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There has been much interest in using social evolution theory to predict the damage to a host from
parasite infection, termed parasite virulence. Most of this work has focused on how high kinship between
the parasites infecting a host can select for more prudent exploitation of the host, leading to a negative
relationship between virulence and parasite kinship. However, it has also been shown that if parasites can
cooperate to overcome the host, then high parasite kinship within hosts can select for greater cooperation
and higher growth rates, hence leading to a positive relationship between virulence and parasite kinship.
We examine the impact of a spiteful behaviour, chemical (bacteriocin) warfare between microbes, on the
evolution of virulence, and find a new relationship: virulence is maximized when the frequency of kin
among parasites’ social partners is low or high, and is minimized at intermediate values. This emphasizes
how biological details can fundamentally alter the qualitative nature of theoretical predictions made by

models of parasite virulence.
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1. INTRODUCTION

There is a large theoretical literature applying evolutionary
theory to explain the damage that parasites cause to their
hosts (van Baalen & Sabelis 1995; Frank 1996; Gandon ezt
al. 2001; Day & Burns 2003). Parasite virulence presents a
fundamental trade-off in that parasites must deplete host
resources to grow and transmit to new hosts, yet over-
exploitation can result in host mortality and an associated
reduction in resource availability (Frank 1996). This is the
‘tragedy of the commons’ (Hardin 1968), in which indi-
viduals are expected to display altruistic self-restraint only
if they are sufficiently related to their group (Frank 1998).
A classic result of virulence theory is that intensity of
exploitation and hence damage to hosts correlates nega-
tively with kinship among the parasites infecting a host
(Hamilton 1972; Bremerman & Pickering 1983; Frank
1992, 1996). This occurs because a lower relatedness
leads to greater competition for resources, which selects
for faster growth rates to obtain a greater proportion of
the host resources, and these higher parasite growth rates
lead to higher virulence.

However, empirical support for this prediction is sever-
ely lacking (Herre 1993, 1995; Chao er al. 2000; Read &
Taylor 2001; Davies et al. 2002; Griffin & West 2002;
Read er al. 2002). One possible explanation for this is that
variation in the underlying biological details can lead to
alternative relationships (Frank 1996; Ganusov & Antia
2003; Schjerring & Koella 2003). In particular, it has been
shown that if parasites can cooperate to overcome their
host’s defences then the opposite prediction is favoured—
a positive relationship between parasite kinship and
virulence (Chao er al. 2000; Brown ez al. 2002; West &
Buckling 2003). For example, West & Buckling (2003)
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modelled the evolution of the production of costly public
goods (siderophores) that promote bacterial growth dur-
ing iron starvation in an infection. Not surprisingly, the
altruistic production of siderophores is expected to be
maximized when kinship is highest, yet this leads to
enhanced growth and therefore host damage precisely
where previous theory predicted self-restraint and hence
low virulence.

Just as altruistic behaviour can promote parasite growth
and hence enhance virulence, it is reasonable to assume
that spiteful interactions (interference competition)
between parasites could reduce the vigour of an infection
and associated host damage. We consider such a spiteful
trait: bacteriocin production. Bacteriocins are the most
abundant of a range of antimicrobial compounds facultat-
ively produced by bacteria, and are found in all major bac-
terial lineages (Riley & Wertz 2002). They are a diverse
family of proteins with a range of antimicrobial Kkilling
activity, many of which can be produced by a single bac-
terium, including enzyme inhibition, nuclease activity and
pore formation in cell membranes (Reeves 1972; Riley &
Wertz 2002). Unlike other antimicrobials, the lethal
activity of bacteriocins is often (but not always) limited to
members of the same species as the producer, suggesting
a major role in competition with conspecifics (Riley ez al.
2003). Intraspecific competition may also help to explain
the observed variation in the types of bacteriocin produced
by different strains of the same species. For example, at
least 25 bacteriocins (colicins) have been identified in
populations of Escherichia coli, with different populations
producing unique combinations (Riley & Gordon 1999).
Clone mates are protected from the toxic effects of bac-
teriocins by genetic linkage between the bacteriocin gene
and an immunity gene that encodes a factor that deacti-
vates the bacteriocin (Riley & Wertz 2002).

