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Male-killing bacteria are cytoplasmic sex-ratio distorters that are transmitted vertically through
females of their insect hosts. The killing of male hosts by their bacteria is thought to be an adaptive
bacterial trait because it augments the ®tness of female hosts carrying clonal relatives of those bacteria.
Here we attempt to explain observations of multiple male-killers in natural host populations. First we
show that such male-killer polymorphism cannot be explained by a classical model of male-killing. We
then show that more complicated models incorporating the evolution of resistance in hosts can explain
male-killer polymorphism. However, this is only likely if resistance genes are very costly. We also
consider the long-term evolutionary dynamics of male-killers, and show that evolution towards
progressively more `e�cient' male-killers can be thwarted by the appearance of host resistance. The
presence of a resistance gene can allow a less e�cient male-killer to outcompete its rival and hence
reverse the trend towards more e�cient transmission and reduced metabolic load on the host.
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Introduction

Male-killing bacteria belong to the class of cytoplasmic
elements which spread by manipulating the sex-ratio of
their hosts (Hurst, 1993; Hurst et al., 1997). Male-killers
have been found in a number of bacterial genera,
most notably Spiroplasma, Rickettsia and Wolbachia
(Williamson & Poulson, 1979; Werren et al., 1994;
Hurst et al., 1999a), and male-killing has been reported
in a wide variety of insect taxa (Hurst, 1993; Hurst
et al., 1997). In the case of `early male-killing' (sensu
Hurst, 1991) sex-speci®c pathogenesis is thought to have
evolved in male-killing bacteria as a consequence of
their almost exclusively vertical (i.e. egg to brood)
means of transmission between hosts (Hurst, 1991).
Bacteria in male hosts are at an evolutionary dead-end,
so male-killing has a ®tness cost of zero (from the
bacterial point of view). But the death of males can
augment the ®tness of all remaining brood members,
including female hosts carrying clonal relatives of the
bacteria which killed males.

This positive e�ect of male-killing is termed ®tness
compensation, and can occur for a number of reasons:
reduced intrabrood competition, reduced inbreeding or
direct bene®ts from egg cannibalism (Hurst et al., 1997;

and references therein). It is ®tness compensation which
allows male-killers to spread in a host population,
despite infected male hosts being killed and infected
female hosts bearing a ®tness cost (Hurst, 1991).

Classical models of male-killers (Hurst, 1991; Hurst
et al., 1997) have considered a number of parameters
such as the vertical transmission e�ciency, cost borne by
infected females, and the level of ®tness compensation.
We consider a host population that possesses two strains
of male-killers. We ®nd that male-killer polymorphism
(sensu Ford, 1971) is not a stable solution. As long as
both male-killers are able to invade deterministically a
host population free of male-killers, then only one male-
killer will be maintained in the host population. The
male-killer with the higher Basic Rate of Increase or
BRI (de®ned later) will always out-compete the other.
BRI is a function of the three parameters mentioned
above.

This theoretical result of no male-killer polymorphism
appears to be contradicted by the empirical data of
a number of ®eld studies (Hurst et al., 1999). In an
extreme case, four di�erent male-killer strains were
isolated from individuals of the host Adalia bipunctata
found on a single street in Moscow (M. E. N. Majerus &
J. G. H. V. D. Schulenburg, pers. comm.). How can we
reconcile the theoretical and empirical data?

It is, by de®nition, a property of all sel®sh elements
that their spread creates the context for the spread of*Correspondence. E-mail: bspjr@bath.ac.uk
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host resistance genes. We ask whether the evolution of
host resistance could provide conditions for male-killer
polymorphism. The evolution of resistance to cytoplasmic
sex-ratio distorters has received some theoretical con-
sideration (Uyenoyama & Feldman, 1978), although not
in the context of polymorphism.
Here we ask what would happen if a `weaker' male-

killer were introduced into a host population which had
evolved resistance to a `stronger' male-killer?

