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Virulence of symbionts is considered to be the evolutionary product of conflicting selection pres-
sures: maintenance of a live host from which to be transmitted, and maximization of the rate of
transmission. This conflict is thought to be lessened when the symbiont is vertically transmitted, for
here transmission depends on the maintenance of a healthy host. Past studies have confirmed this
tenet, and have shown vertical transmission to select for decreased virulence. We here investigate
the effects of the maternally inherited male-killing Rickettsia symbiont of Adalia bipunctata, the two
spot ladybird, on the demography of the female host. Although no effect of infection on larval
demography was observed, infection detrimentally affected the adult host, infected females showing
both decreased fecundity and longevity in comparison to uninfected controls. These findings are
discussed in relation to both the dynamics of the male-killing Rickettsia and the factors which affect
the level of virulence of symbionts. Three hypotheses are put forward to explain why inherited
symbionts are not avirulent in their female host.
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Introduction

In southern England, seven per cent of female Adalia
bipunctata (two spot ladybird) are host to a bacterium
of the genus Rickettsia, which is transmitted to their
offspring, and is lethal to male progeny (Hurst et at.,
1992, 1993; Werren et at., 1994). The evolutionary
cause of the male-killing behaviour of inherited micro-
organisms has recently come under scrutiny (Skinner,
1985; Werren, 1987; Hurst, 1991; Hurst & Majerus,
1993). The bacteria usually reside in the cytoplasm of
host cells, and are not transmitted by males, which
therefore represent an evolutionary 'dead-end' for the
bacterium. When male death occurs during embryo-
genesis, the male-killer also usually dies. This suicidal
behaviour has been interpreted as evolving through kin
selection (Skinner, 1985; Hurst, 1991). By killing male
individuals, the bacterium may increase the lifetime
reproductive success of sisters of the dead male host,
which, by virtue of common descent, are likely to be
infected. Two basic mechanisms have been proposed.
First, the sisters' lifetime reproductive success may
increase if male death increases the level of resources
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available to them (Skinner, 1985; Hurst, 1991).
Second, their lifetime reproductive success may
increase by virtue of a decrease in the rate of inbreed-
ing they suffer (Werren, 1987). There is evidence from
a variety of hosts affected by male-killers that these
advantages to male-killing do exist, although in a
minority an advantage is not readily visible (Hurst &
Majerus, 1993). In A. bipunctata, two advantages to
male-killing are evident. First, hatchlings (mainly
females) consume dead sibling eggs (predominantly the
dead males), gaining a resource advantage (G. D. D.
Hurst et at., submitted). Second, females suffer a lower
rate of cannibalism from their siblings, these being
fewer in number (G. D. D. Hurst et at., in prep.).

Though maternally inherited symbionts have no
long-term interest in being in a male host, their survival
depends on the lifetime reproductive success of the
female host (Ewald, 1987; Ewald & Schubert, 1989),
and both laboratory simulation using phage infecting
E. coli (Bull et at., 1991) and comparative study of the
virulence of nematodes infecting fig wasps (Herre,
1993) have confirmed that vertical transmission does
select for lower symbiont virulence. This thesis led
Smith & Dunn (1991) to set out four characteristics
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that can be expected to be associated with vertically
transmitted symbionts, as follows.
I They should have no detrimental effects on the
maternal host.
2 They should infect the germ-line in preference to
other host tissues.
3 They should have no effect on female fecundity.
4 They should have no effect on the survival or
growth of female offspring.
Vertical transmission, in producing a reduction in
virulence, may in fact result in a net fitness benefit to
female hosts which bear symbionts. It has been argued
that symbionts can play a positive metabolic role and
this may outweigh any virulence effects that they
produce, resulting in the evolution of mutualism
(Yamamura, 1993; Bermudes & Joiner, 1993).

A significant level of virulence would cause the fre-
quency of infected hosts to decrease. The bacterium
would not be maintained unless this loss were compen-
sated for by the combined effects of the creation of new
hosts by horizontal transfer of the bacterium, and any
advantages to infected females that result from male
death. A positive effect on female hosts would, by
comparison, suggest a decreased importance to these
effects in respect of the maintenance of the bacterium.
We here test the effects of the symbiont on the demo-
graphy of the female host, in the absence of any
benefits from killing males. The aim is to partition out
any indirect demographic effects that arise from the
male-killing action of the bacterium, from the direct
effects associated with the level of virulence of the
bacterium in the female host.

