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Abstract

Bacterial endosymbionts, particularly Wolbachia (Rickettsiales: Rickettsiaceae), Rickettsia (Rickettsiales:
Rickettsiaceae), and Cardinium (Bacteroidales: Bacteroidaceae), are commonly found in several arthropod groups,
including insects. Most estimates of the global infection rate of Wolbachia (52% [95% credible intervals: 44-60])
show that these bacteria infect more than half of all insect species. Other endosymbionts, such as Rickettsia (24%
[confidence intervals [Cls] 20-42]) and Cardinium (13% [Cls 13-55]), infect a smaller but still substantial proportion
of insect species. In spite of these observations, it is unclear what proportion of individuals within those species
are infected. Here, we used published databases to estimate the proportion of individuals that are infected with
either Wolbachia, Rickettsia, or Cardinium. We found that the majority (69%) of Wolbachia-infected species have
less than half of their individuals infected with Wolbachia, indicating that although the bacterium may be common
among species, it is not common within species. The same was true for Rickettsia (81%) and Cardinium (87%).
This discrepancy was consistent across orders, in which less than 10% of individuals were typically infected, even
though more than 50% of species within orders were infected. For example, according to our model, nearly 50% of
beetle (Coleoptera) species are infected with Wolbachia (i.e., contain at least one individual that has tested positive
for Wolbachia), but less than 5% of all individuals are infected. These results add to the growing knowledge base
about endosymbionts in insects and should guide future sampling efforts and investigations on the role that these

bacteria play in populations.
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Endosymbionts, such as Wolbachia, Rickettsia, and Cardinium, are
a type of bacteria commonly found in arthropod species includ-
ing insects, spiders, crustaceans, and mites, as well as in other
invertebrates such as filarial nematodes (Stouthamer et al. 1999,
Moran 2006, Werren et al. 2008, Engelstidter and Hurst 2009).
Although these bacteria are not the only reproductive manipulators
(Engelstiadter and Hurst 2009), they are currently the most well stud-
ied. They are commonly referred to as reproductive manipulators
due to the phenotypes they exhibit on their hosts. Wolbachia is the
most prominent member of the reproductive manipulators due to its
wide range of phenotypes and the large number of species it infects.
It has been estimated that Wolbachia infects 52% (95% CI44-60%)
of all insect species (Sazama et al. 2017), whereas Rickettsia and
Cardinium infect 24% (20-42%) and 13% (13-55%) of all arthro-
pod species, respectively (Weinert et al. 2015).

Bacterial endosymbionts can infect a high proportion of indi-
viduals within some species (Jiggins et al. 2001), but it is unclear
whether there is systematic variation in the proportion of infected
individuals across taxa. Most analyses of Wolbachia infection and

other reproductive manipulators have focused on the proportion of
species infected with these symbionts, rather than the proportion
of individuals within a species (Hilgenboecker et al. 2008, Zug and
Hammerstein 2012, Weinert et al. 2015, Sazama et al. 2017). Studies
on the proportion of infected individuals are typically restricted to
simply sampling and reporting the presence of Wolbachia in ran-
domly sampled insects with hardly any statistical analysis of the data
(Werren et al. 1995, Werren and Windsor 2000, de Albuquerque
et al. 2011, Wiwatanaratanabutr and Zhang 2016). For example,
Wiwatanaratanabutr and Zhang (2016) found that 100% (508/508)
of Aedes albopictus (Skuse) (Diptera: Culicidae) were infected with
Wolbachia. According to a study by de Albuquerque et al (2011),
91.61% (131/143) of Ae. albopictus were infected with Wolbachia.
The differences in these two samples are not large, but they suggest
that there is some degree of variability with regard to Wolbachia
infection that may depend on where and when samples were col-
lected. Therefore, a substantial analysis is needed to estimate these
proportions and analyze the amount of uncertainty associated
with the estimates. Doing so will guide future sampling efforts and
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improve estimates on the overall abundance of endosymbionts in
insects. The focus of this work is to understand the infection fre-
quencies within species for endosymbionts of insects (Wolbachia,
Rickettsia, and Cardinium).