One male-killer

We specify a model of male-killing similar to those of
previous studies (Hurst, 1991; Freeland & McCabe,
1997; Hurst et al., 1997). We assume that the male-killer,
MK, is transmitted to a proportion a of a female's
brood. Transmission is exclusively vertical (no horizon-
tal transmission). All infected males die, whereas infec-
ted females su�er a viability ®tness cost U. Empirical
evidence for such a cost has been found for Rickettsia
infection of Adalia bipunctata (Hurst et al., 1994).
Fitness compensation bene®ts all surviving members
of the brood. We assume that it is a function of the
number of males killed (i.e. the amount of ®tness to
be redistributed), and the number of survivors (i.e. the
number of individuals amongst whom redistribution
takes place). Fitness compensation is maximized when
brood ®tness is una�ected by male death, when the
®tness of dead males is perfectly redistributed amongst
the surviving brood. We assume ®tness compensation to
be a proportion / of this theoretical maximum, so the
compensation received by survivors as a consequence
of male death is given by

u � 1� /
1

1 a=2
1

� �
� 1� /a

2 a
: �1�

Note that this is an increasing function because as a
and hence male death increases, brood ®tness is shared
amongst an increasingly small number of individuals.
We assume an in®nite panmictic outbred population

with discrete generations. Recursion equations can be
expressed in terms of infected and uninfected females
because all breeding males are uninfected. The propor-
tion of adult females infected by MK is p, the propor-
tion of uninfected adult females is q, andW is the sum of
the right-hand sides.

Wp0 � pa�1 U�u �2�

and

Wq0 � p�1 a�u� q: �3�

The invasion conditions for MK are found when:

dp0

dp

�����
p�0

> 1;

is satis®ed, i.e. when the `Basic Rate of Increase' (BRI )
is positive, where

BRI � a�1 U�u 1: �4�

Note that W does not feature in this equation because
as p ® 0, W ® 1.
This formula gives a measure of the `strength' of a

male-killer, and shows that if a male-killer is to spread,
then the ®tness compensation (u > 1) must be high
enough to account for viability e�ects (U > 0) and
imperfect transmission (1 > a > 0).
The equilibrium value of MK ( p*) is found by solving

for p¢� p, which gives

p* � �1 ua� uUa�=�1 u� uUa�: �5�

As reported previously (Hurst, 1991), perfect trans-
mission of a male-killer theoretically leads to ®xation of
the male-killer ( p*� 1 when a� 1), otherwise p and q
are maintained in polymorphism ( p* < 1 when a < 1).
Fixation of a male-killer would lead to population
extinction because of the severe shortage of males.

Two male-killers

We now de®ne a second male-killer, MK2. All male-
killer parameters are de®ned separately for MK1 and
MK2, except for the ®tness compensation parameter /
(subscripts denote the male-killer to which each
parameter applies). One could imagine a situation in
which / di�ered between male-killers, for example if
killing occurred at a di�erent time during develop-
ment. However, for the sake of simplicity we assume
that / applies equally to both male-killers. The two
male-killers are never found in the same host
because there is no horizontal transmission, so the
recursions are a simple extension of those for a single
male-killer.

Wp01 � p1�BRI1 � 1� �6�

Wp02 � p2�BRI2 � 1� �7�

Wq0 � p1�1 a1�u1 � p2�1 a2�u2 � q: �8�

Equation (6) is equivalent to eqn (2), and eqn (8) is
equivalent to eqn (3) when p2� 0.
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The condition for MK2 to invade a population already
containingMK1 at equilibrium is given by the solution to

@p02
@p2

�����
p1�p�

1

> 1;

which is given by

BRI2 > BRI1: �9�

So MK2 can invade in the presence of MK1 if its BRI
is higher. Note that this result stands even if we were to
assume that / applies di�erently to the two male-killers,
as / is a component of each male-killer's BRI.

To determine whether a stable polymorphism of male-
killers is possible, we need to ®nd the intersection of
p01� p1 and p02� p2. We ®nd that at p01 � p1;

p1 � p1* p2p1*�BRI1=BRI2� �10�

and at p02 � p2;

p1 � p1*�BRI2=BRI1� p2p1*�BRI1=BRI2�: �11�

It is clear by inspection that these lines are parallel,
with gradient p1*BRI1/BRI2. Therefore, a neutral equi-
librium is only possible if the lines have the same
intercept, i.e. if BRI1�BRI2. Hence for stable polymor-
phism both male-killers must have the same BRI. These
equations are illustrated graphically in Fig. 1. Note that

the direction of the vectors makes it impossible that a
stable limit cycle will result.

This means that a contest between two male-killers is
decided solely on which of the two has the higher BRI.
This makes intuitive sense because in a three-allele
haploid systemwith no frequency dependence, one would
expect the most ®t allele simply to outcompete the others.
The reason that in this case the `better' male-killer does
not remove the uninfected `allele' is that uninfected
individuals are created each generation. The system
mimics a mutation±selection equilibrium in which the
uninfected `allele' is maintained by a high `mutation' rate,
i.e. by imperfect transmission of the male-killer.

