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Symbiont-mediated functions in insect hosts
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The bacterial endosymbionts occur in a diverse array of insect
species and are usually rely within the vertical transmission
from mothers to offspring. In addition to primary symbionts,
plant sap-sucking insects may also harbor several diverse
secondary symbionts. Bacterial symbionts play a prominent
role in insect nutritional ecology by aiding in digestion of
food or supplementing nutrients that insect hosts can’t obtain
sufficient amounts from a restricted diet of plant phloem.
Currently, several other ecologically relevant traits mediated
by endosymbionts are being investigated, including defense
toward pathogens and parasites, adaption to environment,
influences on insect-plant interactions, and impact of
population dynamics. Here, we review recent theoretical
predictions and experimental observations of these traits
mediated by endosymbionts and suggest that clarifying the
roles of symbiotic microbes may be important to offer insights
for ameliorating pest invasiveness or impact.

Introduction

As multicellular organisms, insects as a group seem to be most
tolerant of foreign organisms and live together with many dif-
ferent microorganisms, both inside and outside their bodies, in
a variety of ways,' and symbiotic relationships range from mutu-
ally beneficial (mutualism) to neutral (commensalism) or para-
sitic (parasitism). The microorganisms inside insects include gut
microbe, endoparasities, extracellular symbiosis, and intracellu-
lar symbiosis (also called endosymbionts). The endosymbionts is
the most intimate association between two different organisms,
and it is generally reasoned that the association is maintained
through the host’s generations because the host and symbiont
equally benefit from the association.

The endosymbiotic bacteria of insects are prevalent and cat-
egorized into two groups: primary symbionts (P-symbionts)
and secondary symbionts (S-symbionts).! The P-symbionts are
obligatory and mutualistic to the host as they play prominent
role in insect nutritional ecology by providing essential nutrients
that are limited or lacking in the diet or aid in digestion and
detoxification of food, such as Buchnera aphidicola in aphids,
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Portiera aleyrodidarum in whiteflies, Carsonella ruddii in psyllids,
and Tremblaya princeps in mealybugs.! The P-symbionts typi-
cally housed in specialized host organs termed bacteriocytes and
relayed within transovarial transmission from mothers to off-
spring with perfect fidelity."** In contrast to primary symbionts,
S-symbionts may not be required for host survival and the asso-
ciation between host and symbiont is generally not very intimate
and inhabit a variety tissues including primary bacteriocytes,*”
secondary bacteriocytes and sheath cells,®’ salivary glands,'®!!
Malpighian tubules (Bution et al.,, 2008),"* and reproductive
organs.!"'3 The roles of more and more S-symbionts to their
hosts have been unveiled in recent years, and these symbionts
may exert diverse effects on their host, such as defense against

21516 mediate ther-

natural enemies by enhancing host resistance,
mal tolerance of their hosts,” to facilitate use of novel hosts'® and
so on. Most of these S-secondary symbionts with the primary
symbiont inside the bacteriocytes, however, some S-symbionts
localize outside the bacteriocytes and suffer occasional horizon-
tal transmission, occur at low titers in hosts within and between
Species'l(),lﬁ,l‘),z()

The remarkable bacterial associations in insects were deemed
intractable to study. In particular, all attempts to isolate the
symbionts into axenic culture failed; consequently, the bacteria
identification and the relationship could not be easily manipu-
lated. Our understanding of the connection between symbiotic
bacteria and insects under natural contexts in a population ecol-
ogy condition has two different approaches over the last decade,
largely through treated with antibiotics to eradicate the bacteria
from insects or providing food lacking nutritional substances
2124 and deduced from

their complete genome sequence and subsequent gene expression
25-27

putatively provided by the endosymbionts

studies.

In this review, a wide range overview of the diverse roles of
endosymbionts on insect host ecology and future aspects such
as the potential role of endosymbionts in pesticide detoxification
and effect of endosymbionts on host behavioral ecology has been
discussed. Symbiosis function and insect traits are influenced
by the total complement of insect-symbionts interrelationships.
A firm understanding of these interactions will lead to a better
appreciation of these astonishing symbioses and may provide
insights for novel approaches to pest management.

Defense Toward Pathogens and Parasites

Most insects suffer attacks from various natural enemies,
including pathogens, parasites, predators, and parasitoid wasps.
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Variation in resistance toward parasites and pathogens has been
shown to be regulated by the secondary symbionts in a number
of insects and an understanding of such mechanism is steadily
increasing. In support of the theoretical predictions, several natu-
ral examples of symbiont-mediated protection have been reported
recently in insects, and these are discussed below.

To data, one obligate endosymbiont, Buchnera and several dif-
ferent facultative endosymbionts, namely Hamiltonella defensa,
Regiella insecticola, and Serratia symbiotica as well as Rickettsia,
Rickettsiella, Spiroplasma, and Arsenophonus have been reported
from aphid species.?*® The variable susceptibility of pea aphids to
Aphidius ervi predation is linked to the presence or absence of the
aphid’s facultative endosymbionts. Oliver et al. (2003) showed
that both H. defensa and S. symbiotica could increase aphid host
resistance against A. ervi, a parasitoid wasp that commonly preys
on aphids. These symbionts do not prevent A. ervz oviposition in
the aphid but developmental success of wasps following parasit-
ism were reduced by causing high mortality in developing para-
sitoid larvae in aphid hosts.>® R. insecticola, another common
bacterium, provides strong protection against parasitic wasps,
suggesting that the ability to protect their host against natural
enemies may evolve readily in multiple species of endosymbiotic

bacteria.*®

Recent studies strongly suggested that several phage-
borne toxin genes and several toxins, which provided defense
to the aphid host, identified depended on the genome of the A.
defensa.®3** The potential for phage to encode additional toxin
genes provides a mechanism by which normally genetically stable
and isolated bacterial endosymbionts could rapidly acquire novel
toxins. This increases the endosymbionts’ potential to protect
their insect host and provides an opportunity for additional pro-
tective genes to be introduced into these symbionts. Phage ecol-
ogy is an underexplored facet of symbiosis, in relation to what is
known about bacterial symbionts, and future investigations into
phage and the way that they deliver their toxins to the parasitoid
wasp without harming the aphid host will solve many remaining
questions about this system. Consequently, it is thought that the
phage-borne toxin genes that target and kill the parasitoid wasps.
Further experimentation, however, is required to confirm that
these putative toxins are the active compounds that facilitate H.
defensa protection. Similarly, the molecular basis of H. defensa-
mediated resistance is yet to be resolved.

