our stochastic cellular
automata to another approach, the configuration field
approximation.

Box 1 Table 1 | The transition matrix for states of wells

Current state Future state
Bacteria Phage 1 Phage 2 Phage 3 Empty

() (P1) (P2) (P3) (3]
Bacteria (B) B, E, & P1,P2 P3 NA NA NA
Phage 1 (P1) NA B P1, P2, P3,E T NA NA
Phage 2 (P2) NA B P1 P2, P3,E, J NA
Phage 3 (P3) NA B P1 P2 P3,E I
Empty (E) B NA P1 P2 P3,E I

All entries in this table give the identity of the state of the source well of migration that
allows a focal well to transition from the relevant row state to the relevant column state.
A well in state B has approximately 3.0 X 107 bacterial cells mI~", a well in state P1 has
more than 3.0 x 107 phage ml™", a well in state P2 has between 3.0 X 10° and 3.0 x 10’
phage ml™", a well in state P3 has between 3.0 x 10° and 3.0 X 10° phage mI~", and state
E corresponds to a well with no bacteria and fewer than 3.0 x 10° phage mI~". The
symbol & refers to transitions in which there is no migration event (just a straight
dilution of a focal well followed by incubation). NA, transitions that cannot occur.
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migration. With spatially restricted migration, only phage at the
boundaries between phage clumps and bacterial clumps can access
fresh host. Relative to unrestricted migration, this limitation on host
access is predicted to reduce the average phage density and increase
the average bacterial density (compare Fig. 1a and Fig. 1b).

We tested these theoretical predictions using experimental meta-
populations of 192 subpopulations (two 96-well plates) propagated
by serial transfer on a 12-h cycle. Immediately after transfer, each
metapopulation was exposed to one of three migration treatments. In
the ‘Restricted’ treatment, migration into a focal well occurred from
one of the north, south, east or west neighbours with probability
m = 0.45 (we used ‘wrap-around’ boundaries so that every well had
four neighbours). In the ‘Unrestricted’ treatment, migration into a
focal well occurred from one of any other well in the metapopulation
with the same probability, m = 0.45 (see Supplementary Infor-
mation IV for the rationale behind this choice of migration prob-
ability, as well as more specific theoretical predictions). Although
they varied with regard to the pattern of migration, both Restricted
and Unrestricted treatments imposed some degree of population
structure. In the ‘Well-Mixed’ treatment, all population structure was
destroyed every 12-h cycle by thoroughly mixing the entire meta-
population in a large reservoir and then redistributing the mixture
into a fresh set of wells. Each treatment was run for 20 cycles and
replicated four times.

Consistent with theoretical predictions, we observed that popu-
lation structure is critical to coexistence. The Well-Mixed treatment
lost both bacteria and phage, whereas both types persisted in the
other treatments (see Fig. 2a, b). Population instability was gauged by
the coefficient of variation (CV) in phage or bacterial abundance over
all time points. By this measure, bacteria in the Restricted treatment
were more stable than in the Unrestricted treatment, although not
significantly so (CVrestricted = 0.951, CVUnrestricted = 1.276, P = 0.2).
Phage in the Restricted treatment were significantly more stable than
in the Unrestricted treatment (CV pestricted = 0.572, CV Unrestricted =
0.884, P = 0.02857). Thus, restricted migration tends to stabilize
community dynamics, as predicted by our simulations. In contrast
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Figure 1| Stochastic cellular automata predictions. The global densities of
bacteria and phage on a lattice of 100 X 100 wells with an ‘Unrestricted’
migratory neighbourhood (a) and a ‘Restricted’ neighbourhood (only the
north/south/east/west wells around a focal well can serve as sources of
migration) (b). The migration probability is m = 0.45 in both cases.

¢, A snapshot of the Restricted neighbourhood lattice from time step 100,
showing the clumping of bacteria-filled wells (blue), phage-filled wells (red)
and empty wells (white).
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to our predictions, we found no significant differences across
treatments in average bacterial density (Ngegicted = 4.18 X107,
NUnrestricted = 4.03X 107, P = 0.89) or in average phage density
(NRestricted =25X 1087 NUnrestricted =2.76X 108» P= 034) What
might account for this discrepancy?