Note that it is not necessarily the case that the male-
killer with the higher BRI will also have the higher
equilibrium value, although the general trend is for BRI
to increase with equilibrium frequency.

Resistance genes

We consider two alternative resistance genes: a mater-
nal-e�ect gene and a ®lial-e�ect gene. Both resistance
genes act in the diploid host to reduce male-killing, and
are inherited in an autosomal fashion. The resistance
genes di�er in their sex-dependent e�ects, with the
maternal-e�ect gene acting to reduce vertical transmis-
sion and the ®lial-e�ect gene acting to cure males of the
male-killer. Qualitatively similar results were obtained
for the two models of resistance, so we present only the
®lial-e�ect resistance gene here. Details of the maternal-
e�ect resistance can be found at http://www.bath.ac.uk/
Departments/BiolBioch/hurst.htm (hereafter referred to
as URL1).

The ®lial-e�ect resistance gene (R) acts in a dominant
fashion in the male host, so that the proportion of males
killed is ga rather than a. We assume that R imposes a
cost c on males, and that this cost acts multiplicatively
so that the ®tness of males homozygous for R is (1 ) c)2.
This combination of a dominant allele with multiplica-
tive costs assumes that the R gene codes for an antibiotic
whose e�ectiveness does not increase above the haploid
dosage, but whose production cost varies with the copy
number of the R allele. The recursion equations of the
model are shown in Appendix 2.

The spread of a resistance gene

The conditions for R to invade a population containing
a male-killer at equilibrium were obtained by modi®er
analysis (see URL1) and con®rmed by simulation. R can
always invade if it is not costly (c� 0) so long as p* > 0.
Furthermore, R can invade even if the cost of resistance
is considerable, especially if the transmission advantage
of the male-killer is particularly high and the resistance

Fig. 1 Illustration that stable male-killer polymorPhism is
impossible in a panmictic, nonresistant population. The graph

shows plots of p1 (the frequency of MK1) against p2 (the
frequency of MK2) for p01� p1 and p02� p2. The only stable
points for the system are at p1� 0 and p2� p�1 or p1� p�1 and
p2� 0, unless BRI1�BRI2. So, a neutral equilibrium is only

possible if the BRI of the two MKs is the same. However, this
does not necessarily mean that a and U must be the same.
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gene is highly e�ective (g low). The invasion conditions
for a costly resistance gene are plotted in Fig. 2.
Simulation shows that a costly resistance gene, if it

can invade, will always reach a stable equilibrium within
the population and reduce the equilibrium level of the
male-killer. However, this result is dependent on the
population being in®nitely large. If the resistance gene is
highly e�ective (g low) then the male-killer can be
reduced to such low frequencies that it would almost
certainly be lost from a ®nite population. We therefore
incorporated into our simulations a cut-o� threshold,
with frequencies falling below this threshold put to zero.
The results in this paper were obtained using a cut-o� of
10)7, but qualitatively identical results were obtained
with a cut-o� of 10)13.

Male-killer polymorphism with resistance genes

The proposed scheme for the evolution of male-killer
polymorphism with resistance genes involves two steps.
First, the spread of a costly resistance gene should
`weaken' the resident male-killer. The results above
con®rm that this can happen, although sometimes both
the male-killer and the resistance gene will be lost from
the population. The second step is for a second `weaker'
male-killer, una�ected by the resistance gene, to spread

at the expense of the `stronger' male-killer. The `stronger'
male-killer declines in frequency, thereby causing a
decrease in the frequency of the resistance gene, and
hence reducing the degree to which the `stronger' male-
killer is a�ected by host resistance. Such frequency-
dependent selection, if su�ciently damped, should allow
the stable maintenance of a male-killer polymorphism.
Owing to the complexity of the recursions and because
of a need to incorporate cut-o�s, we have used simu-
lations to investigate whether this intuitive argument is
correct.
The ability of the second male-killer to invade is not

determined simply by its BRI. Instead, we de®ne a
General Rate of Increase (GRI ) such that

GRI � a(1 U )u Wf; �12�

where Wf is the mean female ®tness, and where GRI has
to be positive for a male-killer to invade. With no male-
killers or resistance genes, Wf� 1 and so GRI�BRI.
However, with a male-killer and resistance gene in
polymorphism, Wf will be lower because of reduced
male-killing (the resistance genes spread because of their
e�ects on mean male ®tness). When a male-killer (say
MK1) is at equilibrium within a host population without
resistance:

