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We present a formal model of Janzen's influential theory that competition for
resources between microbes and vertebrates causes microbes to be selected to
make these resources unpalatable to vertebrates. That is, fruit rots, seeds
mould and meat spoils, in part, because microbes gain a selective advantage
if they can alter the properties of these resources to avoid losing the resources
to vertebrate consumers. A previous model had failed to find circumstances in
which such a costly spoilage trait could flourish; here, we present a simple ana-
lytic model of a general situation where costly microbial spoilage is selected
and persists. We argue that the key difference between the two models lies
in their treatments of microbial dispersal. If microbial dispersal is sufficiently
spatially constrained that different resource items can have differing microbial
communities, then spoilage will be selected; however, if microbial dispersal
has a strong homogenizing effect on the microbial community then spoilage
will not be selected. We suspect that both regimes will exist in the natural
world, and suggest how future empirical studies could explore the influence
of microbial dispersal on spoilage.

1. Introduction

Studying plant—animal interactions has been critical for developing both eco-
logical and evolutionary theory, although microorganisms have, in general,
received less attention by most ecologists. Competition has long been seen as
a major example of such interactions, and it is often assumed that more closely
related species are more likely to be in competition for resources than more
distantly related ones and so evolve to minimize this competition [1,2].

At first glance, fleshy fruits provide a puzzle. They are meant to be eaten by
seed dispersers, yet they all contain secondary compounds, many of which are
deterrent to would-be fruit consumers. Plants use secondary compounds as a
line of defence against microbes, and other fruit antagonists that consume
fruits, but do not disperse seeds [3]. Yet, microbes are not a passive partner
in this evolutionary triad. They can actively engineer their environment by
altering the quality of the fruit they are living in through fermentation [4]
and/or by the production of toxic compounds. Janzen [5,6] was perhaps the
first to realize their active role through chemical defence of the resource they
are exploiting. He developed a much-cited theory that is based on the fact
that many vertebrates, including humans, are very sensitive to microbial spoi-
lage of potential foods and find such spoilage highly aversive [7]. For example,
cedar waxwings (Bombycilla cedrorum) display a strong preference for unin-
fected fruits; dropping more microbially infected fruits during their foraging
from trees [8]. Janzen’s argument is if an animal consumes a microbe and the
resource it is currently exploiting, then this will be deleterious to most microbes.
Hence, microbes will be selected to make any resource they are exploiting
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unpalatable to larger animals. Thus, the way in which fruits rot,
seeds mould and meat spoils is particularly effective at dis-
couraging animal consumers such as ourselves, because there
is competition between microbes and larger animals for
the food value of these resources. Because of their excellent
dispersal mechanisms, microbes can reach those resources
before larger animals, and those microbes that can make
these resources rapidly unpalatable to larger animals will be
selected. If true, then this is an example of competition between
very distantly related organisms from different kingdoms (or
even, if prokaryotes are involved, different domains).

Sherratt ef al. [9] argued that although these ideas seem
very plausible when expressed verbally, there had been no
formal exploration of the circumstances under which microbes
that make their resource unattractive to larger animals (here-
after spoilers) would be selected over other microbes (hereafter
non-spoilers). Sherratt et al. [9] presented a mathematical
model that they interrogated to derive these conditions. Impor-
tantly, they found that if the spoiling tactic carries a cost, then
there are no circumstances where this strategy is not outcom-
peted by non-spoilers. Hence, Sherratt et al. questioned the
real-world relevance of Janzen’s theory as an important factor
in explaining the nature of microbial food spoilage. Their
paper ends as follows: ‘at the very least we hope this work
will stimulate those who advocate Janzen'’s fascinating theory
to show how such a hypothesis could be justified’. Almost a
decade on, the authors of this paper (including a subset of the
authors of [9]) have taken up this challenge.