In addition to the benefits of bacteriocin production
(killing competitors), there are also costs (Reeves 1972;
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Chao & Levin 1981; Kerr er al. 2002). This cost may sim-
ply be a diversion of resources from other cellular func-
tions, but in many Gram-negative bacteria, such as E. colz,
cell death is required for the release of bacteriocins
(Reeves 1972; Riley & Wertz 2002). Such costs (and costs
associated with bacteriocin immunity) are critical for
coexistence, between bacteriocin-producing, sensitive and
resistant strains (Czaran ez al. 2002; Kerr ez al. 2002; Cza-
ran & Hoekstra 2003). We investigate how key parameters
affect the relative costs and benefits of bacteriocin pro-
duction, hence the level favoured by natural selection, and
the impact this has on disease virulence. Specifically, we
consider how bacteriocin production evolves in response
to the average kinship (r) of competing bacteria and the
scale of competition relative to the effective range of bac-
teriocins (a).

2. MODELS, METHODS AND ANALYSES

(a) Simplest scenario

We first consider a social arena, defined as the spatial range
of bacteriocin warfare, comprising 7 equally abundant lineages
drawn independently from the asexually reproducing bacterial
population. A proportion r= 1/n of the bacteria within a focal
bacterium’s social arena are its clone-mates, or ‘kin’. The
remaining 1 — r are derived from the other »— 1 lineages, and
are ‘non-kin’. Using a game theoretic approach, we consider the
fitness of a vanishingly rare mutant that allocates an amount of
resources y into bacteriocin production within a population with
average allocation z, so as to determine the ‘unbeatable’
(Hamilton 1967) or ‘evolutionarily stable’ (Maynard Smith &
Price 1973) allocation strategy y*. An amount of bacteriocin ry
within the social arena is attributable to the focal lineage, and
rz to each of the other lineages. The focal lineage is then sub-
jected to an amount (1 — r)z of unrelated bacteriocin to which
it is susceptible, and for each of the n — 1 other lineages,
(1 =z + r(y — 2). A lineage picked at random from the popu-
lation as a whole experiences, on average, (1 — r)z unrelated
bacteriocin. Lineages are immune to their own bacteriocins, and
although resistance (non-susceptibility of a lineage to a bacteri-
ocin which it does not itself produce) is not explicitly discussed
in this model, the resulting reduction in susceptibility can be
regarded as included in the general growth functions. The
growth rate of a lineage, G, is given by the sum of two compo-
nents, H and I. H reflects the cost of bacteriocin production,
being a positive, decreasing function of the focal lineage’s allo-
cation to bacteriocin production, y. Our predictions rely on no
specific form for H; when a specific relationship is required for
illustrative purposes (figures 1-3), we use H=1 — y. I models
the reduction in growth owing to mortality by unrelated bac-
teriocins, being a positive, decreasing, linear or decelerating
function of the amount (Y) of unrelated bacteriocin it is sub-
jected to. Our predictions rely on no specific form for I; when
a specific relationship is required for illustrative purposes
(figures 1-3), we use I =1 — Y2, We combine the terms H and
I additively to give overall growth (G = H + I) for mathematical
convenience, as it allows greater tractability than using a multi-
plicative scheme (G = H x I), and does not qualitatively change
the results (see Appendix B). Using the construction of Frank
(1998), fitness is determined by the growth of the lineage rela-
tive to the average competitor of that lineage:
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Figure 1. The ESS production of bacteriocins (y*) as a
function of the average kinship (r) between bacteria. Values
are obtained numerically using the model described in § 2a,
assuming that bacterial growth is the sum of growth
components H=1— y and I =1 — Y2 (where the focal
bacterium produces an amount y of its own bacteriocins,
and receives an amount Y from its social partners) and the
intensity of local competition which is local is a= 0.5 (filled
squares) and 0.6 (filled circles). Intermediate kinship (r) and
increasingly local competition (high a) favour enhanced
bacteriocin production.
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Figure 2. The ESS production of bacteriocin (y*) as a
function of the average kinship (r) between bacteria. Values
are obtained numerically using the two-lineage model
described in Appendix A, assuming that bacterial growth is
the sum of growth components H=1—y and I=1 — Y2
(where the focal bacterium produces an amount y of its own
bacteriocins, and receives an amount Y from its social
partners) and the intensity of local competition which is
local is a=0.5 (solid line) or a=0.6 (dotted line).
Intermediate kinship (r) and increasingly local competition
(high @) favour enhanced bacteriocin production.

