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Author Summary

Most insects house heritable symbionts and these represent an important component of
their biology, both as partners conveying beneficial traits such as defence against natural
enemies, or as antagonists manipulating their hosts’ reproduction. Work on these bacteria
mostly assumes that such phenotypes have evolved primarily to facilitate the symbiont’s
vertical transmission from parent to offspring. However, several such bacteria also move
horizontally between unrelated individuals. Here, we show that a male-killing symbiont
actually depends upon horizontal transmission for its spread and maintenance. We
observedArsenophonus nasoniaewas only maintained in parasitoid wasp populations
when the route enabling horizontal transmission, superparasitism of fly pupae, was
allowed. When superparasitism was common enough to cause epidemic spread ofA. naso-
niae, host population extinction occurred due to lack of males. Our study indicates that
superparasitism behaviour is likely to be the key element determining which wasp species
maintain this symbiont in nature. This provides new insights into the factors determining
heritable symbiont frequency within and amongst species, and highlights the extreme
effects such symbionts can have on their host populations. The data also indicate that
male-killing may evolve and be maintained as an additional, rather than primary, driver of
heritable symbiont fitness.

Introduction
Heritable symbionts are common in natural populations of arthropods [1], where they affect
the biology of their host individual in diverse ways. They can be obligatory, providing physio-
logically crucial functions to their host, such as amino acid or vitamin anabolism [2], or alter-
natively provide ecologically contingent benefits, such as conferring the ability to resist natural
enemy attack [3,4]. Finally, they can be parasitic, spreading through their host population via
the distortion of host reproductive biology towards the production and survival of infected
females [1]. These impacts on the individual host can have consequences for ecology and evo-
lution at the host population level when the symbionts spread efficiently [5–9]. Thus, it is
important to understand the factors that contribute to symbiont epidemiology.

Past work on heritable symbiont epidemiology has emphasized vertical transmission (VT)
through maternal inheritance as the dominant means by which new infections are established
[10–16]. Within this framework, aspects of host ecology, such as contact structure, are com-
monly ignored as they are not thought to influence microbe transmission. However, a number
of heritable microbes that infect insects readily combine VT with horizontal transmission
(HT), creating symbionts with a mixed-mode of transmission [17]. Unlike VT, HT rates are
dependent on the degree of contact between hosts and thus may represent a means through
which host ecology and behaviour can drive symbiont spread. However, HT and host contacts
have not been empirically explored in heritable symbiont epidemiology.

Heritable symbionts can horizontally transmit via several mechanisms, including passing
through the phloem of a host’s food plant [18], being vectored via parasitoid wasp ovipositors
[19,20], or by being transmitted when mating [21]. Notably, several symbionts that infect para-
sitoid wasps achieve HT when infected and uninfected host females share an oviposition tar-
get–a phenomenon termed superparasitism when occurring between females of the same
species, and multiparasitism when a host is shared by two or more parasitoid species [22–26].
For heritable microbes such as these, the contact structure of the host is likely to be an impor-
tant determinant of symbiont dynamics, as each contact represents a transmission opportunity.
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marginally, negatively correlated with low host-resource levels (comparison of binomial
GLMMs,� 2 = 4.245, df = 1,P= 0.039).

High symbiont prevalence causes fluctuations in population sex-ratio and local extinc-
tion. In treatments where superparasitism drove infection to high prevalence we also
observed significant decreases in population sex ratio compared to uninfected controls (Fig 2
andTable 1). This effect varied in severity between generations and was asynchronous among
replicate populations. Furthermore, five replicate populations in which infection increased and
fly resources were low went extinct, most likely due to these sex ratio fluctuations. At genera-
tion eight, population extinction was significantly associated with the opportunity for wasps to
superparasitise (Fisher’s exact test,P= 0.013), and low host resource (Fisher’s exact test
P= 0.013)(Fig 3). Only a single uninfected control population under the same fly and parasit-
oid densities went extinct. This strongly indicates that symbiont induced sex-ratio bias is the
major factor in eliciting host population crashes (control vs infected populations: Fisher’s exact
testP= 0.015).

Symbiont prevalence positively correlates with population-level superparasitism fre-
quency. We then examined the effect of within-population variation in superparasitism

Fig 2. Sex ratio (proportion male) of populations of N. vitripennis in which superparasitism was permitted and host resources
availability was high (top panel) or low (bottom panel). Black lines are individual replicate populations that were infected withA. nasoniae, grey
lines are replicate control populations.A. nasoniaeinfection and spread caused significant deviation in sex ratio compared to uninfected controls
(See Table 1). Furthermore, sex ratio varied considerable among infected populations in the same treatment group in many generations. Each
treatment was run in two separate blocks of 3 replicates of both control and infected populations. Control populations were no longer maintained
when all of their contemporary infected populations either lost the infection or went extinct.

doi:10.1371/journal.ppat.1005629.g002
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Table 1. Differences in mean sex ratio (proportion male) between symbiont infected populations of N. vitripennis and corresponding uninfected
controls (negative values represent more female biased sex ratios).

Generation Low host resource, superparasitism permitted High host resource, superparasitism permitted

Effect of infection on sex
ratio relative to control.

Signi � cance
level

Notes Effect of infection on sex
ratio relative to control.

Signi � cance
level

Notes

G1 0.04 NS -0.26 NS

G2 -1.4 *** -0.89 ***

G3 -1.89 *** Two populations extinct -0.43 NS

G4 -0.63 NS One population extinct,
one purged.

-0.54 NS

G5 -0.02 NS -1.18 ***

G6 - - Very small, all-female
broods.