We would like to explore the generality of the conclusions
drawn by Sherratt et al. [9] to changes in the underlying
biology of the theoretical system under exploration. They
assumed a fixed number of resource patches (hereafter
fruit). These fruit can be colonized by both spoiling and
non-spoiling microbes, and can be consumed by frugivorous
vertebrates. When a vertebrate consumes a fruit, it is assumed
that all the microbes on that fruit perish. An important but
implicit assumption of the work of Sherratt et al. [9] is that
the dispersal rates of the microbial populations are suffi-
ciently high that fruit are always inoculated with at least a
small population of microbes. One consequence of this high
dispersal is the fruits are relatively homogeneous in the relative
frequencies of spoiling and non-spoiling organisms present (or
rapidly become so); and providing that both types were present
in the system, as a generality, both types would be present in all
fruit within the system. This reduces the potential for spoilers
to flourish, because any advantage they gain from enhanced
fruit longevity will also be shared by non-spoilers that share
the same fruit. Homogenizing dispersal is not an implausible
assumption, but it may also be that there are biological circum-
stances where dispersal is sufficiently low and/or localized
that even when spoilers are relatively uncommon at a whole-
system level they can be dominant on, or even have exclusive
access to, a fruit for at least some time prior to colonization
by non-spoilers. We will allow this possibility in our model
and explore the predicted consequences for selection for the
spoiling trait.

2. The model

Many species exist as a metapopulation across a fragmented
habitat, facing inevitable extinction in any occupied patch but
persisting regionally by dispersal into unoccupied patches.

Such a metapopulation seems an appropriate description of [ 2 |

the population dynamics of the microbes that cause fruit
to rot, seeds to mould and meat to spoil. Further, it is well
established in theoretical ecology that two species can coexist
as metapopulations even if one is competitively superior
within any given patch, provided the inferior competitor is
more effective at dispersal or less vulnerable to local patch
extinction [10]. This suggests that fruit-spoiling microbes
may be able to coexist with non-spoiling ones, even if there
is a cost to spoilage (expressed as reduced local competitive
ability), providing (for example) colonies on spoiled fruit sur-
vive longer, because spoilage reduces the propensity of
vertebrates to consume the fruit. We explore this using a
variant of the metapopulation model of Nee & May [11].

For the sake of simplicity, we make the assumption that
there are only two types of microbe spoilers (S) and non-
spoilers (N)—these can be considered as two species or
communities of multiple species all sharing the “spoil” or ‘non-
spoil” characteristic. We assume a cost to spoiling, such that
S individuals are competitively inferior to N individuals. We
make the extreme assumptions that S individuals are unable
to invade a fruit already occupied by N individuals, but that
N individuals can invade a fruit occupied by S individuals,
and in doing so extinguish all the S individuals. Note that this
is a very conservative approach, because microbes typically
use chemical defences not only to defend themselves against
consumption by vertebrates, but also against consumption by
(and competition with) other microbes [4,12]. We deprive the
spoilers of this potential added benefit. As such, we assume a
very substantial cost to being a spoiler.

We define ¢, n and s as the numbers of fruit that are
respectively not colonized (empty), occupied by N individ-
uals and occupied by S individuals. These three are the
only possible states for a fruit to be in. We assume that new
fruit (empty of microbes) are added to our system at some
constant rate Q. Such empty patches are colonized by N indi-
viduals at rate cyne, and by S individuals at rate csse, where
cn and cg are constants. Patches switch from being colonized
by S individuals to N individuals at rate cyms.

Extinction of 1 patches occurs at rate exn, and s patches at
rate egs, where ey and eg are constants.

These assumptions can be summarized in the differential
equations

d
d_i = Q — csse — cyme, 2.1)
% = cnyne + cyns — enn (2.2)
dt

d
and d—i = (g8e — CNTIS — €g8. (2.3)

The only structural difference between the general metapopu-
lation model of Nee & May [11] and our model is in the term
for the generation of new empty patches. They assumed that
when the competitors on a patch became extinct, then the
patch returned to being empty. This is appropriate when
the patch is a geological island, and the populations are
those of butterflies say. However, in our case, the mechanism
that extinguishes the microbes (vertebrate frugivory) also
destroys the patch that they were living on (the fruit).