The bacterial symbiont R. insecticola protects pea aphids from
the entomophthorales fungus Pandora (Erynia) neoaphidis,®
and recently, Lukasik et al. (2012)* reports that four distantly
related symbionts (in the genera Regiella, Rickettsia, Rickettsiella
and Spiroplasma), can reduce mortality and also decrease fun-
gal sporulation on dead aphids which may help protect nearby
genetically identical insects. Thus, R. insecticola not only protects
individual insects but also protects the host population. The
mechanisms involved in R. insecticola-mediated protection have
not yet been determined but could involve the synthesis of anti-
fungal molecules, as has been observed in other insect-symbiont
systems.”

Wolbachia are maternally inherited bacterial endosymbi-
onts that infect at least 20% of all insect species, making them

extremely common in nature.*® In many insect hosts, Wolbachia
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is usually considered to mediate reproduction of the hosts either
enhance the proportion of infected female hosts or kill male off-
spring.®®
types within the model insect Drosophila melanogaster, provid-

37 Wolbachia are found in a variety of tissues and cell

ing an opportunity for it to interact with infectious intracellular
pathogens.”® If Wolbachia provides protection from infectious
pathogens, this would provide the host with a fitness advantage
and serve as a mechanism to drive Wolbachia invasion in D. mela-
nogaster populations. Recently, Wolbachia has been manifested to
confer enhanced resistance toward various insect RNA viruses in
dipterans,®®* such as Culex quinquefasciatus or Aedes aegypti.*>*!
The enhanced resistance mediated by Wolbachia might be regu-
lated by resistance to virus accumulation, tolerance of virus infec-
tion or a combination of both mechanisms and from the host’s
innate immune system being primed by both Wolbachia and a
virus.*

Symbiont-mediated protection could provide Wolbachia with
an additional mechanism by which to invade insect populations.
Natural Australian populations of D. melanogaster maintain
a stable strain of Woalbachia infection; the tropical and sub-
tropical northern populations are heavily infected (greater than
95%), but the cooler temperate southern populations are poorly
infected (~15%).*> How this cline is maintained is unclear, but it
is independent of local climatic conditions.*** It is tempting to
speculate that virus infection rates could be higher in northern
populations and, hence, promote the persistence of Wolbachia in
these populations.

Symbiont-mediated protection against fungal pathogens
has also been observed in the attine ants® and a beetle that

feeds on pine trees.*

Attine ants have long been a fascination
for symbiosis researchers because of their unique ability to
“farm” Lepiotaceae fungi as a food source. The delicate bal-
ance between ant and fungi can be disrupted when other fungi,
which are not used as a food source. Remarkably, a Streptomyces
sp bacterial symbiont found on the exterior of ants produces an
antifungal agent that kills non-Lepiotaceae fungi.® By killing
off these invading fungi, the Streptomyces symbiont protects the
fungal symbiont and, in turn, ensures the long-term survival of
its ant host. A different Streptomyces symbiont isolated from the
Southern pine beetle, Dendroctonus frontalis, was also observed
to protect an important fungal symbiont from competing fungi.
An antifungal molecule derived from the Streptomyces symbi-
ont was identified and shown to only interfere with the antag-

onistic fungi.

There is also evidence that wasp larvae might
be protected from microbial-induced mortality by a related

Streptomyces symbiont.”
Influence on Insect-Plant Interaction

Insects have evolved many strategies to feed on plants including
associations with mutualistic symbionts, which can be important
mediators of direct and indirect interactions between herbivo-
rous insects and their host plants.” The most striking ecologi-
cal character conferred to insects by endosymbionts is their role
in supplying essential nutrients to their hosts. As several reviews
have speculated that the role of primary endosymbionts in insect
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nutritional ecology,

recent research in the role of secondary
endosymbionts in mediating plant-insect interactions will be
discussed.

Several recent studies suggested that food plant use of herbivo-
rous insects can be directly enhanced by facultative endosym-
bionts. One paper recently published by Tsuchida et al. (2011)
showed injection of a secondary symbiont R. insecticola from
a clover-adapted pea aphid to vetch aphid Megoura crassicauda
allowed the latter that normally could not feed on clover to use
this host plant. Transfection experiments in pea aphids indicated

152 However,

that R. insecticola enhances reproduction on clover.
antibiotic manipulation was used to experimentally remove R.
insecticola from naturally infected lineages showed that R. inmsecti-
cola was not responsible for generating the tradeoff on vetch and
clover (Leonardo, 2004).2! Moreover, artificial infection with R.
insecticola reduced acceptance of aphids for both two plants.’?
Thus, although R. insecticola affect host performance as well as
host acceptance behavior in aphids, the impact of the symbiont is
not necessarily positive and seems to be context dependent.

The stinkbugs, wherein the host-symbiont associations
can be easily manipulated, provide a novel system that enables
experimental approaches to previously untouched aspects of the
insect-microbe mutualism.”® As in aphids, the endosymbionts of
Megacopta stinkbugs are correlated with food plant use. A pest
stinkbug species, Megacopta punctatissima, performed well on
crop legumes, while a closely related non-pest species, Megacopta
cribraria, suffered low egg hatch rate on the plants. When their
obligate gut symbiotic bacteria were experimentally exchanged
between the species, their performance on the crop legumes
was, strikingly, completely reversed: the pest species suffered
low egg hatch rate, whereas the non-pest species restored normal
egg hatch rate and showed good performance.’® It is not clear
though how the symbiont facilitates usage of the crop legumes.
The symbiont of the pest species M. punctatissima may either per-
form better on the crop plants, e.g., by aiding in detoxification of
a plant secondary compound, or may provide nutrients lacking
on potentially suboptimal crop plants.’* Endosymbionts can also
be important mediators of indirect interactions that limit use of
food plants. For instance, the hosts that provide defect amino
acids in the phloem have improved levels of secondary symbionts
of aphids. However, as the secondary symbionts do not devote to
amino acid nutrition for the aphids, negative effects of low qual-
ity phloem on aphid performance are aggravated.”>¢