Wf � a1(1 U1)u1: �13�

This means that for MK2 to invade when MK1 is at
equilibrium, GRI2 > 0 simpli®es to BRI2 > BRI1, as
obtained above (see `Two male-killers').
These considerations of GRI mean that MK2 will

always invade and eliminate MK1 if BRI2 > BRI1, and
that MK2 is unlikely to invade unless BRI2 > 0. This
leaves an intermediate region of BRI1 > BRI2 > 0 in
which male-killer polymorphism might occur. Simula-
tions indicate that MK2 can invade and eliminate MK1

even if BRI1 > BRI2, and that male-killer polymor-
phism does occur within the bounds described. This
polymorphic zone is shown in Fig. 3. These ®gures
represent the outcomes of a series of simulations in
which a1 and a2 were varied while U1 and U2 were
constant and equal.
To characterize the parameter space more rigorously,

we carried out parameter scans similar to those repre-
sented in Fig. 3 for varying resistance gene and male-
killer cost parameter values. An example of such a
parameter scan is shown in Fig. 4.
The two models of host resistance yield similar

likelihoods of male-killer polymorphism. As suggested
by the intuitive argument presented above, both the
resistance gene's cost and its e�ectiveness a�ect the
likelihood of male-killer polymorphism. As the cost of

Fig. 2 Invasion conditions for the resistance gene in the
presence of a male-killer at equilibrium (/� 0.5 and

U1� 0.01). For invasion, the cost of the resistance gene must
lie beneath the sheet. Note that as the transmission e�ciency of
MK1 increases, the invasion conditions become less stringent.

This is because transmission of the gene through saved males
becomes increasingly signi®cant as the population becomes
more female-biased. The transmission reduction parameter g
has little e�ect on the cost tolerated by the invasion conditions

except when g approaches unity. Invasion cannot occur at
g� 1 because this represents zero transmission reduction.
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resistance c is reduced, the zone of polymorphism
diminishes. A high cost is required for su�cient
frequency-dependent damping. When c is high, then as
resistance gene e�ectiveness is increased (g lowered), the

likelihood of male-killer polymorphism is also increased.
This is because a less e�ective resistance gene has a
smaller e�ect on MK1, thus creating a smaller potential
zone of polymorphism.

Fig. 3 Plot illustrating the parameter space in which we observe male-killer polymorphism. It is a representation of a series of
simulation runs for both resistance genes (®lial-e�ect and maternal-e�ect) at di�erent combinations of a1 and a2. For all simulations
/� 0.5 and U1�U2� 0.01. Also, the characteristics of the two resistance genes are held constant (g� d� 0.5, c� 0.01). For the

parameter values speci®ed, a male-killer cannot invade if a < 0.769 because its BRI will be less than zero. Polymorphism is
therefore impossible if MK2 has a transmission e�ciency of less than 0.769. Polymorphism is also impossible above the line a1� a2
because if MK2 has the higher BRI then it will always oust MK1 from the population regardless of host resistance. The presence

of the resistance gene allows MK2 to completely outcompete MK1 in some circumstances, even if it has a lower BRI. However, near
the lower boundary of the region in which MK2 can invade, it is unable to oust MK1 from the population. This results in
stable maintenance of the two male-killers. The region enclosed by the open dotted lines represents parameter space in which

polymorphism results for the ®lial-e�ect model (that described in the text). The equivalent region for the maternal-e�ect model
is enclosed by the closed dotted lines (see URL1).

Fig. 4 Outcome of a more extensive scan of parameter space. Each point on the graph represents the area of the polymorphic
zone in individual scans such as Fig. 3. These individual scans were undertaken for quantitatively di�erent resistance genes, so g, d

and c were varied. For each scan there are 2784 di�erent combinations of parameter values that could theoretically allow poly-
morphism. These lie between the lowest a value that will allow invasion and the line a1� a2. The parameter space area on the y-axis
is therefore the number of these parameter combinations that resulted in polymorphism. The closed symbols represent results for the

maternal-e�ect gene and the open symbols represent results for the ®lial-e�ect gene. The di�erent shaped symbols represent di�erent
values of g and d: circle� 0.2, triangle� 0.5 and square� 0.8. The major trends visible in the scan are that polymorphism is less
likely for a low-cost resistance gene, and polymorphism is more likely for a more e�ective resistance gene (i.e. one that reduces

transmission or action by a lot). It is evident that neither class of resistance gene is substantially more likely to result in
polymorphism.
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Discussion