We now look for steady-state solutions to these equations
(i.e. populations that remain constant through time), ignoring
non-sensical solutions where any of ¢, 1 or s are negative or
infinitely large. Some algebraic manipulation shows that
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Figure 1. The equilibrium numbers of fruits containing no microbial organisms (empty, £), or a colony of spoiling microorganisms (S) or a colony of non-spoilers
(N), as a function of the parameter controlling the rate at which empty patches can be colonized by spoilers (cs). The parameters ¢y and ey governing non-spoilers
are hoth held at unity throughout. The four panels explore two levels of the remaining two parameters (the rate at which empty patches are introduced to the
system Q, and the extinction rate of patches with spoilers on them es) in a factorial arrangement.

there is a single such steady state given by e = E*, n = N* and
s = §*, where

Q
. S 2.4
(csen/cn) — es @4)
g v —Elen 2.5)
CN
and N —LG=6 2.6)
CN

This solution always exists, providing we satisfy two conditions.

S8 .7)
CN eN
and N> Q & 2.8)

o (csen/cn) —es cs

The first of these is the expected condition that the spoilers must
have an advantage (either in colonization ability or colony long-
evity) to compensate for their competitive disadvantage. The
second condition is simply a restriction on the rate at which
new fruits are added to the system; if this is too high, then
there is no steady-state solution, because the total number of
fruit simply increases without limit; if it is too low, then the
number of fruit in the system dwindles to zero. Provided we
meet this restriction (which is biologically plausible during all
times except for the beginning of a ripening season), the rate
of new fruits added is balanced by fruit removals (equivalent
to colony extinctions).

Thus, our model predictions suggest that even in the
extreme case where there is a very high cost to spoilage in
terms of competitive ability relative to non-spoilers, spoiling
microbes can be sustained providing their spoilage is suffi-
ciently aversive to frugivores, and frugivores are a sufficient
factor in fruit destruction that, on average, fruit colonized
by spoilers last longer than fruit colonized by non-spoilers.

We explore the effects of varying the values given to
different parameters on model predictions in figure 1. We
can see that increasing the ease (relative to non-spoilers)
with which spoilers can colonize empty patches (increasing c;)
causes an increase in the number of patches occupied by spoi-
lers and a decrease in the number of empty patches and the
number of patches occupied by non-spoilers. Decreasing
the rate at which fruit-containing spoilers are consumed
(i.e. increasing the aversiveness of spoiler-populated fruit
by decreasing the parameter es) decreases the number of
empty patches and increases the number of patches with a
population of spoilers, because, if patches with spoilers last
longer, then they can send out more colonists to invade
pristine fruit. The number of patches with non-spoilers also
increases, because, if patches with spoilers last longer, this
provides more opportunity for those spoiling populations
to be usurped by non-spoilers. The longer a fruit lasts, the
more likely it is to end up being populated by non-spoilers.
Increasing the rate at which new empty patches are intro-
duced (increasing (), increases the number of empty
patches in the system, and increases the number of patches
with non-spoiling populations, although the number of
patches with spoiling populations declines. Thus, spoiling
will be particularly prevalent if the density of potential
colonization opportunities in virgin patches is modest.
Here, the superior colonization ability or longevity of spoilers
is most advantageous.