Materials and methods

Females from three separate Cambridge lines infected
with the male-killing bacterium (Ti-i-A, T1-3-F, Li-
12) were outcrossed, and the demography of their
progeny monitored in comparison to progeny from
females which were normal with respect to sex ratio. In
the case of lines Ti-i-A and Ti-3-F, where approxi-
mately a third of daughters of infected individuals did
not inherit the symbiont, the progeny taken for
comparison were derived from a 'revertant' (unin-
fected) sister mated to the same male as the biased sex-
ratio female. In the case of line L1-i2, which did not
produce a significant number of revertant individuals,
the comparator individuals were derived from two
uninfected lines, maintained by outcrossing in the lab-
oratory over the same number of generations as the
sex-ratio lines.

Eggs from these females were collected and allowed
to hatch. To control against any indirect effect of infec-
tion from the male-killing action of the bacterium in

siblings, hatching larvae of both classes were prevented
from cannibalizing unhatched eggs by removal of such
eggs from clutches, using a fine needle. In order to
obtain a good match between the environment of
infected and uninfected individuals, a single neonate
larva from a sex-ratio pair was placed in a petri dish
with a neonate larva from the comparator strain, and
the status of the resultant adults with respect to infec-
tion ascertained post-hoc. This pair of larvae was then
fed on excess pea aphids, Acyrthosiphum pisum, under
a constant 24 h light regime, until just before pupation.
At this point they were separated into new dishes, so
that the individual pupating first could be noted and
isolated. Between six and 12 hours after emergence as
adults, the members of the pair were weighed to the
nearest milligram and sexed. If either of the pair was
male, the pair was discarded. If both were female, then
the individuals were placed in separate dishes and
marked with the pair number and the subscript A or B,
depending on order of emergence (A for first to
emerge, B for second). These females were then fed
three large aphids a day for eight days.

On the ninth day, each adult was placed in a new
dish, allowed to mate once, and supplied thereafter
with four large aphids per day. This level of food is
enough to maintain a low rate of oviposition in normal
laboratory lines without inducing high rates of canni-
balism of the eggs by the adults. Pairs where either
female refused to mate were discarded, to control
against any cost of mating and mating refusal that might
have been incurred, as has been observed in Droso-
phila (Fowler & Partridge, 1989).

The eggs from these pairs were collected daily and
counted, and the adult was placed in a new dish. Dishes
were changed daily irrespective of the presence of an
egg clutch, to prevent a positive feedback effect arising
from the stimulating effect that placing females into
clean dishes has on oviposition (Majerus et a!., 1989).
The two dishes containing the individual members of
pairs were stacked together on the bench-top, with
rotation of the dishes to control against possible effects
of light on fecundity. Pairs where either individual
failed to produce fertile eggs within the first 10 days
were noted, discarded from the analysis, and their
fertility assessed by mating them with other male part-
ners. On the eighteenth day after emergence, the indi-
viduals were remated to decrease the chance that
reductions in fertility rate might result from sperm
depletion. The regime of aphids and dish-changing was
maintained until the twenty-eighth day (20 days of egg
laying), after which time the adults were fed daily on
artificial food (see Majerus et al., 1989 for recipe). The
date of death was recorded.
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The identification of the members of the pair with
respect to infection status was ascertained post-hoc by
observation of the hatch-rates of eggs produced by
each individual. If this was ambiguous, larvae were
reared to maturity and a sex ratio obtained. Post-hoc
identification prevented any experimental bias in the
provisioning of adults with aphids, the infected individ-
ual on the bench-top being anonymous.