Male-killer polymorphism

We have shown that stable coexistence of two male-
killer strains within a single population is impossible if
no host resistance is permitted. The male-killer with the
higher BRI will always outcompete the other and spread
to its equilibrium value. In contrast, we have shown that
stable male-killer polymorphism is possible if the host
can evolve resistance to a male-killer. Parameter scans
indicate that male-killer polymorphism is only likely if
the resistance gene is costly (roughly speaking, above
1%). Such costs may seem unrealistically high, but such
is the deleterious e�ect of the male-killer on its hosts that
resistance genes many times more costly can spread.
There are alternative explanations for the observa-

tions of male-killer polymorphism. (i) Such observations
may include individuals from di�erent populations: if
di�erent male-killers are present in di�erent populations
then male-killer polymorphism may be incorrectly
inferred. Proximity of individuals need not imply
interbreeding. (ii) Population substructure might enable
male-killer polymorphism, with immigration of `weaker'
(i.e. lower BRI ) male-killers balancing selection in
favour of the `stronger' male-killers (i.e. higher BRI ).
(iii) The observation of male-killer polymorphism does
not necessarily imply a stable polymorphism: if new
strains of male-killers are continuously arising then a
mutation±selection balance will maintain transient poly-
morphisms. In the same way that we cannot assess the
likelihood of the resistance gene explanation until we
know about the critical parameters (such as resistance
cost), these alternative models cannot be evaluated
without explicit models and the necessary parameter
information (such as migration and de novo appearance
of male-killers).

Long-term dynamics of male-killers
and their hosts

What e�ect would one expect host resistance to have on
the long-term dynamics of a host/male-killer system?
Will it evolve towards a particular evolutionarily stable
state? In the absence of host resistance, new male-killers
can oust the incumbent male-killer if they have a higher
BRI. This means that BRI has to increase over time,
with an associated tendency (but not strict requirement)
for male-killer equilibrium frequency to increase also.
Like a ratchet mechanism, evolution can proceed
stepwise in one direction, but is prevented from going
in reverse. One would therefore expect male-killers in
extant populations to have high transmission e�ciency
and impose a modest cost on their hosts.

The evolution of host resistance breaks the ratchet. If
the resistance gene is costless, then the male-killer can be
deterministically driven from the population. Even if the
resistance gene is costly, then as long as it is highly
e�ective it can `cure' the population of a male-killer by
reducing the male-killer down to an absorbing lower
boundary.
Even if the spread of the resistance gene does not

automatically eliminate the male-killer, host resistance
can still cause the ratchet to click backwards. If the
second male-killer is una�ected by the resistance gene,
then it can eliminate the ®rst male-killer even if it has a
lower BRI. In many cases this second male-killer will
oust the ®rst from the population completely, which in
turn will lead to the extinction of the resistance gene if
costly. Host resistance can therefore cause the ratchet to
click back in the opposite direction.
Empirical studies have indicated that the vertical

transmission frequency of male-killers is typically in the
region of 80±90% (Hurst et al., 1992, 1997), although
values in excess of 99% have been reported (Majerus
et al., 1998). A number of ideas have been put forward
to explain why transmission e�ciency rarely exceeds
90% (Hurst et al., 1997).
One suggestion is that the observed transmission

e�ciency is the maximum the male-killer is capable of,
given the constraints imposed by the host (Hurst et al.,
1996). The observed transmission value may therefore
be the outcome of an arms race between the bacterium
and its host. A second possibility is that higher
transmission e�ciency is possible, but that male-killers
reaching such high values of a will send their host
population extinct because of the severe shortage of
males. Clade selection may impose a higher-order ®lter
on evolution to very high vertical transmission e�cien-
cies. A third suggestion is that transmission e�ciency
may trade o� against the cost imposed on the host. This
could plausibly arise if both cost and transmission are
dependent on bacterial density in the host cells. From
our analysis, we have shown that BRI depends on both
U and a. Hence, if there is a trade-o� between a and
U then one could imagine a point at which further
increases in transmission e�ciency actually lead to a
reduction in BRI, and would be selectively disfavoured
(Hurst et al., 1997). There is some recent evidence for a
link between bacterial load and CI level for Wolbachia
in Nasonia vitripennis (e.g. Perrot-Minnot & Werren,
1999).
Our results suggest three further possibilities. First, in

the absence of resistance, we show that one male-killer
can eliminate another male-killer by having a higher
BRI, despite having a lower transmission e�ciency.
Secondly, the spread of host resistance can lead to
complete elimination of a male-killer. Thirdly, we show
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that if host resistance has evolved to a resident male-
killer, a second male-killer can eliminate the resident
male-killer even with a lower BRI and lower transmis-
sion e�ciency.