Endosymbionts affect their hosts in a variety of ways. For exam-
ple, Wolbachia is often characterized as a reproductive manipulator
because of the effects it has on insects (Werren 1997, Werren et al.
2008). These effects include parthenogenesis, cytoplasmic incompat-
ibility, feminization, and male-killing. In parthenogenesis, Wolbachia
induces all-female lines of the host (Stevens et al. 2001, Werren et al.
2008). Feminization and male-killing create selection pressures to
reallocate resources from males to females (Stevens et al. 2001,
Kageyama et al. 2002, Negri et al. 2010). Cytoplasmic incompati-
bility involves a manipulation of the sperm and egg by Wolbachia to
induce an incompatibility between an infected male and uninfected
female (Tram and Sullivan 2002, Rasgon and Scott 2003, LePage
et al. 2014). Cardinium is also known to exhibit cytoplasmic incom-
patibility, feminization, and parthenogenesis (Bourtzis and Miller
2006, Engelstidter and Hurst 2009), whereas Rickettsia can show
male-killing and parthenogenesis (Perlman et al. 2006). The previ-
ously mentioned reproductive effects either improve host fitness or
cause harmful reproductive manipulations (Zug and Hammerstein
2017).

Reproductive manipulations can affect the biology of the host
and can potentially affect the population size of the host. For exam-
ple, Mains et al. (2013) found that Wolbachia-induced mortality
caused a reduction in the population size of infected mosquitos (69.1
vs 60.8% survival in females and 47.6 vs. 37.4% survival in males
for uninfected and infected populations, respectively). Moreover,
Wolbachia reduced oviposition in infected mosquitos by at least 30%
(Mains et al. 2013). Similar reductions in fecundity and fitness also
occur with Cardinium (Perlman et al. 2008) and Rickettsia (Sakurai
et al. 2005). In natural populations, the importance of Wolbachia-
induced mortality (or reduced reproductive output) in regulating
population sizes would depend on the proportion of infected indi-
viduals within species. For example, a 50% mortality rate would
potentially devastate a population in which nearly all individuals are
infected (as seen in Rasgon and Scott 2003) but have very little effect
on a population with a proportion of infected individuals <1% (as
seen in Tagami and Miura 2004). Due to the concerns in the use of
Wolbachia as a biocontrol (Loreto and Wallau 2016, but see Dobson
et al. 2016, O’Neill 2016), assessments of the infection frequencies
among and within natural populations of species are critical for risk
assessment.

Here, we estimate the proportion of endosymbiont-infected
individuals within 88,153 tested individuals across 3,370 species.
We tested the hypothesis that endosymbionts are common among
species, but not necessarily within species, and that this disparity is
consistent across insect orders.

Materials and Methods

Database

Previously published databases were used to estimate the propor-
tion of infected individuals within infected species (Zchori-Fein and
Perlman 2004, Duron et al. 2008, Weinert et al. 2015, Sazama et al.
2017). These databases were chosen to provide direct comparisons
between the infection frequencies found among species in those
papers and the infection frequencies within species found in this anal-
ysis. First, noninsect species were removed (1,829). We then removed
samples that did not identify beyond the order level (224 rows of
data). The resulting database, after filtering, includes 88,153 tested

individuals representing 3,370 species, 319 families, and 24 orders.
The number of species tested for Wolbachia was 2,766 (62,641 indi-
viduals). The number of species with only one individual tested was
1,526. The number of species tested for Rickettsia was 747 (19,686
individuals). The number of species tested for Cardinium was 1,015
(5,826 individuals). For Rickettsia, the number of species with only
one individual tested was 288 species. For Cardinium, the number
of species with only one individual tested was 690 species. Some of
the species were tested for all three bacteria, some with a mixture
of two of the bacteria, but the majority tested with only one bacte-
rium. The full Sazama database is available online at doi:10.5063/
F1, and the full Weinert database is available online at doi:10.1098/
rspb.2015.0249.