In a separate investigation, the effect of the
bacterium on host overwinter mortality was investi-
gated. Neonate larvae were prevented from cannibali-
zing unhatched eggs and larvae were raised on a diet of
excess A. pisum in groups of five siblings in 9 cm
diameter petri dishes. Larvae from five sex-ratio and
four normal matrilines were raised. Female adults were
fed on excess aphids for 10 days after emergence,
placed in clean 9 cm petri dishes, with paper screwed
up to provide sheltered refuges, and placed in an
unheated insectary. Overwintering commenced during
the period between the end of September and the
beginning of October. The mortality of the ladybirds
was scored after 90 days.

Results

Characterization of individuals as to status with
respect to the sex-ratio trait

Each pair could contain either a normal and an
infected individual, or, if the individual from the sex-
ratio pair was a revertant, two normal individuals.
Analysis of egg hatch-rates allowed easy separation of
the pairs of larvae with respect to infection status
(Table 1). In one case (pair 5, not shown in the table),
reversion had evidently occurred (one individual
produced eggs with 92 per cent probability of hatching
and a family which was 57 per cent male; the other,
eggs with 82 per cent probability of hatching and a
family which was 61 per cent male), and so this pair
was discarded from the analysis. In the other cases, the
egg hatch-rates clearly indicated which female of a pair
was infected.

The demographic effects of infection

The effect of infection on the rate of development of
larvae Infected and uninfected females showed
similar likelihoods in respect of which emerged first
(Table 2). In two cases, emergence of both individuals
within a short period of time prevented classification as
to order. No effect of infection on the rate of develop-
ment of larvae could be discerned (sign test for differ-
encefrom binomial: n29, P>0.90).

The effect of infection on weight at emergence Neither
the infected nor the normal female was regularly
heavier on emergence (Table 3). The weight of the
females, therefore, gave no indication of status with
respect to infection (sign test for difference from
binomial: n 23, P> 0.40).

The effect of infection on oviposition rate Infection by
the male-killing bacterium decreases the rate of egg
production of female A. bipunctata (Table 4). The
magnitude of the difference in the rates of egg produc-
tion between the members of the pairs of females is
proportional to the average fecundity of the pair
(regression: F12877.9, P<0.01). There is no
relationship between the proportionate (log) difference
in fecundity and the average fecundity of a pair (regres-
sion: F1,28 = 0.06, P> 0.8). This is, therefore, the best
measure to use in analysis of the paired data. The mean
logarithmic difference in daily egg production between
pairs differs from zero(t= —4.82,30 d.f., P<0.001).

The effect of infection on longevity Infected individ-
uals tended to die before uninfected ones (Table 5).
Longevity being extremely temperature-dependent, the
data were analysed nonparametrically. Pairs were
classified as displaying either a marginal or a large
difference in survivorship. In this context, marginal is
defined as being when the members of the pair died
within 10 days of each other, and large as when 10 or
more days separated the times of death of the pair. The
data suggest that the longevity of uninfected individuals
exceeds that of infected ones (sign test on which of the
pair lives longer: n = 20, P< 0.05; sign test considering
large differences only: ii = 12, P< 0.01).

Effect of infection on overwinter mortality Any differ-
ence in the overwinter survivorship of infected and
uninfected beetles is small. Whereas 32.9 per cent of
females from male-killed lines survived the winter
(n =76), 40.3 per cent of females from normal lines
were alive at the end of the experiment (n = 57). There
is no evidence that infection affects survivorship rate
(contingency x = 0.77, NS).

Discussion

Infection with the male-killing bacterium, in the
absence of any benefits accrued to female larvae from
the male-killing action itself, produces changes in
certain aspects of the demographic performance of the
adult host. Infection decreases the rate of oviposition.
It also produces a decrease in longevity. In contrast to
the differences in the demographies of infected and
uninfected adults, the demographies of infected and
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Table 1 Characterization of the members of pairs of Adalia bipunctata as to status
with respect to infection with the male-killing Rickettsia

Matriline
of sex-ratio

Individual

Normal Infected

Egg Sex-ratio Egg Sex-ratio
Pair individual hatch-rate (proportion male) hatch-rate (proportion male)