The evolution of host resistance

We have shown that the evolution of host resistance
a�ects both the likelihood of the male-killer poly-
morphism and the long-term dynamics of male-killers
and their hosts. To what extent are our results
dependent on our speci®c models of host resistance,
and is there any evidence of resistance genes in
nature?

Although conclusive evidence of host resistance to
male-killers is lacking, a number of studies have
suggested that the e�ectiveness of a male-killer varies
with host genotype (Cavalcanti et al., 1957; Malago-
lowkin & Poulson, 1957).

A huge variety of alternative resistance genes is
imaginable. We have chosen two models of resistance,
which we consider to represent the middle ground, in
that it is possible to imagine both resistance genes that
will spread more easily, and resistance genes that will
spread less easily.

Why might the evolution of host resistance be harder
than suggested by our models? Hurst et al., (1997)
consider the consequences of a resistance gene causing
increased longevity in males. If the resistance gene
increases male life span by only a small time, it may
actually be selectively disfavoured. This is because a
male that dies as a larva is still incapable of passing on
his genes, and furthermore contributes less ®tness
compensation to the surviving members of the brood.
In order to spread, a resistance gene must allow some
males to reach maturity. We have neglected this
problem, by assuming that the ®tness compensation
parameter is una�ected by the resistance genes. In e�ect,
we consider that our resistance genes enable a complete
transition from infected to uninfected, without any
intermediate classes.

On the other hand, the evolution of host resistance
could be easier than suggested by our models. If a
resistance gene were to reduce U as well as the
transmission of male-killers, then its spread would be
more strongly favoured.

There is a pressing need for empirical data to back up
the theoretical approach adopted in this paper. We need
to know if resistance genes exist, and if so, how they act. It
seems reasonable to suppose that the qualitative results
reached in this paper (male-killer polymorphism with
resistance genes is possible) are probably independent of
the exact form of a resistance gene. Any quantitative
results however (resistance gene cost must be of the order

of 10)2 or above), are probably highly dependent on the
exact nature of host resistance to male-killers.

Acknowledgements

The authors wish to thank Greg Hurst, Mike Majerus,
Hinrich Von Der Schulenburg and Tamsin Majerus for
helpful comments on the manuscript and general advice.
Also the authors would like to thank two anonymous
reviews and John Brook®eld for helpful comments on
the manuscript. L.D.H. is funded by a Royal Society
fellowship and J.P.R. is funded by a NERC studentship.

References

CAVALCANTICAVALCANTI, A. L. G.A. L. G., FALCAOFALCAO, D. N.D. N. ANDAND CASTROCASTRO, L. E.L. E. 1957. Sex
ratio in Drosophila prosaltans a character due to interaction

between nuclear genes and cytoplasmic factors. Am. Nat.,
91, 327±329.

FORDFORD, E. B.E. B. 1971. Ecological Genetics, 3rd edn. Chapman &

Hall, London.
FREELANDFREELAND, S. J.S. J. ANDAND MMcCABECABE, B. K.B. K. 1997. Fitness compensation
and the evolution of sel®sh cytoplasmic elements. Heredity,

78, 391±402.
HURSTHURST, L. D.L. D. 1991. The incidences and evolution of cytoplasmic
male killers. Proc. R. Soc. B, 244, 91±99.

HURSTHURST, L. D.L. D. 1993. The incidences, mechanisms and evolution
of cytoplasmic sex ratio distorters in animals. Biol. Rev., 68,
121±193.

HURSTHURST, G. D. D.G. D. D., MAJERUSMAJERUS, M. E. N.M. E. N. ANDAND WALKERWALKER, L. E.L. E. 1992.

Cytoplasmic male killing elements in Adalia bipunctata
(Linnaeus) (Coleoptera: Coccinellidae). Heredity, 69, 84±91.

HURSTHURST, G. D. D.G. D. D., PURVISPURVIS, E. L.E. L., SLOGGETTSLOGGETT, J. J.J. J. ANDAND MAJERUSMAJERUS, M. E.M. E.

N.N. 1994. The e�ect of infection with male-killing Rickettsia
on the demography of female Adalia bipunctata L. (two spot
ladybird). Heredity, 73, 309±316.