Model

To determine the proportion of infected individuals within species,
we used an intercept-only generalized linear mixed model with a
binomial likelihood. The response variable was the number of indi-
viduals infected per sample (out of the total tested). Species was
included as a random effect, producing an estimate of the proportion
of infected individuals within each species in the database. We ran
separate models for Wolbachia (2,766 species), Rickettsia (747 spe-
cies), and Cardinium (1,015 species). In addition to the species-level
analysis, we also modeled the proportion of individuals infected
within orders. To do this, we again used a generalized linear mixed
model with a binomial likelihood and the same response variable.
We included order as a fixed predictor variable and species as a ran-
dom effect. We ran both models on the full data set described earlier.
However, this data set contained a large number of samples with
only a single individual. To determine whether results were affected
by small samples, we reran the second model (i.e., the order model)
with a data set that only contained samples in which more than five
individuals were tested. The criteria for only including species which
have more than five individuals tested lies in a drop in the amount
of uncertainty associated with a larger sample size (Supp Figs. 1-5
[online only]). In addition to these models, we ran a similar model
to that used in Sazama et al (2017), which was a generalized lin-
ear model with a beta-binomial likelihood that estimated the pro-
portion of species infected with an endosymbiont. In addition, we
analyzed the potential coinfection of endosymbionts in the tested
taxa (Supp Fig. 6 [online only]). We analyzed coinfection between
all three groups of bacteria and between each group separately.
There were 113 species for which all three endosymbionts were
tested. There were 121 species for which Wolbachia and Cardinium
were both tested. There were 164 species for which both Wolbachia
and Rickettsia were tested. There were 113 species for which both
Cardinium and Rickettsia were tested.

The models above produced a value between 0 and 1 for the
proportion of infected individuals of each insect species or order.
However, the values only asymptotically approach 0 and 1. For this
reason, we used a cutoff of 0.001 to categorize a species as infected
(>0.001) or uninfected (<0.001), following precedent from other
analyses of bacterial endosymbiont infections (Hilgenboecker et al.
2008, Zug and Hammerstein 2012).

All models were specified in R (Version 3.4.1) using rethinking
(McElreath 2016) or brms (Burkner 2017) packages. The posterior
distribution was generated using Hamiltonian Monte Carlo via
rstan (Stan Development Team 2018). The validity of all models was
assessed visually by examining the convergence of trace plots and by
noting that r-hat was less than 1.1. All models met these criteria and
were considered valid. All code for the model and figures is posted to
github at https://github.com/ericjsazama/withinspecies.
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Results

For Wolbachia, 488/622 species in which more than five individu-
als were tested were considered infected. Within the infected species,
the majority (69%) were infected below a proportion of 0.5. Of the
54/287 species in which more than five individuals were tested and
considered infected for Rickettsia, we found that the vast majority
(81%) were infected below a proportion of 0.5. In addition, 31/105
species with more than five individuals tested for Cardinium were
considered infected, and, as with Rickettsia, the vast majority (87%)
were found to be infected below a proportion of 0.5 (Fig. 1). This is
reflected in the S-shaped distribution when the proportion of indi-
viduals infected is plotted in order of lowest to most highly infected
species (Fig. 1). This pattern was consistent across the different
bacteria (Fig. 2) and different orders (Supp Figs. 1-3 [online only]).
There was no discernible trend for coinfection with multiple bacteria
for each species, though different detection methods and a lack of
consistent sampling and testing for all bacteria make it difficult to
see any trends.

Among orders infected with Wolbachia, the proportion of indi-
viduals infected varied from 0.2 (order Ephemeroptera) to 76%
(Siphonaptera). It was below 5% in 19/24 orders (Fig. 3). When the
analysis was restricted to only samples with more than five individ-
uals, the mean proportion of infected individuals varied between 0.5
and 28% (Fig. 3). The proportion of species infected within orders
(14 and 99%) was far greater than the proportion of individuals
infected for all bacteria and orders (Fig. 3).

Among orders infected with Rickettsia, the proportion of indi-
viduals infected varied from 0.01 (Hymenoptera) to 7.8% (Diptera).
It was below 5% in 13/14 orders (Fig. 3). When the analysis was
restricted to only samples with more than five individuals, the mean
proportion of infected individuals varied between 0.02 and 4%
(Fig. 3). The proportion of species infected within orders (10 and
96%) was far greater than the proportion of individuals infected for
all bacteria and orders (Fig. 3).

Among orders infected with Cardinium, the proportion of individ-
uals infected varied from 0.004 (Lepidoptera) to 0.8% (Hemiptera).
It was below 5% in all 17 orders (Fig. 3). When the analysis was
restricted to only samples with more than five individuals, the mean

proportion of infected individuals varied between 0.5 and 25%
(Fig. 3). The proportion of species infected within orders (2 and
66%) was far greater than the proportion of individuals infected for
all bacteria and orders (Fig. 3).