The parameter a defines the (spatial) scale at which competition
for resources takes place. This model therefore allows compe-
tition for resources and bacteriocin interaction to take place at
different scales. Specifically, a proportion a of competition for
resources occurs locally, within the scale of bacteriocin interac-
tion, and the (1 — a) remainder occurs globally. At the extremes:
if a=1 then competition for resources and bacteriocin interac-
tion occur at the same scale (soft selection at the level of the
social group); if a=0 then competition is at the global level
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Figure 3. The virulence (v) as a function of the average
kinship () between bacteria. Values are obtained numerically
using the host mortality model described in § 2b, assuming
that bacterial growth is the sum of growth components
H=1—- 1y and I =1 — Y'? (where the focal bacterium
produces an amount y of its own bacteriocins, and receives
an amount Y from its social partners), host survival is
S§=3 — G (Where Gy, is the overall bacterial growth in
the host), the intensity of local competition is a = 0.5, and
the range of bacteriocin warfare with respect to the whole
infection is b= 0.1 (filled circles) and 0.2 (filled squares).
Virulence is minimized at intermediate kinship () and when
the range of bacteriocin warfare (b) is large.

(hard selection at the level of the social group). G cay Gioca @and
Ggoval are, respectively, the growth rate of the focal lineage, the
local average and the global average. These are, in full

Grocar = H[y] + I[(1 — 1)2],

Giocar =7 (H[y] + I[(1 = nNz]) + (1 = n(H[] + I[(1 = nz
+r(y — 2D,

Gaioba = H[2] + I[(1 — n)z]. (2.2)

Equations (2.1) and (2.2) illustrate the fundamental trade-off in
our model. Bacteriocin production by the focal lineage is: (i)
costly, because it lowers the growth rate of the focal lineage
(Ggoean)s and (ii) beneficial, because it lowers the growth rate of
competitors G-

Employing the direct fitness maximization technique of
Taylor & Frank (1996; Frank 1998), we obtain the following
results (details in Appendix A; numerical examples are given in
figure 1).

Resulr 1: enhanced bacteriocin production is favoured at inter-
mediate kinship (). The evolutionarily stable strategy (ESS) is
y*=0atr=0 and 1, and is maximized somewhere in the range
0 <r<1. When the focal lineage occupies only a tiny pro-
portion (r— 0) of the social arena, its impact on competitor
growth is negligible, and hence the benefit through competitor
killing does not outweigh the cost of bacteriocin production.
When the focal lineage dominates the social group (r— 1), the
density of cells susceptible to its bacteriocin is too low for the
benefit of competitor killing to outweigh the production costs.

Result 2: enhanced bacteriocin production is favoured as the
scale of competition a is increased (and hence competition for
resources becomes more local) for all 0 <r< 1. This occurs
because fitness can be enhanced in two ways: (i) maximizing
own growth (Gge); and (i) reducing the growth of local
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competitors (Gyo..). When competition is entirely global (a = 0),
there is no benefit in reducing the growth of local competitors,
so that the ESS is the strategy that maximizes focal growth (by
reducing bacteriocin production). As competition becomes
more local (a > 0), production of bacteriocin is increasingly fav-
oured so as to reduce the growth of the local competitors.

We also consider a model in which the abundance of the focal
lineage can vary continuously over the range 0 < r < 1, and the
other cells all belong to one other lineage (see Appendix A and
figure 2). We recover the same results, finding that ESS bacteri-
ocin production is maximized at intermediate kinship (at
r=1/2, because of the symmetry of this model) and increases as
competition becomes more localized (i.e. as a increases).