The early appearance of resistant bacteria in the Unrestricted
treatment might lower phage density below predicted values. How-
ever, appreciable resistance appeared only at the end of the experi-
ment and did not differ in frequency between the treatments. As
further evidence against the role of host evolution, bacterial isolates
from the last transfer of each treatment did not differ in fitness from
their common ancestor (see Supplementary Information I). By
contrast, a stable polymorphism was evident in the phage after
only a few transfers (see Supplementary Information II). Could
evolution in the phage (rather than its bacterial host) lead to a
relatively lower average phage density in the Unrestricted treatment?

To explore this possibility, we sampled four random phage isolates
from the last transfer of each replicate and determined their prod-
uctivities (number of phage produced per parent). Regardless of the
initial multiplicity of infection (MOQI, or ratio of phage to bacteria),
phage from the Unrestricted treatment were significantly less prod-
uctive than phage from the Restricted treatment (Fig. 2c). Hence,
evolution in the phage accounts for the failure of our earlier
ecological prediction.

Why would phage evolve lower productivity? At each MOI, phage
from the Unrestricted treatment were significantly more competitive
than phage from the Restricted treatment (in competition with a
common ‘marked’ phage strain, see Methods and Fig. 2d). Moreover,
a negative correlation between phage productivity and competitive
ability was found at all three MOI levels and was significant in two
cases (Kendall’s test: low MOI 7 = —0.25, P = 0.04545; intermediate
MOI 7= —0.1411, P=0.2655; high MOI 7= —0.4355,
P = 0.00033). This suggests that the evolution of higher competitive
ability led to lower productivity.

These findings are consistent with a ‘tragedy of the commons”, a
scenario that arises when multiple users exploit the same resource. As
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Figure 2 | Ecological and evolutionary results for experimental
metapopulations. a, Average bacterial density and b, average phage density
through time for each of the three treatments. ¢, Productivity and d,
competitive ability of evolved phage at three multiplicities of infection. We
plot mean * s.e.m. and asterisks denote significance at the P = 0.05 level.
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unrestrained users displace restrained competitors, the resource (the
‘commons’) is over-exploited, lowering overall user productivity (the
‘tragedy’). The bacteria in each well are a common resource for resident
phage. Prudent use of this resource leads to higher productivity of the
phage (for example, if phage lengthen the time spent within a host
before lysis, then uninfected hosts may continue to replicate, ensuring
extended resource access). As shown by Abedon et al.', rapacious
phage can out-compete their prudent cousins by limiting future access
to the host through their own rapid host consumption. The ‘tragedy of
the commons’ is that rapacious types lower overall productivity as
they displace more restrained competitors.

Any rapacious phage mutant should displace its ancestor and
lower overall productivity of its well. Given periodic dilution,
however, less-productive phage subpopulations run a higher risk of
extinction. The success of rapacious phage therefore depends on
gaining sufficient access to fresh host to compensate for lower
productivity. Such access is ensured by unlimited migration in the
Unrestricted treatment. By contrast, spatially restricted migration
reduces the probability that phage reach fresh hosts, rendering
rapacious subpopulations more prone to extinction through
dilution. Consequently, the tragedy of the commons is circumvented
at the metapopulation scale in the Restricted treatment.