Coinfection among groups did occur (Supp Fig. 6 [online only]).
However, this event appears to be rare because the majority of spe-
cies in the figure are considered uninfected or at a low infection
rate. There are a few instances in which coinfection with one group
appears to lower the presence of the bacteria in another group (e.g.,
Cardinium lowers the infection with Wolbachia in a few species).
Wolbachia is still the most prevalent bacteria, but this figure suggests
that Wolbachia may have to compete with the other bacteria.

Discussion

Endosymbiont infection of insect species has been well documented
(Hilgenboecker et al. 2008, Zug and Hammerstein 2012, Weinert
et al. 2015, Sazama et al. 2017). However, there is a relative lack of
knowledge of infection frequencies within species. Here, we sought
to determine such frequencies to better understand the distribu-
tion of endosymbionts within species. The results demonstrate that
although 52% of insect species are infected with Wolbachia, most
species have infection frequencies well below 50% (Fig. 1), mean-
ing that Wolbachia is widespread among taxa, but not necessarily
widespread among individuals within taxa. The same is also true of
Rickettsia and Cardinium.

Several mechanisms could explain the maintenance of low pro-
portions of infected individuals across species. For example, it is
possible that bacterial endosymbionts have low infection frequency
until there is a positive selective pressure. A positive selective pres-
sure would then push the prevalence of the endosymbiont in that
species to 100%. An example of such a pressure is mutual symbiosis,
in which the reproductive manipulator evolves traits to increase the
hosts’ fitness (Brucker and Bordenstein 2012, Zug and Hammerstein
2015). An alternative explanation for low infection frequencies is
that endosymbiont infection is transient, meaning that the bacteria
move in and out of populations readily (Siozios et al. 2018, Turelli
etal.2018). Recent estimates of gain and loss of Wolbachia over time
indicate that Wolbachia incidence has reached an epidemiological
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Fig. 1. Endosymbiont infection frequencies in insect species where greater than five individuals were tested. These values also consist of only infected species
(proportion of infected > 0.001). Each dot represents a specific species that has been tested within the literature for these bacteria. There are 488, 54, and 31
species that meet the criteria in this graph for Wolbachia, Rickettsia, and Cardinium, respectively. The y-axis and each corresponding value represent the mean
of the posterior distribution plus/minus the 95% credible interval. This model estimates the infection frequency within species based on the existing data. The
proportion of individuals below the infection frequency of 0.5 is 0.69 for Wolbachia, suggesting that the majority of insects are infected at a low frequency. The

same observation is true for Rickettsia (0.81) and Cardinium (0.87).
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Infection Frequency Within Species of Diptera Among Bacteria
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Fig. 2. Infection frequencies of species based on the mean of the posterior distribution plus/minus the 95% credible interval for each of the endosymbionts.
Diptera were chosen to represent these data because the presence of all three bacterial genera was tested within several species. The results were then further
divided into relative sampling efforts, as noted by the respective labels. For instance, ‘Wolbachia, Full’ contains the entire database of infected species (infection
frequency > 0.001), whereas ‘Wolbachia, >5' only contains infected species for which more than five individuals were sampled. This graph serves as a visual

indicator for how the uncertainty varies between sampling efforts.

equilibrium (Bailly-Bechet et al. 2017). An equilibrium state would
involve a constant state of gain and loss of Wolbachia among spe-
cies, which would also explain the low abundance within infected
species seen here. Potentially, competition with other bacteria may
interfere with the presence of an endosymbiont just as Wolbachia
can compete with other bacteria for resources within the host (Ye
et al. 2013). In addition, Wolbachia can live outside of the germline,
potentially allowing the bacteria to persist without disrupting the
reproductive biology of their host (Pietri et al. 2016). In this study, it
is unclear whether the high number of species with low to interme-
diate proportions of infected individuals represents transient endo-
symbiont infections or a lack of established infection within these
species.

The overall pattern of a skewed S-shaped distribution of the pro-
portion of infected individuals was consistent across orders (Supp
Figs. 1-3 [online only]), suggesting a common pattern in which most
species have low infection frequencies, regardless of order. The only