As is often the case (Taylor & Frank 1996; Frank 1998),
inspection of the direct marginal fitness (equation (A 1)) yields
a form of Hamilton’s (1963) rule RB > C (equation (A 2)). In
this: (i) relatedness is negative and given by R= —(ar)/(1 —ar);
(ii) the negative ‘benefit’, summed over all recipients, is
B=(1 —nI'[(1 — r)z] where I'[Y] is the derivative d/[Y]/dY
and represents the marginal reduction in growth of a lineage
which is poisoned by an amount Y of foreign bacteriocins. To
understand how a negative relatedness can arise, we will use the
result of Queller (1994) that average relatedness to one’s com-
petitors is zero. Recalling that the scale of competition (a) is
defined as the proportion of competition which is local, consider
an arena of competition in which a proportion of competitors a
are social partners, and of these a proportion r belong to the
focal lineage. Then a proportion ar of competitors are clonally
related to the spiteful actor by 1, and a proportion 1—ar are
related by some unknown coefficient R. Applying Queller’s
insight, we know that arx 1 + (1 — ar) X R=0, and rearranging
we obtain R= —(ar)/(1 —ar). Hence:

Result 3: the evolution of bacteriocin production involves a
negative relatedness between actor and recipient, and hence fits
Hamilton’s (1970) original definition of a spiteful behaviour.
Relatedness between non-kin social partners is given by R=
—(ar)/(1 — ar), where a is the proportion of competition that is
local, and r is the proportion of social partners that are clonal
kin. This equation gives negative values for relatedness, except
when either (or both) a and r are zero, in which case relatedness
equals zero.

(b) Host mortality

The above model is appropriate for free-living bacteria, bac-
teria grown on agar plates, or parasitic bacteria in which host
mortality does not influence the ESS production of bacteriocin.
For parasitic bacteria, this would be appropriate when the extra
host mortality due to the infection impinges very little upon bac-
terial success, or when there are many social groups within the
host, such that any lineage’s growth rate has a negligible impact
on the mortality of the host. A simple model, relaxing these
assumptions, considers that direct fitness of the focal lineage is
given by the product S x T, where S represents host survival (i.e.
the time over which transmission is possible) and is a linearly
decreasing function of the average growth rate of lineages in the
host. T'is the transmission rate achieved by the focal lineage, i.e.
its growth rate relative to competitors, the fitness measure given
by equation (2.1). A parameter, b, is introduced to denote the
proportion of the bacterial population within the host that is in
the focal arena of social (bacteriocin) interaction; =0 corre-
sponds to when the social arena comprises a vanishingly small
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proportion of the total infection, and =1 corresponds to the
arena of bacteriocin interaction being the entire infection. As in
our first model, we assume n equally abundant lineages. The
appropriate fitness function is

Grocal
aGipes + (1 — @) Gglobal’

w=S[Ghosl (2.3)
where the growth rate of a random lineage within the host is
on average

Ghos( = bGlocal + (1 - b) Gglobal' (2'4)

Virulence (v) can be defined as the reduction in S relative to a
host with zero bacterial growth (G..=0), ie. v=S8[0]
—S[Ghos]- The following result is obtained (see Appendix A for
details, and figure 3 for numerical examples).

Resulr 4: virulence (v) is maximized at the extremes of
relatedness (r=0 and r=1), and is minimized at intermediate
values 0 < r < 1. This is because of the maximization of bacteri-
ocin production at intermediate values of r, such that absolute
growth of bacteria is reduced here but not at more extreme
values, so that virulence is more pronounced whenever bacteria
tend to socialize mostly, or not at all, with their kin.

3. DISCUSSION

We have shown that the production of bacteriocin is
expected to be enhanced when kinship () is of intermedi-
ate value (result 1; figures 1 and 2). Because bacteriocin
production is expected to correlate with low bacterial
growth rates, virulence will tend to be minimized at inter-
mediate r and maximized when bacteria compete only
with non-kin (r=0) or only with kin (r=1). We therefore
predict a U-shaped relationship between virulence and
kinship (result 4; figure 3), contrary to previous models
that variously predict monotonically increasing or decreas-
ing virulence as kinship is increased. This emphasizes that
the qualitative outcome of virulence evolution crucially
depends on the biological details, such as whether para-
sites are able to improve their success through prudent
growth (Frank 1996), or cooperative contributions to pub-
lic goods (Brown ez al. 2002; West & Buckling 2003), or
through anti-competitor toxin production.

Our result is intuitive if we consider that when kinship
(r) is low the influence of the focal lineage on the growth
of its social partners will be negligible, and so reduced
allocation of resources into bacteriocin production is fav-
oured. By contrast, when kinship is high, the proportion
of cells in the social arena that are susceptible to bacteri-
ocin killing is small, and thus the benefit of producing bac-
teriocin is less than the cost that this entails. At
intermediate kinship, bacteriocin production is favoured
because competition with non-relatives is important, and
bacteriocin production by the focal lineage can signifi-
cantly decrease the growth of the non-competitors. Result
2, that the ESS bacteriocin production is an increasing
function of the degree to which competition is local (a;
figures 1 and 2), is also intuitive in that when competition
is increasingly local the benefits accrued by reducing the
growth of local competitors are enhanced.