We claim that phage in our experimental metapopulations fol-
lowed different evolutionary trajectories because of the pattern of
migration. One potential concern is that phage under unrestricted
migration may experience more replication owing to greater host
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Figure 3 | Evolutionary stochastic cellular automata. In mixed
subpopulations, rapacious phage out-compete prudent cohabitants with
probability 3 > 0, but enter sub-critical levels one dilution earlier with
probability (1 — 7) > 0 (7 is a measure of productivity/persistence). Let
B = (1 — )" specify the trade-off between competitive ability and
persistence (y specifies the shape of the trade-off). The fate of rapacious
phage (introduced by mutation into a 100 X 100 lattice with bacteria and
prudent phage with m = 0.45, 7 = 0.87 and v = 0.1) is shown given
unrestricted (a) and restricted (b) migration. ¢, The frequency of phage that
is rapacious after 3,000 cycles is shown on a greyscale for a number of
different parameter combinations (each square is the average rapacious
frequency over five simulation runs). With unrestricted migration,
rapacious phage that are sufficiently persistent (large 7) completely displace
prudent types if the trade-off is sufficiently concave (small ). None of the
parameter combinations shown allows rapacious phage to persist at high
frequencies given restricted migration.
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access. Perhaps phage evolving under restricted migration did not
have a sufficient number of generations (or ‘doublings’) for com-
petitive variants to arise through mutation and displace their
ancestors. Yet we find that the number of phage generations over
the entire run, 7, does not differ between the two treatments
(TRestricted = 64.7, TUnrestricted = 64.6, P =1, see Supplementary
Information I). Evidently, lower evolved productivity and greater
access to hosts in the Unrestricted metapopulation are balanced such
that phage in both treatments experience a similar amount of
replication. Hence, phage in the Restricted metapopulation had
ample replication to evolve higher levels of competitiveness had
there been universal selection for it.

We extended our earlier simulation to include two phage types,
prudent and rapacious, with a trade-off between productivity and
competitive ability (see Supplementary Information V). If suffi-
ciently productive, the rapacious type can displace the prudent
type in the Unrestricted treatment (Fig. 3a), but not in the Restricted
treatment (Fig. 3b), a result that is robust to the shape of the trade-off
(Fig. 3c). Rapacious phage fare better in the Unrestricted treatment
because: (1) the increased probability of reaching fresh hosts reduces
the likelihood of extinction and (2) the increased probability of mixing
phage types favours the rapacious competitor'®'. In the Restricted
treatment, wells of the less-productive rapacious type ‘burn out’ before
spreading very far and prudent types persist by default.

Keeling'® constructed a metapopulation model where short-term
reproductive capacity of a pathogen trades off with long-term
persistence. In agreement with his theoretical predictions, we
demonstrated empirically that long-term strategies are favoured
when dispersal between subpopulations is restricted. Similar trade-
offs appear in the evolution of virulence literature®*~°, where
virulence (defined here as an increase in host mortality due to
infection) is assumed to covary with transmission®"*** or competi-
tive ability'®****?, In our system, wells can be thought of either as
microbial subpopulations or as multi-cellular hosts. From this
second perspective, the rapacious strain is more virulent because
the ‘well host’ dies sooner (that is, through dilution a less-productive
strain goes extinct earlier), resulting in a trade-off between virulence
and competitive ability. Assuming this or similar trade-offs, many
researchers have investigated the role of host population structure on
the evolution of virulence>'®2°2>>>272%3 In our experiment, we
control the social network of ‘well hosts’ through different migration
treatments. Both our results and theory'®*">>** suggest that highly
connected social networks (for example, our Unrestricted treatment)
favour virulence. Thus, network topology (between individuals
or subpopulations) may profoundly influence the evolutionary
trajectory of host—pathogen interactions.

Host—pathogen relationships are just one kind of victim—exploiter
interaction, an ubiquitous category that includes prey and their
predators and plants and their herbivores. Our results could apply
to other victim—exploiter interactions embedded within metapopula-
tions. Specifically, restricted migration between subpopulations may
promote the evolution of prudent predation or restrained consump-
tion. In general, restraint in the use of a common resource is a form of
cooperation'’, and we have shown that spatial restrictions in migration
within a metapopulation can favour relatively cooperative use of the
common resource, thus averting the tragedy of the commons.

METHODS

Detailed methods and statistical analyses are available in Supplementary
Information I.

Strains and media. We used the virulent bacteriophage T4 and E. coli B strain
RELG606 (Strep® Nov® T4%), both grown in minimal glucose media supplemented
with streptomycin and novobiocin. For the competition assay, we used an rlI
mutant strain of T4 (ATCC #11303-B40) to which E. coli K-12 A-lysogen (ATCC
#31278) is resistant, but REL606 is sensitive.