1 Ti-i-A 0.81 0.40 0.39 0.18
10 Ti-i-A 0.90 0.57 0.37 —

12 Ti-i-A 0.85 — 0.39 0.00
i6 L1-12 0.92 — 0.38 —

19 L1-12 0.94 0.40 0.48 —

22 Ti-i-A 0.96 0.63 0.31 0.08
24 L1-12 0.79 — 0.47 0.19
32 Ti-i-A 0.87 0.40 0.49 0.00
37 Ti-3-F 0.90 — 0.33 0.00
43 Ti-3-F 0.89 — 0.43 —

45 T1-3-F 0.94 — 0.53 —

48 Li-12 0.89 — 0.42 —

50 Li-12 0.93 0.73 0.46 0.00
66 Li-12 0.95 — 0.43 0.00
67 L1-12 0.96 — 0,44 —

68 Ti-3-F 0.82 — 0.35 0.00
69 T1-3-F 0.76 0.30 0.39 0.00
70 T1-3-F 0.87 — 0.44 —
71 T1-3-F 0.92 0.78 0.43 —
77 Ti-i-A 0.83 0.60 0.47 0.28
85 Ti-3-F 0.93 — 0.33 —
88 T1-3-F 0.88 — 0.35 —
91 T1-3-F 0.95 — 0.36 0.00
92 Ti-3-F 0.68 1.00 0.47 —
93 Ti-3-F 0.88 0.71 0.43 0.00
96 T1-3-F 0.64 0.43 0.38 —
97 T1-3-F 0.79 — 0.36 0.00

105 L1-12 0.93 1.00 0.47 0.23
108 L1-12 0.95 0.57 0.47 0.00
109 L1-12 0.94 — 0.57 —
111 Ti-i-A 0.89 — 0.52 0.27

Table 2 The emergence pattern of pairs comprising one
normal and one sex-ratio A. bipunctata individual

Emergence pattern

Matriline of bacterium

Li- 12 Ti-i-A T1-3-F

Infected female first 4 4 7
Uninfected female first 5 3 6
Simultaneous 1 0 1

No evidence was shown for any effect of infection on
development rate (P> 0.90).

Table 3 The comparative mass of concurrently reared
individuals from sex-ratio and normal lines of A. bipunctata
shortly after emergence as adults

Heavierfemale

Matriline of bacterium

L1-12 Ti-i-A Ti-3-F

Infected 5 4 5
Uninfected 4 1 4
Equal 1 2 5

No evidence was shown for any effect of infection on mass at
emergence (P>0.40).
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Table 4 The mean daily egg production of each member of
the pairs of A. bipunctata, according to the strain of
bacterium and infection status

Mean daily egg production of

Infected Uninfected
Strain Pair female female

Ti-i-A 1

10
12
22
32
77
iii

11.05
12.80
10.25
16.60
15.00
24.60
13.00

17.40
12.10
14.70
24.20
26.30
19.95
19.15

Li-12 16
19
24
48
50
66
67

105
108
109

17.75
15.05
26.10
12.35
19.85
25.80
20.60
25.65

7.25
8.45

18.85
21.25
20.05
25.75
22.25
30.75
26.60
21.60

9.10
21.25

T1-3-F 37
43
45
68
69
70
71
88
91
92
93
96
97

8.50
17.15
4.60
7.35
8.95
7.50

16.05
13.50

2.30
12.15

8.70
8.20
5.75

23.50
16.75
12.00
12.95
16.40
9.00

14.05
26.65
16.60
16.55
16.00

9.95
16.35

Infected individuals have decreased fecundity (P <0.001).

uninfected larvae appear to be very similar. The above
experiments reveal infection to have little effect on two
features of larval development: the rate of development
of larvae, and the mass of adults at emergence.