Insect symbionts have been reported to benefit their hosts,
which took the form of physiological changes in the plant,
mediated by a complex signal-transduction response to insect
attack.”” Perhaps the best known example is ambrosia beetles
and their mutualistic fungi of bark, which make wood digest-
ible for their hosts’ larvae and assist the beetles in overcoming
tree resistance mechanisms.®” A microarray experiment revealed
that the regulation of defense-related genes in the plant was influ-
enced by the symbiont Wolbachia in corn root borer.®" Similarly,
the expression of plant defensive pathways in tomato was associ-
ated with the high concentrations of the symbiont Candidatus
Liberibacter psyllaurous in tomato psyllid, bactericerca cocker-
elli.®? Insect herbivores have been reported to manipulate directly
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host plant physiology for their own benefit.’® For example, the
potential to modulate plant defense in chewing insects are the
symbiotic gut flora found in saliva and regurgitant, which is
to synthesize N-acylamino acids.®** Another possible example
is found in the apple leaf-mining moth, whose endosymbiont
Wolbachia is involved in the production of cytokinins, which
inhibit senescence, maintain chlorophyll, and control nutrient
60 The presence of Wolbachia in the larvae of the
leaf-miner is positively correlated with high levels of cytokinins,

mobilization.

which induced the “green-island” formation on leaves, increased
compensatory larval feeding and higher insect mortality.*®
Currently the mechanism of how Wolbachia manipulates plant
physiology during the plant-herbivore interaction is not known.
Insect symbionts may benefit their hosts by facilitating the
transmission of plant pathogens. As we all known, almost 80% of
the virus inflicted to plants is due to insect vector transmission.®’
Virus particles can cause circular infections in the aphids and
whiteflies by binding to the GroEL chaperone proteins produced

by symbiotic bacteria,**®

which seems to protect begomoviruses
in insect hemolymph and thereby affects the ability of insects to

transmit virus.
Adaptation to Environment

So far, there is more and more attention to the abiotic factors
to the effect of endosymbionts on temperature tolerance of their
insect hosts. The range and variability of temperatures that an
organism can tolerate is an important factor in determining its
geographic range. Although the aphid host itself may not be
adapted to higher temperatures,? again the number of bacte-
riocytes of the primary endosymbionts Buchnera that supplies
essential nutrients to the host, has been shown to decrease dra-
matically at higher temperatures or heat shock (Montllor et al.,
2002),” however, the secondary endosymbiont S. symbiotica and
H. defensa, which can confer tolerance and a trend toward higher
7972 presumably
by enhancing retention of secondary bacteriocytes, as negative

fitness when subjected to high temperatures,

effects on the primary bacteriocytes under heat stress. A plau-
sible explanation is suggested by recent findings that S. symbi-
otica can partially rescure A. pisum fitness in the absence of the
obligatory Buchnera.** Thus, the heat tolerance of aphid hosts
could originate from complementation of Buchnera function.
Another explanation is the bacterial chaperone groEL, which is
constitutively overexpressed in primary and secondary endosym-
bionts,”>74
when circulating in the hemolymph. An additional evidence for

may also protect host proteins from heat degradation

improved heat tolerance has been previously documented for A.
pisum infected with S. symbiotica, which increased host fecundity
under constant rearing at 25°C.” For whitefly Bemisia tabaci, the
secondary endosymbiont Rickettsia may confer heat tolerance to
the host. In this example, Rickettsia in B. tabaci under normal
conditions induces the expression of genes required for tempera-
ture tolerance that under high temperatures, indirectly lead to
this tolerance.”® Variation in the genome of Buchnera itself adds
to variation in heat tolerance of the pea aphid. A single-base regu-
latory mutation of a heat-shock gene in Buchnera of aphids that
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eliminates expression of the heat-shock gene under thermal stress
and lowers the ability of hosts to endure heat stress and produce
hardly any offspring after a short exposure to heat stress.”

Besides the direct effects on the insect hosts, temperature cause
indirect effects via changing the amounts of symbionts within
the host or their efficiency of transmission to the offspring. For
example, Wolbachia-induced effects of cytoplasmic incompatibil-
ity and parthenogenesis are weakened by exposing insects to heat,
presumably due to the negative effect of high temperatures on
symbiont survival.”” In A. pisum, the survival of Buchnera symbi-
onts reduced stemmed from a heat shock treatment.”® Similarly,
high temperature or heat stress dramatically reduced the num-
ber of bacteriocytes (in which the obligate symbiont, Buchnera,
resides) in aphids; however, the presence of S. symbiotica gave
birth to retain their bacteriocyte.”

Body color is an important ecologically trait of visual cues for
the pea aphid affects their susceptibility to parasites and preda-
tors. The aphid exhibits a color polymorphism, which improve
their ability of resistance to natural enemies. Ecological studies
showed that red aphids were more likely to be preyed on by pred-
ators ladybird beetles on green plants,” while green aphids suffer
higher rates of parasitoid wasps attack.*® The pea aphid carried
the secondary endosymbiont Rickettsiella infection increased the
amounts of blue-green polycyclic quinines changes the body
color of host from red to green.”® Thus, the effect of the endo-
symbiont on body color is expected to influence prey-predator
interactions.

Impact of Population Dynamics

Endosymbionts can sharply influence population dynamics via
various ways, such as cytoplasmic incompatibility (CI), par-
thenogenesis induction (PI), feminization, and male-killing.
The endosymbiotic bacteria such as Wolbachia, Arsenophonus,
Spiroplasma, and Cardinium manipulated host reproduction
are widespread among arthropods by vertical transmission.®"%?
Cytoplasmic incompatibility, in which uninfected female mated
with infected males result in sterile crosses produce few or no off-
spring,®® and can be either unidirectional or bidirectional, thus
gene flow between these strains is decreased due to a reduction in
efficient migration rates. Feminization and Male-killing distort
sex-ratio within a population and reduce the uninfected part of
population size in which few male will be left to mate a large
number of females.® Parthenogenesis induction, in which hap-
loid host eggs are converted into viable diploid female offspring,
may result in rapidly decline of genetic diversity.®

Among these symbionts, Wolbachia dominate current research
in part because of the widespread and importance of this sym-
biont. Wolbachia can induce cytoplasmic incompatibility in the
butterfly, Eurema hecabe and parasitoid wasp, Encarsia pergandi-
ella.**® Recently, other novel lineage of bacteria has been shown
to be related to several reproductive manipulations, including
“Candidatus Cardinium hertigii” in parthenogenesis induction
in parasitoid wasps, Encarsia hispida®® and feminization in the
mite, Brevipalpus phoenicis,¥” Rickettsia related with parthenogen-
esis induction in leafminer, Liriomyza trifolii in Japan®® and male
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killing in the ladybird beetle, Adalia bipunctata,® or the bacte-
ria Spiroplasma and H. defensa induces male killing in ladybird,
Cheilomenes sexmaculata?® The spread of these bacteriums can
result in rapidly decline of population genetic diversity and drive
small populations to extinction.®