3. Discussion

In contrast to the only previous theoretical work, our model
provides strong support for Janzen’s verbal model that
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microbes might be selected to make their food unpalatable to
large animals. Specifically, we find that a spoilage strategy
involving making food more unpalatable to vertebrates can
flourish, even if microbes adopting this strategy must pay a
substantial cost in terms of reduced ability to compete with
non-spoilers. Our analysis suggests that this result should
hold widely provided (i) dispersal is sufficiently limited
that spoilers can find temporary refuge in fruits entirely
free from non-spoilers, (ii) competition takes place on shorter
timescales than extinction, so that fruits containing both
spoilers and non-spoilers do not occur and (iii) spoilage is
sufficiently aversive to vertebrates that are otherwise willing
to eat food resources, and such vertebrates are a sufficiently
important factor in food item destruction, that on average
food colonized by spoilers last longer than that colonized
by non-spoilers. Although we have characterized this in
terms of fruit, it may be more applicable to carrion, animal
carcasses are often characterized as being relatively rare and
isolated within the environment.

The key difference in our predictions from those of
Sherratt et al. [9] is that we assume that microbial dispersal
mechanisms are sufficiently localized that it is possible for
heterogeneity of microbial communities to occur between
fruits, so that in at least some fruits spoiling microbes can
gain the benefits of their spoilage without those benefits
necessarily being shared by non-spoilers on the same fruit.
Hence, it would be very valuable for future empirical studies
to explore the generality of this requirement. There is evi-
dence for strong regional delineation of yeast populations
within and between New Zealand vineyards [13], but more
studies would be valuable. We would expect that in some
systems, where there is strong spatial proximity of resource
items, the previous model will be more realistic than ours
and microbes will not be selected to modify their environ-
ment because of the effect that this has on vertebrates.
However, where this does not apply, we would expect our
model assumptions to be more relevant, and selection for a
certain degree of spoilage would be more likely. As a general-
ity, where fruiting plants produce many fruits per plant and
grow at high density, we would not expect spoilage to be
selected, but where fruits occur at a lower spatial density,
we would expect selection for spoilage. A general prediction
of our model framework is that there will be spatial poly-
morphism with a fraction of fruit that are never microbially
spoiled and a fraction that are spoiled. This polymorphism
may be difficult to detect empirically when S* > N*, that
is when almost all fruit that are colonized by microbes are
colonized by a spoiling strain. This will occur when spoilers
are much superior dispersers (cs > cn).

In formulating our model, we were at pains to make the
structure of the model as simple as possible, both to not
only allow us to solve the model analytically and also to
allow unpicking the mechanisms underlying model predic-
tions easier. As such our model should be seen as a proof
of concept: we show that a set of plausible biological assump-
tions can yield selection for a spoiling trait in microbes even if
spoilage incurs a cost. However, a number of model elabor-
ations would be interesting to explore the generality of our
qualitative conclusions. One obvious elaboration would be
to model the cost of spoilage directly as being expressed
explicitly in the growth rate of the microbial strain (rather
than the more derived trait of competitive ability considered
here). In addition, our model assumes that predators do not

respond flexibly to the fraction of available fruits that are
spoiled. This is reasonable for situations where the focal
fruit type makes up a small part of the diet of local vertebrate
frugivores. However, the consequences of allowing frugi-
vores to modify their diet choice decisions in the light of
the types of fruit available would be another useful model
elaboration.

While it has long been realized that organisms can engin-
eer their environments [14,15], there is uncertainty on the
impact of such engineering on the evolution of traits and of
species interactions [16]. Importantly, our model predicts
that such an impact is likely, but does not prove it. It only
demonstrates that competition with vertebrates can be a rel-
evant factor shaping the way in which microbes affect the
properties of the foods they live on. In general, competition
for food resources is not limited to the one between microbes
and vertebrates. As Sherratt ef al. [9] discuss, microbes’ influ-
ence on their food resource (wWhat we term spoilage) may be
shaped by competition between microbes or simply be a
by-product of selection for metabolic activities (such as extra-
cellular digestion). For example, Saccharomyces cerevisiae
outcompetes other yeasts by modifying the fruit environment
in which they live through the coupled effects of heat and
ethanol production [4]. These traits provide a 7% fitness
advantage over other members of the microbial community.
Obviously, selection pressures to reduce competition with ver-
tebrates and with other microbes are not necessarily exclusive
and particularly effective compounds may screen out both
types of competitors—a point also raised by Janzen in his orig-
inal seminal paper [5]. Our contribution is to provide support
to Janzen’s suggestion that competition with vertebrates
could contribute (at least in part) to the selective regime that
shapes the way microbes interact with their food substrates.
However, the challenge now is to explore empirically how
important this selection pressure is in different systems, and
whether we can identify taxonomic or evolutionary generality
of the relative importance of this mechanism.