minor exception to the pattern of infection is Hymenoptera infected
with Wolbachia, in which there appear to be more species in the inter-
mediate and higher ranges of infection frequencies. This difference
could be due to their parthenogenic and other interesting reproductive
methods further enhanced by their mechanisms for sex determination
(Cook and Crozier 1995, Ahmed et al. 2013). There are also several
infected groups within the Formicidae, with over 3,500 individuals
tested for one species (Solenopsis invicta) of this group. The Formicidae
are eusocial insects and present a unique route for endosymbiotic bac-
teria (Russell 2011). This order also has a large number of parasitoid
and parasitic species that could be infected more so than other species
(Huigens et al. 2004, Ahmed et al. 20135, Pietri et al. 2016). Of the 39
hymenopteran families tested for Wolbachia, 21 are either fully para-
sitic/parasitoid or at least have several members that are parasitic/para-
sitoid on other insects. The sex determination for many Hymenopteran
species also leaves them vulnerable to parthenogenesis with Wolbachia
and other endosymbionts (Cook and Crozier 1995, Russell 2011).
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Infection Within and Among Species Across Orders
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Fig. 3. Comparison of the infection frequencies among species and among individuals across the different orders and different bacteria represented in this

study. The leftmost triangles in an order represent the proportion of infected individuals within orders as obtained through a multilevel model, the middle

triangles for an order represent the frequency among species obtained by using similar models from Sazama et al. (2017), and the rightmost triangles for an
order represent the proportion of infected individuals within species where more than five individuals were tested. Each object represents the mean of the
posterior distribution plus/minus the 95% credible interval. For orders where there was only one species tested or if there were too few individuals tested, the

representative symbol is missing as there were no results for that particular order.

In addition, the number of low infection frequencies decreases
as more insects are sampled (moving from left to right in Fig. 2),
possibly pointing toward a bias in large sampling efforts toward
taxa known to be previously infected (Zug and Hammerstein 2012).
This could potentially elevate the estimates of infection because the
species that are tested the most will influence the model and lead
to higher estimates of infection. Typically, the estimates of overall

infection incidence are considered to be underestimated, as men-
tioned previously due to low sample sizes (Weinert et al. 2007,
2015). Therefore, a small sample size will underestimate endosym-
biont infection, whereas a concentrated sampling of infected species
will overestimate endosymbiont infection. In a similar way, if sample
sizes are small, but all the samples test positive, then endosymbiont
infection will be overestimated. There is evidence for both biases,
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and together they reinforce the need for more sampling and testing
for the presence of endosymbionts within insect species. However,
the estimates in this analysis are based on the current data and rep-
resent the infection frequencies using confidence intervals that par-
tially reflect sampling biases in the uncertainty intervals.

At the order level, the proportion of infected individuals (Fig. 3
black triangles) was uniformly low across all bacteria, with the excep-
tion of Siphonaptera infected with Wolbachia (~75% of individuals
infected). However, this high value is partially inflated because many
of the infected samples tested within this order had only one indi-
vidual. To test whether the larger proportion of infected individuals
was due to a sampling size problem, we ran the same model but
excluded samples where five or less individuals were tested. The
result lowered the proportion of infected individuals (~25%) within
Siphonaptera (Fig. 3, gray triangles), the most infected order. We
suspect that this group of insects may be particularly susceptible to
Wolbachia and other symbiote infection due to their mechanism of
feeding. For example, Siphonaptera are liquid-feeding ectoparasites,
and liquid-feeders from other orders can obtain Wolbachia directly
from their diet (Sintupachee et al. 2006, Li et al. 2017). The previous
examples were plant-mediated but open the possibility for a similar
mechanism in blood-feeders.

Our results also highlight the differences between measuring
Wolbachia infection across species versus among individuals. For
instance, the Strepsipterans have a very low proportion of infected
individuals within species but have a very high proportion of species
infected. This effect remains even when the same model is limited
to sample sizes greater than five individuals. In this case, we would
probably not see a large influence on the population of Strepsipterans
by Wolbachia because they are not infecting a large proportion of
individuals within the order, even though most of the species are con-
sidered infected. The same pattern of infection can be seen through-
out many of the major insect orders. For instance, Wolbachia infects
approximately 50% of species in Coleoptera, yet infects less than
10% of individuals within the order. This pattern is consistent among
Hemiptera, Diptera, and several other orders (Fig. 3). The estimates
of Wolbachia incidence among species may differ from other esti-
mates of the incidence of Wolbachia among species. For instance,
Kajtoch and Kotaskova (2018) found that 38 % of Coleoptera species
have Wolbachia. The main reason for these differences in estimates is
probably due to a difference in the method of estimating incidence. In
any case, Wolbachia is highly prevalent among species of Coleoptera,
yet not nearly as prevalent among individuals within Coleoptera.
This further accentuates the point of this work that Wolbachia, and
potentially other endosymbionts, are common among species, but not
necessarily within species of insects.