As a few hosts harboring facultative endosymbionts have
shown negative effects under some circumstances,” while most
studies have indicated that secondary symbionts provided fit-
ness benefit, and these symbionts can spread rapidly within host
population.>?® The endosymbionts relevant to dispersal may
also influence population dynamics of insect hosts. Pea aphids
containing R. insecticola produced only fewer numbers of winged
offspring in response to crowding than those lacking this endo-
symbionts, and for two out of three aphid lineages, the timing
of sexual reproduction in response to crowding conditions was

changed by the presence of this symbiont.”*

Pesticide Detoxification

Chemical insecticides are widely used for controlling agricultural
pest insects and other organisms worldwide. Meanwhile insecticide
abuse has often gave rise to the development of insecticide resis-
tance in various pest insects, whose mechanisms have referred to
evolutionary changes in pest genomes such as alteration of pesticide
target locus, upregulation of degrading esterases, and improvement
of pesticide secretion.” Here, we report a mechanism of insecticide
resistance previously unknown via an insecticide-degrading bacte-
rial symbiont establishes in pest insects. Kikuchi et al. (2012)%
reported an extension of this repertoire of effects-bacteria in the
genus Burkholderia imparts protection against organophosphorous
pesticides in stinkbugs. Previous study suggested that biological
insecticides, such as Bacillus thuringiensis, depended on the interac-
tion with symbiotic bacteria can be involved in insect resistance.””
Given the general detoxification ability of microbes and their abil-
ity to evolve quickly, they could provide a potent means for rapid
acquisition of pesticide resistance in hosts. As lateral gene transfers
(LGTs) between symbionts and hosts are now known to be com-
mon.”® Therefore, it would not be surprising that this transmission
manner would more readily link beneficial pesticide-degrading
bacteria to their hosts, enhancing increase of both partners and
therefore spread of the resistance phenotype.

Behavioral Manipulation

In mutualistic associations, the evolutionary interest of the sym-
biont modifies host behavior, which is adaptive to the parasites
or predators and such phenomena called “manipulation by par-

asite.”’

?190 However, symbiont-mediated alteration of the host
behavior that enhances their probability of transmission has been,
to our knowledge, scarcely attention. However, alterations in
behavior characteristic by such mutualistic endosymbionts may
be common as the examples on superparasitism behavior and
reproductive behavior of parasitoid wasp,'*"'* dispersal behavior
of money spider'® or enhanced wandering behavior of stinkbug
nymphs.'® Thus, symbiont-induced alteration of host behav-

ior might be well-known among mutualistic associations than
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previously envisioned, particularly with symbiont transmission
demands behavioral elements. As the symbionts and the hosts
both benefit from the behavior, the behavior might have been
evolutionarily favored by host immune system acting on both the
partners, whose influence may produce important insights into
host physiology.

Conclusions

The increasing awareness of the significant functions that endo-
symbionts play in host has brought to a rapid increase in the
identification of important characteristic attributed to endosym-
bionts. The revolution in our understanding of the roles of sym-
bionts has been made possible by the many advances in molecular
biology and functional genome research. Due to these advanced
techniques it is now becoming viable to unravelling the mecha-
nistic basis of the molecular and biochemical mechanisms that
underpinning insect-symbionts interaction, and host ecology
influenced by these symbionts. Understanding these factors may
give us insights into ecological significances of endosymbiont

infection, the short and long-term evolutionary tracks they
mediate, the ecological differentiation and adaptation to host,
the responses to environmental alteration, and species extinc-
tion risk.!” The potential invasion of new pests has often been
facilitated by their mutualists and some novel interactions have
106107 Manipulating
symbionts may be exploited to improve pest control and finding

resulted in new and more virulent insect pests.

out more about insects and their microbial associates will be both
fascinating and useful.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

This research was supported by the National Science Fund for
Distinguished Young Scholars (31025020), the 973 Program
(2012CB017359) and Beijing Key Laboratory for Pest Control
and Sustainable Cultivation of Vegetables. Special thanks go to
John J. Obrycki (University of Kentucky) and two anonymous
reviewers for their comments and constructive criticisms.

References 11. Sacchi L, Genchi M, Clementi E, Bigliardi E, Avanzati 20. Caspi-Fluger A, Inbar M, Mozes-Daube N, Katzir N,
AM, Pajoro M, et al. Multiple symbiosis in the leaf- Portnoy V, Belausov E, et al. Horizontal transmission of

1. Buchner P Endosymbiosis of Animals with Planc hopper Scaphoideus titanus (Hemiptera: Cicadellidae): the insect symbiont Rickettsia is plant-mediated. P Roy
Microorganisms. Interscience Publishers, New York. details of transovarial transmission of Cardinium sp. and Soc B-Biol Sci 2011.

1965: 909. yeast-like endosymbionts. Tissue Cell 2008; 40:231-  21. Leonardo TE. Removal of a specialization-associated

2. Oliver KM, Degnan PH, Burke GR, Moran NA. 42; PMID:18272191; http://dx.doi.org/10.1016/j. symbiont does not affect aphid fitness. Ecol Lett
Facultative symbionts in aphids and the horizontal tice.2007.12.005. 2004; 7:461-8; htep://dx.doi.org/10.1111/j.1461-
transfer of ecologically important traits. Annu Rev 12, Bution ML, Caetano FH, Zara FJ. Contribution 0248.2004.00602.x.