Well state transitions. The state of any well can be classified as follows: ‘Bacteria’
(B =3.0% 10" cellsml ™' and <3.0 X 10° phage ml™ Y, ‘Phage 1’ (P1 > 3.0 X 107
phageml™ '), ‘Phage 2’ (3.0 X 10° < P2 < 3.0 X 10" phageml '), ‘Phage 3’
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(3.0 X 10° < P3 < 3.0 X 10° phageml ™), and ‘Empty’ (E has no bacteria and
<3.0 X 10° phageml™'). Even with abundant host, phage at subcritical titres
(below P3) do not reproduce sufficiently and become extinct over successive
dilutions. Bacteria persist in a well with subcritical levels of phage.

We determined a well-state transition in the following manner. A “focal’ well
of a given state was diluted tenfold into a well with fresh medium (a ‘target’ well)
and then a ‘migrant’ well of a given state was diluted approximately tenfold into
the target well. After incubation for 12 h, we determined the state of the target
well. Consider a table where the rows give the initial state of the focal well and
columns give the final state of the target well (Box 1 Table 1). Each entry in this
table is the state of the migrant well that yields the relevant row-to-column
transition. The entry ‘@ signifies a row-to-column transition due to dilution
alone (that is, no migration). By empirically exploring all five initial states for the
focal well and all six migration events (including the ‘no migration’ event &) we
filled the Box 1 Table 1 (5 X 6 = 30 entries give all possible transitions).
Experimental treatments. Each metapopulation consisted of two microtitre
plates (192 wells, each with 200 ul growth medium). The initial spatial arrange-
ment of well states was obtained from the 2,000th transfer of a 192-point lattice-
based simulation with a Restricted neighbourhood. There were four replicates of
each of three treatments: (1) Restricted, (2) Unrestricted and (3) Well-Mixed.

Every 12 h, we used a Biomek FX (Beckman-Coulter) liquid-handling robot
with dual-pod action to execute all dilutions, migrations and transfers. Plates were
incubated and shaken between transfers (550 r.p.m. on a microtitre shaker at
37°C). We ran the experiment for a total of 20 transfers. One of the Unrestricted
replicates was terminated after 16 transfers owing to contamination.
Isolating evolved phage strains. Using a soft-agar overlay with abundant E. coli
K-12 N\-lysogen, we picked four random phage isolates (not rII mutants) from the
last transfer of each of the Restricted and Unrestricted replicates (32 isolates in all).
Bacterial concentration for phage assays. When phage and bacteria are brought
together through migration in the experimental metapopulations, there is an
approximately tenfold dilution of both (migration immediately follows
dilution). As a consequence, our phage assays are conducted using a tenfold
dilution of the bacterial concentration that characterizes a well with fully grown
bacteria (state B, see above). This concentration was chosen to mimic the
conditions actually faced by the evolving phage.

Productivity assay. Each evolved T4 isolate was incubated for 12 h with approxi-
mately 3.0 X 10° REL606 cells ml ™" in a microtitre well. The initial and final titres
of phage were used to estimate the productivity of the evolved phage (number of
progeny produced per parent phage). Each evolved strain was assayed at three MOI
levels (initial ratio of phage to bacteria) that mirror levels in the experiment: low’
(0.05-0.2 MOI), ‘intermediate’ (0.5-4 MOI) and ‘high’ (5-60 MOI).

Competition assay. We mixed each evolved T4 isolate with rII phage in a 1:10
ratio inside a well with 3.0 X 10° REL606 cells ml~". Using the same three MOI
levels, we measured phage titres before and after a 12-h incubation period. This
was done by diluting and plating the mixture separately in overlays with E. coli
K-12 A-lysogen (only evolved isolates, not rll, form plaques) and E. coli REL606
(both evolved isolates and rII form plaques). The competitive ability of each
evolved T4 relative to rll was calculated in one of the following ways:

_ b Ne(lz)/Ne(O)
N =N, (12)/N,0)

N.(12)/N(0)
N,(12)/N.(0)

(1) Per viral replication:

(2) Per transfer:
u(e,r) =

(3) Assuming continuous growth:

_ In[N.(12)/N.(0)]

wie,r) = ———"—

In[N;(12)/N,(0)]
where N () and N (t) are the densities of evolved T4 and rII, respectively, t hours
after the assay begins. The parameter D gives the number of viral doublings that
occurred over the assay. Where these measures yielded biologically reasonable
values, they gave similar results (Fig. 2d uses the ‘per viral replication’ measure).
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