The relatively low proportion of individuals that are infected
within most species suggests that bacterial endosymbionts, though
widespread taxonomically, are likely to have minimal effects on pop-
ulation abundances of most species. As a result, even if wild insect
populations were infected with a strain of endosymbiont that altered
survival rates (Mains et al. 2013), two conditions would probably
need to be met for the endosymbiont to cause effects at the commu-
nity or ecosystem level: 1) the insect taxon would need to be abundant
and 2) the proportion of infected individuals in the population would
need to be high. Otherwise, any effects of endosymbionts on ecologi-
cal processes would be swamped by more common drivers of ecolog-
ical function, such as nutrient limitation, predation, or disturbance.

Supplementary Data

Supplementary data are available at Environmental Entomology
online.

Acknowledgments

We thank the numerous authors who collected insects to be tested for endo-
symbionts in the field and have published their findings. We also thank Weinert
et al. (2015) for publishing the dataset that made the bulk of this analysis
possible. Funding was provided in the form of startup funds to J.S.W. (by
University of South Dakota (USD)) and S.P.O. (by USD and University of
Nebraska Medical Center), and through Graduate Research and Creative
Scholarship Grants and a Louella E. Cable Memorial Scholarship to E.J.S.
E.J.S. and J.S.W. wrote the code for the model; E.J.S., J.5.W., and S.P.O. ana-
lyzed and interpreted the data; E.J.S., ].S.W., and S.P.O. wrote the manuscript.
We have no competing interests.

References Cited

Ahmed, M. Z., O.F. C. Greyvenstein, C. Erasmus, J. J. Welch, and J. M. Greeff.
2013. Consistently high incidence of Wolbachia in global fig wasp com-
munities. Ecol. Entomol. 38: 147-154.

Ahmed, M. Z., S. ]J. Li, X. Xue, X. J. Yin, S. X. Ren, F. M. Jiggins, J. M. Greeff,
and B. L. Qiu. 2015. The intracellular bacterium Wolbachia uses parasi-
toid wasps as phoretic vectors for efficient horizontal transmission. PLoS
Pathog. 10: €1004672.

Bailly-Bechet, M., P. Martins-Simdes, G. J. Széllosi, G. Mialdea, M. F. Sagot,
and S. Charlat. 2017. How long does Wolbachia remain on board? Mol.
Biol. Evol. 34: 1183-1193.

Bourtzis K, Miller T. A. 2006. Insect Symbiosis, Vol. 2. Boca Raton: CRC Press.

Brucker, R. M., and S. R. Bordenstein. 2012. Speciation by symbiosis. Trends
Ecol. Evol. 27: 443-451.

Burkner, P.-C. 2017. brms: an R package for Bayesian multilevel models using
Stan. J. Stat. Softw. 80: 1-28.

Cook, J. M., and R. H. Crozier. 1995. Sex determination and population biol-
ogy in the hymenoptera. Trends Ecol. Evol. 10: 281-286.

de Albuquerque, A. L., T. Magalhaes, and C. E. Ayres. 2011. High prevalence
and lack of diversity of Wolbachia pipientis in Aedes albopictus popula-
tions from Northeast Brazil. Mem. Inst. Oswaldo Cruz. 106: 773-776.

Dobson, S. L., S. R. Bordenstein, and R. I. Rose. 2016. Wolbachia mosquito
control: regulated. Science 352: 526-527.

Duron, O., D. Bouchon, S. Boutin, L. Bellamy, L. Zhou, ]J. Engelstadter, and G.
D. Hurst. 2008. The diversity of reproductive parasites among arthropods:
Wolbachia do not walk alone. BMC Biol. 6: 27.

Engelstadter, J., and G. D. D. Hurst. 2009. The ecology and evolution of
microbes that manipulate host reproduction. Annu. Rev. Ecol. Evol. Syst.
40: 127-149.

Hilgenboecker, K., P. Hammerstein, P. Schlattmann, A. Telschow, and J.
H. Werren. 2008. How many species are infected with Wolbachia? A sta-
tistical analysis of current data. FEMS Microbiol. Lett. 281: 215-220.

Huigens, M. E., R. P. de Almeida, P. A. Boons, R. F. Luck, and R. Stouthamer.
2004. Natural interspecific and intraspecific horizontal transfer of par-
thenogenesis-inducing Wolbachia in Trichogramma wasps. Proc. Biol. Sci.
271: 509-515.