-0.52 ***

G7 - - All extinct -1.1 ***

G8 - - All extinct -1.31 ***

Data shown for treatments where superparasitism was permitted. The difference in sex ratio� uctuates from highly signi� cant to non-signi� cant. This is a

product of demographic instability caused by male-killing and the production of all male broods by virgin females. All statistics are comparisons of

GLMERs with/without � xed effect of treatment.
a*** = P<0.001, NS: P>0.05.

doi:10.1371/journal.ppat.1005629.t001

Fig 3. Viability of replicate populations of N. vitripennis over the course of the experiment. Populations in which A. nasoniaewas purged
are considered extant. Uninfected control populations not included.

doi:10.1371/journal.ppat.1005629.g003
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opportunity onA. nasoniaedynamics. To this end populations ofN. vitripenniswith varying
degrees of superparasitism opportunity (0, 10, 20, 30, 50, 100% of wasps parasitizing in groups)
were established and infection prevalence scored after four generations of propagation. All
populations started at 50%A. nasoniaeprevalence and high resource levels (1 fly pupae per
female in a patch) with 40 female wasps per population.

Infection prevalence after four generations was observed to be significantly, positively asso-
ciated with superparasitism opportunity (comparison of binomial GLMMs,� 2 = 30.154, df = 1,
P< 0.001,Fig 4). In all cases the final infection prevalence significantly deviated from the start-
ing prevalence of 50%. Prevalence increased where 50% or more wasps had the opportunity to
superparasitise, and reduced where superparasitism was possible for 30% or fewer wasps (exact
binomial test,P< 0.001 in all cases,Fig 4).

2. Persistence of A. nasoniaeis lower in non-Nasoniahosts and is
associated with reduced tendency to superparasitise
N. vitripennisshares its filth fly niche with several other parasitoids, includingN. longicornis,
N. giraulti, Trichomalopsis sarcophagaeandMuscidifurax raptorellus[33]. Previous work has
shown thatN. longicornis, N. giraulti andM. raptorelluscan acquireA. nasoniaewhen

Fig 4. Prevalence of A. nasoniae in populations of N. vitripennis kept under varying opportunities to superparasitise for four
generations. All populations were started with 50% prevalence ofA. nasoniae(dotted lines). The trend line is fitted from predictions of a binomially
distributed GLM.

doi:10.1371/journal.ppat.1005629.g004
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multiparasitising with infectedN. vitripennisunder controlled conditions [24], though this
mode of interspecific transfer has not been previously tested withT. sarcophagae. In nature, all
Nasoniaspecies used here maintain the symbiont, but it has not been found in surveys ofM.
raptorellusor T. sarcophagae[24,32].

We examined the dynamics ofA. nasoniaein these parasitoid wasp species to investigate
whether close relatedness of a wasp species toN. vitripennispredictedA. nasoniaemaintenance
and to determine the biological basis of the pattern. We established replicated populations for
each of the five wasp species at 100% initialA. nasoniaeprevalence. Superparasitism was per-
mitted in all populations.

Phylogeny predicts symbiont persistence.We observed thatA. nasoniaewas maintained
at high prevalence in the three species from theNasoniacomplex but declined inM. raptorellus
andT. sarcophagae(species effect on prevalence GLMMs,� 2 = 97.294, df = 5,P< 0.001, all
pairwise comparison betweenNasoniaspp and othersP< 0.001) (Fig 5).

Fig 5. Prevalence of A. nasoniae in populations of five parasitoid wasp species given opportunity to superparasitse for four generations. All
Nasoniaspecies showed significantly higher infection prevalence than non-Nasoniain both rounds (all contrastsP<0.001). All other comparisons showed
no significant difference in infection.‘X’s indicate predicted prevalence of the symbiont if only vertical transmission occurred. Observed values are
significantly higher than the predictions in all cases (Exact binomial testsP = 0.02) for all species for which the epidemiological model could be
parameterized.

doi:10.1371/journal.ppat.1005629.g005
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Vertical transmission efficiency and cost of infection do not explain observed A. naso-
niae dynamics in multiple species.Variation in VT efficiency and symbiont-induced effects
on daughter production were measured in each of the wasp species. No significant differences in
VT rate were found between the threeNasoniaspecies andT. sarcophagae. However,A. nasoniae
showed significantly lower VT rates inM. raptorelluscompared to the other four species and rep-
resents an important source of the failure of the symbiont to persist in this species (Tukey con-
trasts from GLMER allP< 0.001) (Fig 6). In addition, we found no association betweenA.
nasoniaeVT efficiency and the mean number of daughters produced by these species.

Infection cost was measured as the number of daughters produced by infected females rela-
tive to uninfected females of the same species.A. nasoniaeinfection only affected daughter pro-
duction inN. giraulti, where it significantly reduced the number of daughters emerging from a
pupa compared to uninfected control individuals (GLMER, � 2 = 6.64,df = 1, P= 0.009,Fig 7).
However, this species was competent to maintain infection, indicating that HT was sufficient
to overcome costs of infection in our populations. Daughter production was not measured for
one species,T. sarcophagae, due to a population crash in the uninfected control populations.

We used our observations of VT efficiency and infection cost to parameterize a simple
epidemiological model ofA. nasoniaedynamics, in which we assume no HT occurs (crosses,

Fig 6. Vertical transmission efficiency of A. nasoniae as measured in single-female oviposition assays from replicate populations of five
parasitoid wasp species. VT efficiency was significantly reduced inM. raptorellus compared with all other species (all pairwise contrasts
P<0.001). Bars = 95%CI calculated with logit link for proportional data.

doi:10.1371/journal.ppat.1005629.g006
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