The costly allocation of resources into bacteriocin pro-
duction qualifies as an example of Hamiltonian spite
(Hamilton 1970, 1996; Hurst 1991; Foster et al. 2001;
Gardner & West 2004). It is well accepted that altruism
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can be adaptive despite a direct fitness cost provided the
beneficiary of altruism is sufficiently positively related to
the actor (i.e. a positive R and a positive B, and RB > C).
Hamiltonian spite is when a costly behaviour is favoured
because it has a cost to the recipient (negative B), and the
recipient is negatively related to the actor (negative R, and
RB > C). How can negative relatedness arise? Negative
relatedness to some individuals is inevitable when posi-
tively related individuals exist in the same competitive
arena. The reason for this is that because the relatedness
of an actor to a randomly chosen individual from its com-
petitive arena is, on average, zero (Queller 1994), the
existence of positive relations within that arena implies the
existence of negatively related competitors (Result 3). In
this situation, spiteful behaviour will be favoured if it can
be preferentially directed at these negatively related com-
petitors, and RB > C is satisfied. The specificity of bac-
teriocin action allows it to potentially fill this criterion,
because it will preferentially harm non-relatives who are
not resistant to that particular bacteriocin; i.e. bacteriocins
harm individuals who are negatively related to the pro-
ducer. Although the anti-competitor function of the bac-
teriocins suggests that this is selfishness at the level of the
clonal lineage, it is certainly spiteful at the level of the self-
destructing bacterium producing the toxins.

To conclude, we have shown theoretically how kinship
and the scale of competition determine levels of bacteri-
ocin production favoured by natural selection. Contrary to
previous work, we find a U-shaped relationship between
kinship and virulence. The results are qualitatively the
same whether bacteria have fixed strategies for bacteriocin
production or if bacteriocin production is facultatively
adjusted in response to kin recognition. These predictions
could be tested by: (i) correlating bacteriocin production
with average kinship in natural populations; or (ii) exper-
imentally evolving bacteria under different degrees of kin-
ship and scales of competition. Furthermore, our
predictions are not limited to bacteriocin production by
bacteria. A variety of microbes, including yeasts (see
Schmitt & Breinig 2002) and halophilic archea (see
Cheung ez al. 1997) are known to produce toxins that tend
to target conspecifics.

We thank N. Barton and three anonymous reviewers for com-
ments. Funding was provided by BBSRC, NERC and The
Royal Society.

APPENDIX A

(a) Stmplest scenario

Substituting equation (2.2) into equation (2.1) we
obtain fitness function w|[y,z]. If we assume only minor
variants (y = z; Taylor & Frank 1996) the marginal fit-
ness is found to be

@ (A =anH'[z] —ar (1 —nI'[(A — N3]
dyl "~ H[z) + I[(1 — Pz] )

Al

y==

Where H' < 0 is the derivative of H with respect to its
parameter (e.g. y in the instance of the mutant), and may
be interpreted as the marginal cost (—C) of producing
bacteriocins. I’ < 0 is the derivative of I with respect to
its parameter (e.g. (1 — r)z for the amount of bacteriocin
attacking the focal mutant), and is the negative ‘benefit’
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accrued by the recipient of spiteful behaviour—summing HH[Z] + I — Az [r2]
over all  the recipients, the  benefit is ar(l — r)<+ L= AL+ I Il (1 — )
B=1-nI'[(1-7)z]. Increased bacteriocin production daw (= nHlz] (=D = 1)z]
() is favoured whenever dw/dy > 0 is satisfied, yielding dyl .~ (1 = a(l = 2r(1 — M))H[z]
Hamilton’s rule: T + | +r(1 — anI[(1 — n)z] H'[2]
ar +(1 =1 = a(l = r)I[rz]
—1= B> C. (A 2)
ar {H[z] + rI[(1 — 2] + (1 — HI[r=z]}2. AT