The above conclusions are stated in the knowledge
that there may be errors in the original classification of
the members of each pair with respect to infection
status. Such errors will be the classification of a normal
individual as being infected on the basis of low egg
hatch-rate. This will occur when the individual from
the sex-ratio line is a revertant such that both individ-
uals are uninfected, and one of the pair shows an
aberrant low egg hatch-rate for some reason unrelated
to male-killing. Because the comparison that is then
being made is between two uninfected individuals (a

Table 5 The comparative longevity of infected and
uninfected members of a pair

Longevity

Matriline of bacterium

L1-12 Ti-i-A T1-3-F

Infected >uninfected 0 0 1

Infected >uninfected 2 0 2
Infected <uninfected 2 1 1

Infected 4uninfected 4 2 5

>, <:marginal differences in longevity; >, 4 : large
differences, as defined in text. Infected individuals have
decreased longevity (P <0.05).

comparison where the difference should have no
regular direction), the presence of such errors increases
the stringency of the statistical tests which suggest a
direction to the data. This presumes that uninfected
individuals producing eggs with low hatch-rate are
healthy in all other aspects.

The lack of virulence of the bacterium in larvae is in
accord with Smith & Dunn (1991). The bacterium
does, however, affect the fecundity and survivorship of
the adult female host. This finding is consistent with the
observed presence of the bacterium in haemocytes, a
tissue other than the germline (Hurst, 1993), but not
with Smith & Dunn's (1991) theoretical expectation.

The finding of a positive level of virulence of this
bacterium is, first and foremost, important in clarifying
certain aspects of the dynamics of this bacterium. The
bacterium produces a decrease in the mean lifetime
reproductive output of the individuals it infects. The
invasion of the bacterium must be associated with a
combination of its indirect effects on the survivorship
of female progeny through male-killing, and its rate of
horizontal transfer. Beyond such an assertion, the study
provokes two questions. First, to what extent is this
level of virulence measured in the laboratory reflected
in individuals in the field? Second, why do the observa-
tions of virulence of this and other male-killers not
accord with the theoretical prediction of avirulence?

Virulence and the demography of infected
A. bipunctata in the field

The importance of virulence in the understanding of
the evolution and maintenance of the male-killing
Rickettsia depends crucially upon the effect of the
bacterium on host demography in the field. To what
extent do the decreases in oviposition rate and longe-
vity measured in the laboratory, correspond to
decreases in these variables in the field? The answer is
that extrapolation is possible to some extent, but
quantification of the effect is impossible. Most easily
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envisaged is the effect of the bacterium on fecundity.
The advantages to daughters of infected females that
result from the male-killing action of the bacterium act
early in larval development, and will have little or no
effect on the demography of the adult. It must, there-
fore, be expected that when aphid conditions in the
field are similar to those in the experiment, the fecun-
dity of infected individuals will be lower than that of
uninfected ones. In the laboratory regime, fecundity
levels were assessed for individuals supplied with
amounts of food normally sufficient to produce one
clutch of eggs each day (an excess of food was not
used). When do such conditions occur? Past work on
A. bipunctata on Vicia faba and Tilia x europa has
suggested that oviposition starts before the aphid
population has reached peak density: the adults will not
be saturated with aphids (Banks, 1955; Hemptinne et
at., 1992). The above experiments suggest that unin-
fected females would lay proportionately more eggs
than infected ones during the early period of oviposi-
tion. Whether or not there exists a difference in
fecundity later in the season, when aphids are more
abundant, has yet to be ascertained. If it is the case that
the bacterium reduces fecundity because it removes a
fixed quantity of nutrients, then the bacterium may
have a proportionately much smaller effect on the
fecundity of its host when the host is saturated with
nutrients. Clearly, this awaits test.

The ecological reality of the observed difference in
survivorship is more difficult to ascertain. Adult A.
bipunctata die in large numbers at two times: during
winter and early summer (June until early July). During
the latter period, food is usually abundant. If the above
rationale is true (that the bacterium has a propor-
tionately greater virulence during times when food is
scarce), then the effect of the bacterium on host
survivorship may be orders of magnitude higher when
hosts are fed only artificial food (as in this experiment
after the initial 28 day period), than would actually
occur in the field during the summer. This is suggested
in the light of two observations: that the artificial food
is less nutritious than aphids (A. bipunctata fails to
reproduce if fed purely on this artificial food), and that
the majority of individuals that survive the winter even-
tually die in the early summer when aphid populations
are at their peak. The above experiment should be
repeated at high aphid densities to investigate this pre-
diction. Conditions during the other major period of
high mortality, winter, are more similar to the condi-
tions of the experiment in terms of nutrition. However,
the experiment on overwinter mortality, although
numerically suggesting a slight negative effect of infec-
tion, shows the overwinter survivorship of infected and
uninfected females to be comparable.