Entomol 2010; 55:247-66; PMID:19728837; hetp:// of the Malpighian tubules for the maintenance of  22. Koga R, Tsuchida T, Fukatsu T. Changing partners in an
dx.doi.org/10.1146/annurev-ento-112408-085305. symbiotic microorganisms in cephalotes ants. Micron obligate symbiosis: a facultative endoymbiont can com-

3. Feldhaar H. Bacterial symbionts as mediators of eco- 2008; 39:1179-83; PMID:18579390; htep://dx.doi. pensate for loss of the essential endosymbiont Buchnera
logically important traits of insect hosts. Ecol Entomol 0rg/10.1016/j.micron.2008.05.003. in an aphid. P Roy Soc B-Biol Sci 2003; 270:2543-
2011; 36:533-43; http://dx.doi.org/10.1111/j.1365- 13, Dobson SL, Bourtzis K, Braig HR, Jones BE Zhou 2550; heep://dx.doi.org/10.1098/rspb.2003.2537.
2311.2011.01318.x. W, Rousset E et al. Wolbachia infections are dis- 23. Koga R, Tsuchida T, Sakurai M, Fukatsu T. Selective

4. Gottlieb Y, Ghanim M, Chiel E, Gerling D, Portnoy tributed throughout insect somatic and germ line elimination of aphid endosymbionts: effects of anti-
V, Steinberg S, et al. Identification and localization tissues. Insect Biochem Mol Biol 1999; 29:153-60; biotic dose and host genotype, and fitness conse-
of a Rickettsia sp. in Bemisia tabaci (Homoptera: PMID:10196738; http://dx.doi.org/10.1016/S0965- quences. FEMS Microbiol Ecol 2007; 60:229-39;
Aleyrodidae). Appl Environ Microbiol 2006; 72:3646- 1748(98)00119-2. PMID:17313660; http://dx.doi.org/10.1111/j.1574-
52; PMID:16672513; htep://dx.doi.org/10.1128/ 14. Veneti Z, Clark ME, Karr TL, Savakis C, Bourtzis 6941.2007.00284.x.

AEM.72.5.3646-3652.2006. K. Heads or tails: host-parasite interactions in the 24, Kuriwada T, Hosokawa T, Kumano N, Shiromoto K,

5. Moran NA, McCutcheon JB, Nakabachi A. Genomics Drosophila-Wolbachia system. Appl Environ Microbiol Haraguchi D, Fukatsu T. Biological role of Nardonella
and evolution of heritable bacterial symbionts. Annu 2004; 70:5366-72; PMID:15345422; htep://dx.doi. endosymbiont in its weevil host. PLoS ONE
Rev Genet 2008; 42:165-90; PMID:18983256; http:// org/10.1128/AEM.70.9.5366-5372.2004. 2010; 5:13101; PMID:20957033; htep://dx.doi.
dx.doi.org/10.1146/annurev.genet.41.110306.130119. 15. Oliver KM, Russell JA, Moran NA, Hunter MS. org/10.1371/journal.pone.0013101.

6. Gottlieb Y, Ghanim M, Gueguen G, Kontsedalov S, Facultative bacterial symbionts in aphids confer resis- 25. Shigenobu S, Watanabe H, Hattori M, Sakaki Y,
Vavre E Fleury E et al. Inherited intracellular ecosys- tance to parasitic wasps. Proc Natl Acad Sci USA Ishikawa H. Genome sequence of the endocellular
tem: symbiotic bacteria share bacteriocytes in white- 2003; 100:1803-7; PMID:12563031; http://dx.doi. bacterial symbiont of aphids Buchnera sp. APS. Nature
flies. FASEB ] 2008; 22:2591-9; PMID:18285399; 0rg/10.1073/pnas.0335320100. 2000; 407:81-6; PMID:10993077; htep://dx.doi.
htep://dx.doi.org/10.1096/£.07-101162. 16. Oliver KM, Degnan PH, Hunter MS, Moran NA. org/10.1038/35024074.

7. Skaljac M, Zanic K, Ban SG, Kontsedalov S, Ghanim Bacteriophages encode factors required for protection 26, Feldhaar H, Straka J, Krischke M, Berthold K, Stoll S,
M. Co-infection and localization of secondary sym- in a symbiotic mutualism. Science 2009; 325:992- Mueller MJ, et al. Nutritional upgrading for omnivo-
bionts in two whitefly species. BMC Microbiol 4; PMID:19696350; http://dx.doi.org/10.1126/sci- rous carpenter ants by the endosymbiont Blochmannia.
2010; 10:142; PMID:20462452; http://dx.doi. ence.1174463. BMC Biol 2007; 5:48; PMID:17971224; http://
org/10.1186/1471-2180-10-142. 17. Dunbar HE, Wilson ACC, Ferguson NR, Moran NA. dx.doi.org/10.1186/1741-7007-5-48.

8. Moran NA, Russell JA, Koga R, Fukatsu T. Aphid thermal tolerance is governed by a point muta-  27. Gunduz EA, Douglas AE. Symbiotic bacteria enable
Evolutionary relationships of three new species of tion in bacterial symbionts. PLoS Biol 2007; 5:¢96; insect to use a nutritionally inadequate diet. P Roy
Enterobacteriaceae living as symbionts of aphids and PMID:17425405; http://dx.doi.org/10.1371/journal. Soc B-Biol Sci 2009; 276:987-991; htep://dx.doi.
other insects. Appl Environ Microbiol 2005; 71:3302- pbio.0050096. org/10.1098/rspb.2008.1476.

10; PMID:15933033;  htep://dx.doi.org/10.1128/ 18. Tsuchida T, Koga R, Matsumoto S, Fukatsu T. 28. Tsuchida T, Koga R, Horikawa M, Tsunoda T, Maoka
AEM.71.6.3302-3310.2005. Interspecific symbiont transfection confers a novel T, Matsumoto S, et al. Symbiotic bacterium modi-

9.  Tsuchida T, Koga R, Meng XY, Matsumoto T, Fukatsu ecological trait to the recipient insect. Biol Lett 2011; fies aphid body color. Science 2010; 330:1102-4;
T. Characterization of a facultative endosymbiotic bac- 7:245-8; PMID:20880856; http://dx.doi.org/10.1098/ PMID:21097935;  http://dx.doi.org/10.1126/sci-
terium of the pea aphid Acyrthosiphon pisum. Microb 1sb1.2010.0699. ence.1195463.

Ecol 2005; 49:126-33; PMID:15690225; hrep:// 19. Chiel E, Zchori-Fein E, Inbar M, Gottlieb Y, Adachi- 29. Oliver KM, Moran NA, Hunter MS. Variation in
dx.doi.org/10.1007/500248-004-0216-2. Hagimori T, Kelly SE, et al. Almost there: transmission resistance to parasitism in aphids is due to symbionts

10. Mitsuhashi W, Saiki T, Wei W, Kawakita H, Sato routes of bacterial symbionts between trophic levels. not host genotype. Proc Nad Acad Sci USA 2005;

M. Two novel strains of Walbachia coexisting in
both species of mulberry leafhoppers. Insect Mol Biol
2002; 11:577-84; PMID:12421415; http://dx.doi.
0rg/10.1046/j.1365-2583.2002.00368.x.

www.landesbioscience.com

PLoS ONE 2009; 4:¢4767; PMID:19274091; http://
dx.doi.org/10.1371/journal.pone.0004767.