Substituting r=0 into equation (A 1) obtains H'[z]/
(H[z] + I[z]), which is negative and hence y* =0. When
r=1, equation (A 1) becomes (1 — a)H'[z]/(H[z] + I[z])
which is negative and so y*=0. When a=0, equation
(A1) gives H'[z]/(H[z] +I[(1 — r)z]), which is negative so
that y*=0. Therefore, the presence of more than one
lineage (0 <r < 1) and some degree of local competition
(a > 0) are essential for non-zero allocation to bacteriocin
production. If we denote the right-hand side (RHS) of
equation (A 1) by % then the ESS z = y* satisfies ¥ =0.
Using implicit differentiation, we can write

dy*  oF/er
dr = 83/8y*

(A3)

where & denotes partial derivatives. For y* to be conver-
gence stable (i.e. in a population close to y*, mutants
closer to y* are favoured by selection), the denominator
on the RHS of equation (A 3) must be negative (Taylor
1996). Hence, assuming convergence stability, dy*/dr has
the same sign as 6 ¥/6r (Pen 2000). Evaluating the partial
derivative at r=0 (and hence y*=0) yields —a(H[0]
+ I[0])(H'[0] + I'[0])/(H[O0] + I[0])?, which is positive
when a > 0. This indicates that when there is some degree
of local competition, and intermediate relatedness, bac-
teriocin production will be nonzero. Using the same pro-
cedure, we may find the partial derivative of ¥ with respect
to the scale of competition, a:

8F _ _rH'ly'] +r(1 = nI'[A — ny’]
ba Hly*] + 1[y~] ’

(A4

which is positive for all 0 < r < 1, and hence bacteriocin
production is an increasing function of the scale of compe-
tition (a@) when kinship is intermediate.

We now relax the assumption of equally abundant lin-
eages, looking now at the situation where only two lin-
eages occupy the social arena, so that the focal lineages
comprise a proportion r or 1 — r of the bacterial cells with
equal probability. The appropriate fitness function is then

w=r Gfocall
aGlocall + (l - a) Gglobal
(1 B 7') GfocalZ (A 5)
aGlocalZ + (1 - a) Gglobal
where

Geocan = H[y] + I[(1 = 1)2],

Giocarz = H[y] + I[rz],

Giocann =7 (H[y] + I[(1 = nz]) + (1 — n(H[z] + I[ry]),
Giocarz = (1 — 1) (H[y] + I[rz]) + r(H[z] + I[(1 — ny]),
Gaova = H[2] + rI[(1 —nz] + (1 — ) I[rz]. (A 6)

Following the same procedure as before, we obtain
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Setting r— 0 yields (1 — a)H'[2]/(H[z] + I[0]) which is
always negative and hence y*=0 at r=0. Setting r— 1
yields (1 — a)H'[z]/(H[z] + I[0]) which is always nega-
tive, so y*=0 at r=1. And when a— 0, we obtain
H'[z]/(H[z] + rI[(1 — 2] + (1 — r)I[rz]) which is always
negative, so that y* =0 when a=0.

As before, if we define ¥ as the RHS of equation (A 7)
when z=y*, then it is easy to show that for a >0,
0F/or=dy*/dr=0 is satisfied for only r=1/2. Since
y*=0at r=0 and r=1, and assuming no discontinuities
over the range of », we can conclude that y* monotonically
increases over the range 0 <r < 1/2 and montonically
decreases over the range 1/2 <r < 1.

The partial derivative of ¥ with respect to the scale of
competition is 6 F/éa=—01 — NH[y*] + I[(1 — n)])
XI'[ry*] + A = nH[Yy*] + Iy DI'[A =0y D + A —
2r(1 = mH*] + 72I[A = ny*] + A = D[ry DH [y ]/
(H[y*] + rI[(1 = ny*] + (1 = HI[ry*])?, which is posi-
tive for all 0 < r < 1, and hence bacteriocin production is
an increasing function of the scale of competition (a) at
intermediate kinship.

(b) Host mortality
Previously we constructed a fitness function (equation
(2.3)) appropriate to the situation where bacterial growth
impacts upon host mortality (virulence) and hence intro-
duces a novel selection pressure. We also introduced a
parameter b scaling the social arena with respect to the
host. If =0, so that the social arena comprises a van-
ishing proportion of the bacterial population within the
host, then Gy = Ggona and S is a constant with respect
to y, so that marginal fitness is given by equation (A 1).
For 6>0, and assuming only minor variants (y =
25 Grocal = Giocat = Ggiobal = Ghose = (), marginal fitness is
dw
@zS’ [Glrb(H'[2] + (1 — nI'[(1 — r)z=])
(1 —anH'[z] — ar(1 — NI'[(1 — r)z]
G .