HURSTHURST, G. D. D.G. D. D., HAMMARTONHAMMARTON, T. C.T. C., OBRYCKIOBRYCKI, J. J.J. J., MAJERUSMAJERUS, T. M.T. M.

O.O., WALKERWALKER, L. E.L. E., BERTRANDBERTRAND, D.D. ANDAND MAJERUSMAJERUS, M. E. N.M. E. N. 1996.
Male-killing bacterium in a ®fth ladybird beetle,Coleomegilla

maculata (Coleoptera: Coccinellidae).Heredity, 77, 177±185.
HURSTHURST, GG. DD. DD., HURSTHURST, LL. DD. ANDAND MAJERUSMAJERUS, MM. EE. NN. 1997.
Cytoplasmic sex ratio distorters. In: Ho�mann, A., O'Neill,
S. and Werren, J. (eds) In¯uential Passengers, pp. 125±154.

Oxford University Press, Oxford.
HURSTHURST, G. D. D.G. D. D., JIGGINSJIGGINS, F. M.F. M., SCHULENBURGSCHULENBURG, J. H. G. V. D.J. H. G. V. D.,

BERTRANDBERTRAND, D.D., WESTWEST, S. A.S. A., GORIACHEVAGORIACHEVA, I. I.I. I. ET ALET AL. 1999a.

Male-killing Wolbachia in two species of insect. Proc. R.
Soc. B, 266 735±740.

HURSTHURST, G. D. D.G. D. D., SCHULENBURGSCHULENBURG, J. H. G. V. D.J. H. G. V. D., MAJERUSMAJERUS, T. M. O.T. M. O.,

BERTRANDBERTRAND, D.D., ZAKHAROVZAKHAROV, I. A.I. A., BAUNGAARDBAUNGAARD, J.J. ET ALET AL. 1999b.
Invasion of one insect species, Adalia bipunctata, by two
di�erent male-killing bacteria. Insect Mol. Biol., 8, 133±139.

MAJERUSMAJERUS, T. M. O.T. M. O., MAJERUSMAJERUS, M. E. N.M. E. N., KNOWLESKNOWLES, B.B., WHEELERWHEELER, J.J.,

BERTRANDBERTRAND, D.D., KUZNETZOVKUZNETZOV, V. N.V. N. ET ALET AL. 1998. Extreme
variation in the prevalence of inherited male-killing
microorganisms between three populations of Harmonia

axyridis (Coleoptera: Coccinellidae). Heredity, 81, 683±691.

158 J. P. RANDERSON ET AL.

Ó The Genetical Society of Great Britain, Heredity, 84, 152±160.



MALAGOLOWKINMALAGOLOWKIN, C.C. ANDAND POULSONPOULSON, D. F.D. F. 1957. Infective transfer

of maternally inherited abnormal `Sex ratio' in Drosophila
willistoni. Science, 126, 32.

PERROTPERROT--MINNOTMINNOT, M.-J.M.-J. ANDAND WERRENWERREN, J. H.J. H. 1999. Wolbachia

infection and incompatibility dynamics in experimental
selection lines. J. Evol. Biol., 12, 272±282.

UYENOYAMAUYENOYAMA, M. K.M. K. ANDAND FELDMANFELDMAN, M. W.M. W. 1978. The genetics of

sex ratio distortion by cytoplasmic infection under maternal
and contagious transmission: an epidemiological study.
Theor. Pop. Biol., 14, 471±497.

WERRENWERREN, J. H.J. H., HURSTHURST, G. D. D.G. D. D., ZHANGZHANG, W.W., BREEUWERBREEUWER, J. A. J.J. A. J.,

STOUTHAMERSTOUTHAMER, R.R. ANDAND MAJERUSMAJERUS, M. E. N.M. E. N. 1994. Rickettsial
relative associated with male killing in the ladybird beetle
(Adalia bipunctata). J. Bacteriol., 176, 388±394.

WILLIAMSONWILLIAMSON, D. L.D. L. ANDAND POULSONPOULSON, D. F.D. F. 1979. Sex ratio organisms
(Spiroplasmas) of Drosophila. In: Whitcomb, R. F. and
Tully, J. G. (eds) The Mycoplasmas, pp. 175±208. Academic

Press, New York.