Communicative & Integrative Biology

102:12795-800; PMID:16120675;
0rg/10.1073/pnas.0506131102.

heep://dx.doi.

€23804-5



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Vorburger C, Gehrer L, Rodriguez P A strain of
the bacterial symbiont Regiella insecticola protects
aphids against parasitoids. Biol Lett 2010; 6:109-
11; PMID:19776066; http://dx.doi.org/10.1098/
rsb1.2009.0642.

Degnan PH, Moran NA. Evolutionary genetics of a
defensive facultative symbiont of insects: exchange of
toxin-encoding bacteriophage. Mol Ecol 2008; 17:916-
29; PMID:18179430; http://dx.doi.org/10.1111/
j.1365-294X.2007.03616.x.

Weldon SR, Strand MR, Oliver KM. Phage loss and
the breakdown of a defensive symbiosis in aphids.
Proc Biol Sci 2013; 280:20122103; PMID:23193123;
http://dx.doi.org/10.1098/rspb.2012.2103.
Scarborough CL, Ferrari ], Godfray HCJ. Aphid pro-
tected from pathogen by endosymbiont. Science 2005;
310:1781-1781; PMID:16357252; http://dx.doi.
org/10.1126/science.1120180.

Lukasik P, van Asch M, Guo HE, Ferrari ], Charles ]
Godfray H, Godfray CJ. Unrelated facultative endo-
symbionts protect aphids against a fungal pathogen.
Ecol Lett 2013; 16:214-8; PMID:23137173; http://
dx.doi.org/10.1111/ele.12031.

Gravot E, Thomas-Orillard M, Jeune B. Virulence
variability of the Drosophila C virus and effects of
the microparasite on demographic parameters of the
host (Drosophila melanogaster). ] Invertebr Pathol
20005 75:144-51; PMID:10772327; http://dx.doi.
org/10.1006/jipa.1999.4913.

Werren JH, Baldo L, Clark ME. Wolbachia: mas-
ter manipulators of invertebrate biology. Nat Rev
Microbiol 2008; 6:741-51; PMID:18794912; http://
dx.doi.org/10.1038/nrmicro1969.

Hilgenboecker K, Hammerstein P, Schlattmann
P, Telschow A, Werren JH. How many species are
infected with Wolbachia?--A statistical analysis of cur-
rent data. FEMS Microbiol Lett 2008; 281:215-20;
PMID:18312577; http://dx.doi.org/10.1111/j.1574-
6968.2008.01110.x.

Hedges LM, Brownlie JC, O’Neill SL, Johnson KN.
Wolbachia and virus protection in insects. Science
2008; 322:702-702; PMID:18974344; http://dx.doi.
org/10.1126/science.1162418.

Teixeira L, Ferreira A, Ashburner M. The bacterial sym-
biont Wolbachia induces resistance to RNA viral infec-
tions in Drosophila melanogaster. PLoS Biol 2008; 6:e2;
PMID:19222304; http://dx.doi.org/10.1371/journal.
pbio.1000002.

Moreira LA, Iturbe-Ormaetxe 1, Jeffery JA, Lu GJ,
Pyke AT, Hedges LM, et al. A Wolbachia symbi-
ont in Aedes aegypti limits infection with dengue,
Chikungunya, and Plasmodium. Cell 2009; 139:1268-
78; PMID:20064373; http://dx.doi.org/10.1016/}.
cell.2009.11.042.

Glaser RL, Meola MA. The native Wolbachia endosym-
bionts of Drosophila melanogaster and Culex quinquefas-
ciatus increase host resistance to West Nile virus infec-
tion. PLoS ONE 2010; 5:¢11977; PMID:20700535;
http://dx.doi.org/10.1371/journal.pone.0011977.
Hoffmann AA, Clancy DJ, Merton E. Cytoplasmic
incompatibility in Australian populations of
Drosophila melanogaster. Genetics 1994; 136:993-9;
PMID:8005448.

Olsen K, Reynolds KT, Hoffmann AA. A field cage
test of the effects of the endosymbiont Wolbachia
on  Drosophila  melanogaster. Heredity (Edinb)
2001; 86:731-7; PMID:11595053; http://dx.doi.
org/10.1046/j.1365-2540.2001.00892.x.

Harcombe W, Hoffmann AA. Walbachia effects in
Drosophila melanogaster: in search of fitness benefits.
J Invertebr Pathol 2004; 87:45-50; PMID:15491598;
heep://dx.doi.org/10.1016/j.jip.2004.07.003.

Currie CR, Wong B, Stuart AE, Schultz TR, Rehner
SA, Mueller UG, et al. Ancient tripartite coevolu-
tion in the attine ant-microbe symbiosis. Science
2003; 299:386-8; PMID:12532015; http://dx.doi.
org/10.1126/science.1078155.

€23804-6

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Scott JJ, Oh DC, Yuceer MC, Klepzig KD, Clardy J,
Currie CR. Bacterial protection of beetle-fungus mutu-
alism. Science 2008; 322:63; PMID:18832638; http://
dx.doi.org/10.1126/science.1160423.

Kaltenpoth M, Gétter W, Herzner G, Strohm E.
Symbiotic bacteria protect wasp larvae from fungal infes-
tation. Curr Biol 2005; 15:475-9; PMID:15753044;
heep://dx.doi.org/10.1016/j.cub.2004.12.084.

Frago E, Dicke M, Godfray HC. Insect symbionts
as hidden players in insect-plant interactions. Trends
Ecol Evol 2012; 27:705-11; PMID:22985943; http://
dx.doi.org/10.1016/j.tree.2012.08.013.

Douglas AE. The microbial dimension in insect nutri-
tional ecology. Funct Ecol 2009; 23:38-47; htep://
dx.doi.org/10.1111/}.1365-2435.2008.01442.x.

Clark EL, Karley AJ, Hubbard SE Insect endo-
symbionts: manipulators of insect herbivore tro-
phic interactions? Protoplasma 2010; 244:25-51;
PMID:20495935; http://dx.doi.org/10.1007/500709-
010-0156-2.

Tsuchida T, Koga R, Fukatsu T. Host plant specializa-
tion governed by facultative symbiont. Science 2004;
303:1989-1989; PMID:15044797; http://dx.doi.
org/10.1126/science.1094611.