Jiggins, F. M., J. K. Bentley, M. E. Majerus, and G. D. Hurst. 2001. How many
species are infected with Wolbachia? Cryptic sex ratio distorters revealed
to be common by intensive sampling. Proc. Biol. Sci. 268: 1123-1126.

Kageyama, D., G. Nishimura, S. Hoshizaki, and Y. Ishikawa. 2002. Feminizing
Wolbachia in an insect, Ostrinia furnacalis (Lepidoptera : Crambidae).
Heredity 88: 444-449.

Kajtoch, £.., and N. Kotaskova. 2018. Current state of knowledge on Wolbachia
infection among Coleoptera: a systematic review. Peer] 6: e4471.

LePage, D. P, K. K. Jernigan, and S. R. Bordenstein. 2014. The relative impor-
tance of DNA methylation and Dnmt2-mediated epigenetic regulation on
Wolbachia densities and cytoplasmic incompatibility. Peer] 2: e678.

Li, S. J., M. Z. Ahmed, N. Ly, P. Q. Shi, X. M. Wang, J. L. Huang, and B.
L. Qiu. 2017. Plant mediated horizontal transmission of Wolbachia
between whiteflies. ISME J. 11: 1019-1028.

Loreto, E. L. S., and G. L. Wallau. 2016. Risks of Wolbachia mosquito control.
Science 351: 1273.

Mains, J. W., C. L. Brelsfoard, P. R. Crain, Y. Huang, and S. L. Dobson. 2013.
Population impacts of Wolbachia on Aedes albopictus. Ecol. Appl. 23:
493-501.

6102 Arenuer ¢z uo Jasn Alelqi Seouslds yiesH uswiwo] Aq 2910825/881AAU/B3/E60 L 01 /I0P/10BIISqEB-0[0IB-80UBAPE/S8/W00 dNO"0IWSpeoeR//:sdny WoJj papeojumoq



Environmental Entomology, 2019, Vol. XX, No. XX

McElreath, R. 2016. Statistical rethinking: a Bayesian course with examples in
R and stan. CRC Press, Boca Raton, FL.

Moran, N. A. 2006. Symbiosis. Curr. Biol. 16: R866-R871.

Negri, I., M. Pellecchia, P. Gréve, D. Daffonchio, C. Bandi, and A. Alma. 2010.
Sex and stripping: the key to the intimate relationship between Wolbachia
and host? Commun. Integr. Biol. 3: 110-115.

O’Neill, S. L. 2016. Wolbachia mosquito control: tested. Science 352: 526.

Perlman, S. J., M. S. Hunter, and E. Zchori-Fein. 2006. The emerging diversity
of Rickettsia. Proc. Biol. Sci. 273: 2097-2106.

Perlman, S. J., S. E. Kelly, and M. S. Hunter. 2008. Population biology of cyto-
plasmic incompatibility: maintenance and spread of Cardinium symbionts
in a parasitic wasp. Genetics 178: 1003-1011.

Pietri, J. E., H. DeBruhl, and W. Sullivan. 2016. The rich somatic life of
Wolbachia. Microbiologyopen 5: 923-936.

Rasgon, J. L., and T. W. Scott. 2003. Wolbachia and cytoplasmic incompatibility in
the California Culex pipiens mosquito species complex: parameter estimates
and infection dynamics in natural populations. Genetics 165: 2029-2038.

Russell, J. A. 2011. The ants (Hymenoptera: Formicidae) are unique and enig-
matic hosts of prevalent Wolbachia (Alphaproteobacteria) symbionts.
Myrmecol. News 16: 7-23.

Sakurai, M., R. Koga, T. Tsuchida, X. Y. Meng, and T. Fukatsu. 2005.
Rickettsia symbiont in the pea aphid Acyrthosiphon pisum: novel cellular
tropism, effect on host fitness, and interaction with the essential symbiont
Buchnera. Appl. Environ. Microbiol. 71: 4069-4075.

Sazama, E. J., M. J. Bosch, C. S. Shouldis, S. P. Ouellette, and J. S. Wesner.
2017. Incidence of Wolbachia in aquatic insects. Ecol. Evol. 7: 1165-1169.

Sintupachee, S., J. R. Milne, S. Poonchaisri, V. Baimai, and P. Kittayapong.
2006. Closely related Wolbachia strains within the pumpkin arthropod
community and the potential for horizontal transmission via the plant.
Microb. Ecol. 51: 294-301.