The evolution of virulence

This study has shown that the male-killer in A. bipunc-
tata is virulent in female hosts. This appears to be true
of other male-lethal symbionts. Individual females
from strains of Epiphyas postvittana bearing the male-
killing agent produce eggs at only around half of the
rate of individuals from uninfected lines (Geier et at.,
1978). A decrease in the rate of egg production of
approximately 40 per cent is seen in laboratory reared
Spodoptera littoralis (Brimacombe, 1980). In a specif-
ically controlled test comparing sex-ratio and normal
lines of Drosophila bifasciata, Ikeda (1970) observed
that infected females produced eggs 10—15 per cent
more slowly than uninfected counterparts. More
anecdotally, Matsuka et at. (1975) note that infection of
female Harmonia axyridis was associated with an
increased incidence of sterility and a decrease in the
rate of egg production. Laboratory investigation of the
effect of infection of Drosophila willistoni with the
male-killing spiroplasma, more ambiguously, shows
infection to quicken larval development (probably
advantageous), but also to increase sterility and
decrease lifespan of adult females (Ebbert, 1991).

Virulence effects of inherited symbionts are
observed more widely. Trichogramma wasps infected
with the parthenogenesis-inducing Wolbachia have a
lower potential fecundity in the laboratory than un-
infected individuals (Stouthamer & Luck, 1993).
Female Drosophila simulans infected with the cyto-
plasmic incompatibility inducing Wolbachia have
lower fitness than normal females (Hoffmann &
Turelli, 1988; Hoffmann et a!., 1990). Similarly,
Tribolium conflisum infected with Wolbachia show a
lower productivity than antibiotic-cured strains
(Stevens & Wade, 1990). The ectoparasitic tick of
mammals, Dermacentor andersoni, tends to exhibit
abnormalities in oviposition and egg development
when infected with Rickettsia rickettsii (Burgdorfer &
Brinton, 1975). In contrast to these observations, no
effect of Wolbachia infection on the rate of egg produc-
tion was observed in Drosophila melanogaster
(Hoffmann etal., 1994).

Although vertical transmission clearly does select
for reduced virulence, it does not appear to always
produce avirulence. This has obvious implications as a
constraint on the evolution of mutualism from parasitic
associations. But why is it that vertically transmitted
micro-organisms remain virulent? Three possible
explanations exist. First, the level of virulence may be a
balance between selection for increased rate of trans-
mission to the germline and selection for increased
host fecundity. As May (1985) notes, avirulence is
expected only if transmission and virulence are
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independent. If increases in symbiont number produce
increases in transmission efficiency, then a low level of
virulence will be expected to remain. In support of this
notion, it is notable that in symbioses where the micro-
organism makes a positive metabolic contribution to
the host, the host strictly controls the number and
location of symbionts, through, among other
mechanisms, enzymic degradation. This suggests that
the micro-organism, in the absence of such repression,
would multiply and have some degree of virulence.
Second, the key assumption of clonality of the
symbiont, inherent in models predicting selection for
avirulence, may be untrue. If there is competition
between symbiont strains, because of either superinfec-
tion by horizontal transmission or de novo production
of novel strains by mutation, then the analysis of Ewald
(1987) may be optimistic. Whether zygotes are ever
heteroplasmic for symbiont strains is, however,
unknown. Third, the symbiont may not have had
enough time to evolve avirulence in these cases. If
symbionts move between host species regularly, then
they may never become perfectly adapted to a given
host, and virulence will commonly be observed. An
explanation of virulence based on evolutionary lag
rests on the proviso that the infection of a particular
symbiont strain in a particular species only has a short
evolutionary history.

The data with which to test these hypotheses are not
yet available. Clearly, studies which (i) examine the link
between virulence and transmission efficiency, (ii)
examine the degree of heteroplasmy for given
symbionts, and (iii) examine the identity of symbionts
in different host species, are required for full evaluation
of the causes of virulence.
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