Ferrari J, Scarborough CL, Godfray HCJ. Genetic
variation in the effect of a facultative symbiont on host-
plant use by pea aphids. Oecologia 2007; 153:323-9;
PMID:17415589; http://dx.doi.org/10.1007/s00442-
007-0730-2.

Robert V, Volokhina EB, Senf E Bos MP, Van Gelder
P, Tommassen J. Assembly factor Omp85 recognizes
its outer membrane protein substrates by a species-
specific C-terminal motif. PLoS Biol 2006; 4:¢377;
PMID:17090219; http://dx.doi.org/10.1371/journal.
pbio.0040337.

Hosokawa T, Kikuchi Y, Fukatsu T. How many sym-
bionts are provided by mothers, acquired by offspring,
and needed for successful vertical transmission in
an obligate insect-bacterium mutualism? Mol Ecol
2007; 16:5316-25; PMID:18028305; http://dx.doi.
org/10.1111/j.1365-294X.2007.03592.x.

Wilkinson TL, Koga R, Fukatsu T. Role of host
nutrition in symbiont regulation: impact of dietary
nitrogen on proliferation of obligate and facultative
bacterial endosymbionts of the pea aphid Acyrthosiphon
pisum. Appl Environ Microbiol 2007; 73:1362-6;
PMID:17158610; heep://dx.doi.org/10.1128/
AEM.01211-06.

Chandler SM, Wilkinson TL, Douglas AE. Impact
of plant nutrients on the relationship between a her-
bivorous insect and its symbiotic bacteria. Proc Biol Sci
2008; 275:565-70; PMID:18089538; http://dx.doi.
org/10.1098/rspb.2007.1478.

Kessler A, Baldwin IT. Plant responses to insect herbivo-
ry: the emerging molecular analysis. Annu Rev Plant Biol
2002; 53:299-328; PMID:12221978; http://dx.doi.
org/10.1146/annurev.arplant.53.100301.135207.
Panteleev DY, Goryacheva II, Andrianov BV, Reznik
NL, Lazebny OE, Kulikov AM. The endosymbi-
otic bacterium Wolbachia enhances the nonspecific
resistance to insect pathogens and alters behavior of
Drosophila melanogaster. Russ ] Genet 2007; 43:1066-
9; htep://dx.doi.org/10.1134/51022795407090153
Dicke M, van Loon JJA, Soler R. Chemical complexity
of volatiles from plants induced by multiple attack. Nat
Chem Biol 2009; 5:317-24; PMID:19377458; htep://
dx.doi.org/10.1038/nchembio.169.

Paine TD, Raffa KF, Harrington TC. Interactions
among Scolytid bark beetles, their associated fungi, and
live host conifers. Annu Rev Entomol 1997; 42:179-
206; PMID:15012312; http://dx.doi.org/10.1146/
annurev.ento.42.1.179.

Barr KL, Hearne LB, Briesacher S, Clark TL, Davis
GE. Microbial symbionts in insects influence down-
regulation of defense genes in maize. PLoS ONE
2010; 5:11339; PMID:20596533; http://dx.doi.
org/10.1371/journal.pone.0011339.

Communicative & Integrative Biology

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Casteel CL, Hansen AK, Walling LL, Paine TD.
Manipulation of plant defense responses by the toma-
to psyllid (Bactericerca cockerelli) and its associated
endosymbiont Candidatus Liberibacter psyllaurous.
PLoS ONE 2012; 7:¢35191; PMID:22539959; http://
dx.doi.org/10.1371/journal.pone.0035191.

Spiteller D, Dettner K, Bolan W. Gut bacteria may
be involved in interactions between plants, herbi-
vores and their predators: microbial biosynthesis of
N-acylglutamine surfactants as elicitors of plant vola-
tiles. Biol Chem 2000; 381:755-62; PMID:11030433;
http://dx.doi.org/10.1515/BC.2000.096.

Bonaventure G, VanDoorn A, Baldwin I'T. Herbivore-
associated elicitors: FAC signaling and metabolism.
Trends Plant Sci 2011; 16:294-9; PMID:21354852;
http://dx.doi.org/10.1016/j.tplants.2011.01.006.
Giron D, Kaiser W, Imbault N, Casas J. Cytokinin-
mediated leaf manipulation by a leafminer caterpillar.
Biol Lett 2007; 3:340-3; PMID:17412674; heep://
dx.doi.org/10.1098/rsb.2007.0051.

Kaiser W, Huguet E, Casas J, Commin C, Giron D.
Plant green-island phenotype induced by leaf-miners
is mediated by bacterial symbionts. Proc Biol Sci
2010; 277:2311-9; PMID:20356892; htep://dx.doi.
0rg/10.1098/rspb.2010.0214.

De Barro PJ, Liu SS, Boykin LM, Dinsdale AB.
Bemisia tabaci: a statement of species status. Annu Rev
Entomol 2011; 56:1-19; PMID:20690829; http://
dx.doi.org/10.1146/annurev-ento-112408-085504.
Gottlieb 'Y, Zchori-Fein E, Mozes-Daube N,
Kontsedalov S, Skaljac M, Brumin M, et al. The
transmission efficiency of tomato yellow leaf curl virus
by the whitefly Bemisia tabaci is correlated with the
presence of a specific symbiotic bacterium species.
J Virol 2010; 84:9310-7; PMID:20631135; http://
dx.doi.org/10.1128/JV1.00423-10.

Rana VS, Singh ST, Priya NG, Kumar J, Rajagopal
R. Arsenophonus GroEL interacts with CLCuV and is
localized in midgut and salivary gland of whitefly B.
tabaci. PLoS ONE 2012; 7:¢42168; PMID:22900008;
http://dx.doi.org/10.1371/journal.pone.0042168.
Montllor CB, Maxmen A, Purcell AH. Facultative bac-
terial endosymbionts benefit pea aphids Acyrthosiphon
pisum under heat stress. Ecol Entomol 2002; 27:189-95;
http://dx.doi.org/10.1046/j.1365-2311.2002.00393 x.
Russell JA, Moran NA. Costs and benefits of symbiont
infection in aphids: variation among symbionts and
across temperatures. Proc Biol Sci 2006; 273:603-
10; PMID:16537132; http://dx.doi.org/10.1098/
rspb.2005.3348.

Harmon JP, Moran NA, Ives AR. Species response
to environmental change: impacts of food web inter-
actions and evolution. Science 2009; 323:1347-50;
PMID:19265021;  http://dx.doi.org/10.1126/sci-
ence.1167396.