Siozios, S., M. Gerth, J. S. Griffin, and G. D. D. Hurst. 2018. Symbiosis:
Wolbachia host shifts in the fast lane. Curr. Biol. 28: R269-R271.

Stan Development Team. 2018. RStan: the R interface to Stan. R package
version 2.17.3. http://mc-stan.org

Stevens, L., R. Giordano, and R. F. Fialho. 2001. Male-killing, nematode infec-
tions, bacteriophage infection, and virulence of cytoplasmic bacteria in the
genus Wolbachia. Annu. Rev. Ecol. Syst. 32: 519-545.

Stouthamer, R., J. A. Breeuwer, and G. D. Hurst. 1999. Wolbachia pipientis:
microbial manipulator of arthropod reproduction. Annu. Rev. Microbiol.
53: 71-102.

Tagami, Y., and K. Miura. 2004. Distribution and prevalence of
Wolbachia in Japanese populations of Lepidoptera. Insect Mol. Biol.
13: 359-364.

Tram, U., and W. Sullivan. 2002. Role of delayed nuclear envelope breakdown
and mitosis in Wolbachia-induced cytoplasmic incompatibility. Science
296: 1124-1126.

Turelli, M., B. S. Cooper, K. M. Richardson, P. S. Ginsberg, B. Peckenpaugh, C.
X. Antelope, K. J. Kim, M. R. May, A. Abrieux, D. A. Wilson, et al. 2018.
Rapid global spread of wRi-like Wolbachia across multiple Drosopbhila.
Curr. Biol. 28: 963-971.e8.

Weinert, L. A., M. C. Tinsley, M. Temperley, and F. M. Jiggins. 2007. Are we
underestimating the diversity and incidence of insect bacterial symbionts?
A case study in ladybird beetles. Biol. Lett. 3: 678-681.

Weinert, L. A., E. V. Araujo-Jnr, M. Z. Ahmed, and J. J. Welch. 2015. The
incidence of bacterial endosymbionts in terrestrial arthropods. Proc. Biol.
Sci. 282:20150249.

Werren, J. H. 1997. Biology of Wolbachia. Annu. Rev. Entomol. 42: 587-609.

Werren, J. H., and D. M. Windsor. 2000. Wolbachia infection frequen-
cies in insects: evidence of a global equilibrium? Proc. Biol. Sci. 267:
1277-1285.

Werren, J. H., D. Windsor, and L. R. Guo. 1995. Distribution of Wolbachia
among neotropical arthropods. Proc. Biol. Sci. 1364: 197-204.

Werren, J. H., L. Baldo, and M. E. Clark. 2008. Wolbachia: master manipula-
tors of invertebrate biology. Nat. Rev. Microbiol. 6: 741-751.

Wiwatanaratanabutr, I., and C. Zhang. 2016. Wolbachia infections in mosqui-
toes and their predators inhabiting rice field communities in Thailand and
China. Acta Trop. 159: 153-160.

Ye, Y. H., M. Woolfit, E. Rances, S. L. O’Neill, and E. A. McGraw. 2013.
Wolbachia-associated bacterial protection in the mosquito Aedes aegypti.
PLoS Negl. Trop. Dis. 7: €2362.

Zchori-Fein, E., and S. J. Perlman. 2004. Distribution of the bacterial symbiont
Cardinium in arthropods. Mol. Ecol. 13: 2009-2016.

Zug, R., and P. Hammerstein. 2012. Still a host of hosts for Wolbachia: anal-
ysis of recent data suggests that 40% of terrestrial arthropod species are
infected. PLoS One 7: e38544.

Zug, R., and P. Hammerstein. 2015. Bad guys turned nice? A critical assess-
ment of Wolbachia mutualisms in arthropod hosts. Biol. Rev. Camb.
Philos. Soc. 90: 89-111.

Zug, R., and P. Hammerstein. 2017. Evolution of reproductive parasites with
direct fitness benefits. Heredity 1: 266-281.

6102 Arenuer ¢z uo Jasn Alelqi Seouslds yiesH uswiwo] Aq 2910825/881AAU/B3/E60 L 01 /I0P/10BIISqEB-0[0IB-80UBAPE/S8/W00 dNO"0IWSpeoeR//:sdny WoJj papeojumoq


http://mc-stan.org﻿