+ S[G] (A 8)
The second component on the RHS is proportional to the
marginal fitness (equation (A 1)), and represents the
trade-off between the cost and competitor-killing capabili-
ties of bacteriocins. When a =0, this component reduces
to (S[G]H'[z])/G, which is always negative, reflecting the
disadvantage of spite when competition is global. The first
component, positive and proportional to rb, is the selec-
tion pressure for enhanced killing and costly production
when growth of the focal lineage and its neighbours
impact non-trivially upon host mortality. As r tends to
zero, marginal fitness is negative (S[G]H'[z]/G) as the
behaviour of the focal lineage has no impact on host mor-
tality and there is no advantage to be had from directing
spite at local competitors (relatedness to non-kin in the
social arena is zero). At r=1, the second component is
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negative (S[G](1 — a)H'[2]/G) reflecting the fitness cost
of bacteriocin production, and the first component is
positive (§'[G]H'[z]) reflecting the enhanced fitness due
to the reduction in host mortality. Note that this positive
pressure is due entirely to the costs of bacteriocin pro-
duction, and not through its bacteriocidal activity; this is
due to an artificiality in the model such that the bacteria
have no means of reducing own growth other than pro-
ducing costly bacteriocin. Because no gain in terms of
competitor killing is to be had from producing bacterio-
cins at r=1, we expect y*=0.

If y*=0atr=0 and 1, then since H and I are decreas-
ing functions of y*, it is here that Gy, = H + I is maxim-
ized. Because S decreases with increasing G S 1S
minimized at r=0, 1. If we define virulence as the
reduction in host survival relative to that for a host in
which bacterial growth is zero (v=3S,.. — S), then viru-
lence is maximized when S is minimized (Vga = Smax
— Smin)s 1.€. at the extremes of relatedness, »r=0 and
r=1.

When a and b are both zero, so that there is no selection
for spite nor for reduced virulence, equation (A 8) reduces
to (S[G]H'[z])/G which is negative and hence y* = 0.

APPENDIX B

Relaxing the assumption of additive growth compo-
nents, and making no further assumptions about the
components of growth beyond bacteriocin production
reducing the growth of the focal lineage (Gg.) and its
non-kin social partners (Gyy.a)>, We can recover the major
predictions made in this study. Consider the fitness func-
tion (equation (2.1)). Marginal fitness can be written

dw_
dy
dGroca
d; - Gfocal

(aGlocal + (1 - a)Gglobal)2

d(aGoca + (1 — @) Ggopa)
dy

(aGlocal + (1 - a)Gglobal)

B 1

Assuming only minor variants, so that y= z, and
Gfocal =~ Gsocial =~ Glocal =~ global = G, we have

d dG dGiyi
77'0: ((1 _ ar) focal a(l _ V) soclal)/G'
dy dy

dy (B 2)

Fitness increases with enhanced bacteriocin production
when dw/dy > 0. dG(../dy is negative owing to the pro-
duction costs of bacteriocin, and dG,,./dy is negative
because non-kin social partners experience higher mor-
tality as bacteriocin production by the focal lineage is
increased. Equation (B 2) therefore demonstrates the
trade-off between the direct cost of bacteriocin production
and the benefit of competitor killing. The benefit is zero
when a =0 and/or when r=1, so that marginal fitness is
{(1 — ar)dGgea/dy}/G < 0 for all y, meaning that the
ESS bacteriocin production is at y* = 0. Also, the impact
of the focal lineage’s bacteriocin on competitor growth
approaches zero as the focal lineage accounts for a van-
ishing proportion of the social group, i.e. at r=0,
dGoeia/dy =0, and so here the marginal fitness is nega-
tive, and y*=0. Therefore, regardless of the precise
details describing how the growth of the focal lineage and
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its non-kin social partners decline with enhanced bacteri-
ocin production, provided they do decline, we can state
that the ESS is y* =0 when kinship is zero or complete
(r=0, 1) and when competition is entirely global (a =0).
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