Appendix 1 Ð Parameters and abbreviations

MK1, male-killer one.
MK2, male-killer two.
p1, frequency of MK1.
p2, frequency of MK2.
q, frequency of uninfected individuals.
a, transmission e�ciency of the MK.
U, cost imposed on infected females.
/, proportion of the theoretical maximum ®tness
compensation received by surviving brood members.
u, ®tness compensation to surviving brood because of
male death.
p*, equilibrium frequency of a particular bacterial strain
in a nonresistant host population.
BRI, Basic Rate of Increase of a particular male-killer.
R, ®lial-e�ect resistance gene.
c, cost imposed by a resistance gene on the sex in which
it acts.

g, reduction in bacterial action in infected males with the
R gene.
d, reduction in bacterial transmission from mother to
eggs because of maternal resistance (see URL1).

Appendix 2 Ð Details of the ®lial-resistance
model

The genotype frequencies are represented as follows
(males: y, females: x)

R
gene status No MK

MK1

(females only)
MK2

(females only)

No R gene y1, x1 x4 x7
Het y2, x2 x5 x8
Hom y3, x3 x6 x9

Het, heterozygous; Hom, homozygous.

Recursion equations for the dynamics of a two male-killer system with the ®lial-e�ect resistance gene are as follows

y1 y2 y3

x1 y1 + x1
1
2 ( y1 + y2 + x1 + x2) y2 + x2

x2
1
2 ( y1 + y2 + x1 + x2)

1
4 (1 + y2 + x1 + 2x2 + x3)

1
2 ( y2 + y3 + x2 + x3)

x3 y2 + x2
1
2 ( y2 + y3 + x2 + x3) y3 + x3

x4 y1(1 ) a1) + x4a1 + x1(1 ± a1) 1
2 ((1 ) a1) ( y1 + x1 + x2)

+ a1(x4 + x5) + y2 (1 ) ga1))
y2 (1 ) ga1) + x5a1

+ x2(1 ) a1)

x5
1
2 ((1 ) a1) ( y1 + x1 + x2)

1
4 ((1 ) a1)( y1 + x1 + 2x2 + x3)

1
2 ((1 ) a1) (x2 + x3)

+ a1(x4 + x5) + y2(1 ) ga1)) + (1 ) ga1)(2y2 + y3)
+ a1(x4 + 2x5 + x6))

+ a1(x5 + x6)
+ (1 ) ga1) ( y2 + y3))

x6 y2 (1 ) ga1) + x5a1 + x2(1 ) a1) 1
2 ((1 ) ga1)( y2 + y3)

+ (1 ) a1)(x2 + x3) + a1(x5 + x6))
y3 (1 ) ga1) + x6a1

+ x3(1 ) a1)
x7 y1(1 ) a2) + x7a2 + x1(1 ± a2) 1

2 ((1 ) a2)( y1 + y2) + a2(x7 + x8)
+ (1 ) a2)(x1 + x2))

y2 (1 ) a2) + x8a2 + x2(1 ) a2)

x8
1
2 ((1 ) a2)( y1 + y2 + x1 + x2)

1
4 ((1 ) a2)(1 + y2 + x1 + 2x2 + x3)

1
2 ((1 )a2)( y2 + y3 + x2 + x3)

+ a2(x7 + x8)) +a2(x7 + 2x8 + x9)) + a2(x8 + x9))
x9 y2 (1 ) a2) + x8a2 + x2(1 ) a2) 1

2 ((1 ) a2)( y2 + y3 + x2 + x3)
+ a2(x8 + x9))

y3 (1 ) a2) + x9a2 + x3(1 ) a2)
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Male death occurs in broods from mothers x4±x9, and the
number of males that die (and hence the amount of ®tness
compensation) is dependent both on the mother's and the
father's genotype

Parental genotypes
Appropriate ®tness
compensation term

y1 x4 1� /a1
2 a1

y1 x6, y2 x6, y3 x4, y3 x5, y3 x6 1� /ga1
2 ga1

y2 x5 1� �0:75ga1�0:25a1�/
2 �0:75ga1�0:25a1�

y1 x5, y2 x4 1� �0:5ga1�0:5a1�/
2 �0:5ga1�0:5a1�

All matings involving x7, x8 and x9 1� /a2
2 a2

Females in the next generation then su�er viability costs
dependent on their genotype. In females it is the cost
imposed by the male-killer, whereas males su�er the
viability cost of R

Genotype Viability costs

x1 x2 x3 y1 Ð
y2 (1 ± c)
y3 (1 ± c)2

x4 x5 x6 (1 ± U1)
x7 x8 x9 (1 ± U2)

The invasion conditions for the R gene may be obtained by
modi®er analysis. The resulting expression is too long to
reproduce here, but can be viewed at URL1. However, see Fig. 2
for a graphical representation.
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