To this point, we have used fruit as a short-hand term
for a variety of substrates that might be of value to both
microbes and vertebrates. Janzen [5] focused on three general
classes of substrate: fleshy fruits, seeds and carrion. While our
analysis should be relevant to all these systems, there is an
interesting difference between these three groups. For fruits,
the fitness of the plant that produced them is likely often to
be influenced by whether the fruit or seed is consumed by
microorganisms or vertebrates. This is obvious in the case
of seeds that require passage through the gut of a vertebrate
in order to enhance their likelihood of germination. For seeds,
consumption by vertebrates should generally be as detrimen-
tal as consumption by microbes, but many seed predators
such as squirrels or jays cache seeds and thereby contribute
to seed dispersal, because not all seeds are later recovered
and eaten [17]. By contrast, the fitness of a dead animal is
utterly unaffected by the fate of its flesh. Thus, an evolution-
ary triad occurs only between plants, their mutualists and
antagonists. By contrast, the interactions for the exploitation
of carrion are simpler as they are only based upon compe-
tition among the many species eating this food resource.
This makes carrion a somewhat simpler system, and therefore
it is not surprising that previous effective experimental tests
of Janzen’s idea use carrion. In a series of experiments,
Burkepile et al. [18] showed that microbes made fish carrion
less attractive to a range of marine scavengers. Rozen et al.
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[19] explored the parental behaviour of the burying beetle
Nicrophorus vespilloides, a species that obligately breeds on
carcasses of small vertebrates. They found strong detrimental
effects of microbial competition on beetle reproductive suc-
cess and larval growth. They also found that parents
respond to this by preferentially selecting fresher carcasses
where possible and increasing their parental care when
obliged to use a carcass with greater microbial development.
These responses were found to ameliorate the detrimental
effects of microbial competition.

It is clear that plants can influence rates of microbial spoi-
lage. For example, high sugar levels in nectar reduce bacterial
growth (this is exploited also in human jam-making), and, in
some plants, with low sugar content in their nectar (famously
rhododendron), the plant uses antibiotic compounds instead.
Interestingly, to the best of our knowledge whether plants
use counterstrategies to reduce the ability of vertebrates to
detect any spoilage by microbes that does occur has not been
investigated. Plants might be selected to introduce seed traits
that resist spoilage itself and also reduce the ease with which
vertebrates can detect any spoilage that occurs. That is, in
such a situation, the plant may be selected to make it more dif-
ficult for seed dispersers to feed selectively on the basis of
microbial spoilage, such as cedar waxwings do if they drop sig-
nificantly more microbially infested fruits. Dropping fruits is
one way vertebrates can interact with microbes and plants
and it is akin to human horticulturalists weeding-out infected
plants which are then selected to reduce or conceal infections.
A few vertebrates have evolved tolerance towards chemical
defence by microbes. For example, alcohol is a common micro-
bially generated feeding deterrent, but pen-tailed treeshrews
(Ptilocercus lowii) are pollinators that frequently consume
nectar high in alcohol that is produced by a fermenting yeast
community [20]. Their alcohol dosages would intoxicate
humans, yet these animals show no signs of intoxication.
This example demonstrates that chemical defence by microbes
is not always effective. Similarly, alcohols acted as a feeding
stimulus in the tropical, fruit-feeding butterfly, Bicyclus
anynana. This butterfly uses microbially generated alcohols as
a cue to locate fruit resources [21]. This demonstrates that
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