Wilcox JL, Dunbar HE, Wolfinger RD, Moran NA.
Consequences of reductive evolution for gene expres-
sion in an obligate endosymbiont. Mol Microbiol
2003; 48:1491-500; PMID:12791133; http://dx.doi.
0rg/10.1046/j.1365-2958.2003.03522 x.

Stoll S, Feldhaar H, Gross R. Transcriptional pro-
filing of the endosymbiont Blochmannia floridanus
during different developmental stages of its holome-
tabolous ant host. Environ Microbiol 2009; 11:877-88;
PMID:19040455; http://dx.doi.org/10.1111/j.1462-
2920.2008.01808.x.

Chen DQ, Montllor CB, Purcell AH. Fitness effects
of two facultative endosymbiotic bacteria on the pea
aphid, Acyrthosiphon pisum, and the blue alfalfa
aphid, A-kondoi. Entomol Exp Appl 2000; 95:315-23;
htp://dx.doi.org/10.1046/j.1570-7458.2000.00670.x.
Brumin M, Kontsedalov S, Ghanim M. Rickettsia influ-
ences thermotolerance in the whitefly Bemisia tabaci
B biotype. Insect Sci 2011; 18:57-66; http://dx.doi.
org/10.1111/.1744-7917.2010.01396.x.

Volume 6 Issue 3



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Arakaki N, Miyoshi T, Noda H. Wolbachia-mediated
parthenogenesis in the predatory thrips Franklinothrips
vespiformis (Thysanoptera: Insecta). Proc Biol Sci
2001; 268:1011-6; PMID:11375084; http://dx.doi.
0rg/10.1098/rspb.2001.1628.

Ohtaka C, Ishikawa H. Effects of heat treatment on the
symbiotic system of an aphid mycetocyte. Symbiosis
19915 11:19-30.

Losey JE, Ives AR, Harmon J, Ballantyne F, Brown C.
A polymorphism maintained by opposite patterns of
parasitism and predation. Nature 1997; 388:269-72;
htep://dx.doi.org/10.1038/40849.

Libbrecht R, Gwynn DM, Fellowes MDE. Aphidius
ervi preferentially attacks the green morph of the pea
aphid, Acyrthosiphon pisum. J Insect Physiol 2007;
20:25-32.

O’Neill SL, Pettigrew MM, Sinkins SP, Braig HR,
Andreadis TG, Tesh RB. In wvitro cultivation of
Wolbachia pipientis in an Aedes albopictus cell line.
Insect Mol Biol 1997; 6:33-9; PMID:9013253; hetp://
dx.doi.org/10.1046/j.1365-2583.1997.00157 x.
Bourtzis K, Miller TA. Insect Symbiosis, Volume 2.
Press, Boca Raton, FL. 2003: pp 304.

Ferrari J, Vavre E Bacterial symbionts in insects
or the story of communities affecting communities.
Philos Trans R Soc Lond B Biol Sci 2011; 366:1389-
400; PMID:21444313; http://dx.doi.org/10.1098/
rsth.2010.0226.

Hiroki M, Kato Y, Kamito T, Miura K.
Feminization of genetic males by a symbiotic bac-
terium in a butterfly, Eurema hecabe (Lepidoptera:
Pieridae). Naturwissenschaften 2002; 89:167-70;
PMID:12061400; http://dx.doi.org/10.1007/s00114-
002-0303-5.

Hunter WB, Dang PM, Bausher MG, Chaparro JX,
McKendree W, Shatters RG Jr., et al. Aphid biol-
ogy: expressed genes from alate Toxoptera citricida,
the brown citrus aphid. J Insect Sci 2003; 3:23;
PMID:15841239.

Zchori-Fein E, Perlman SJ, Kelly SE, Katzir N, Hunter
MS. Characterization of a ‘Bacteroidetes’ symbiont
in Encarsia wasps (Hymenoptera: Aphelinidae): pro-
posal of ‘Candidatus Cardinium hertigii’. Int J Syst Evol
Microbiol 2004; 54:961-8; PMID:15143050; http://
dx.doi.org/10.1099/ij5.0.02957-0.

Weeks AR, Marec F, Breeuwer JAJ. A mite spe-
cies that consists entirely of haploid females. Science
2001; 292:2479-82; PMID:11431565; htep://dx.doi.
org/10.1126/science.1060411.

Hagimori T, Abe Y, Date S, Miura K. The first find-
ing of a Rickettsia bacterium associated with parthe-
nogenesis induction among insects. Curr Microbiol
2006; 52:97-101; PMID:16450063; http://dx.doi.
org/10.1007/s00284-005-0092-0.

www.landesbioscience.com

89.

90.

91L.

92.

93.

94.

95.

96.

97.

Werren JH, Hurst GDD, Zhang W, Breeuwer JAJ,
Stouthamer R, Majerus MEN. Rickettsial relative
associated with male killing in the ladybird beetle
(Adalia bipunctata). ] Bacteriol 1994; 176:388-94;
PMID:8288533.

Hurst GDD, Bandi C, Sacchi L, Cochrane AG,
Bertrand D, Karaca I, et al. Adonia variegata
(Coleoptera: Coccinellidae) bears maternally inher-
ited flavobacteria that kill males only. Parasitology
1999; 118:125-34; PMID:10028525; http://dx.doi.
0rg/10.1017/50031182098003655.

Majerus TMO, Majerus MEN. Intergenomic arms
races: detection of a nuclear rescue gene of male-
killing in a ladybird. PLoS Pathog 2010; 6:¢1000987;
PMID:20628578; http://dx.doi.org/10.1371/journal.
ppat.1000987.

Jaenike J, Unckless R, Cockburn SN, Boelio LM,
Perlman SJ. Adaptation via symbiosis: recent spread of a
Drosophila defensive symbiont. Science 2010; 329:212-
5; PMID:20616278; http://dx.doi.org/10.1126/sci-
ence.1188235.

Himler AG, Adachi-Hagimori T, Bergen JE, Kozuch
A, Kelly SE, Tabashnik BE, et al. Rapid spread of a
bacterial symbiont in an invasive whitefly is driven by
fitness benefits and female bias. Science 2011; 332:254-
6; PMID:21474763; http://dx.doi.org/10.1126/sci-
ence.1199410.

Leonardo TE, Mondor EB. Symbiont modifies host
life-history traits that affect gene flow. Proc Biol Sci
2006; 273:1079-84; PMID:16600884; http://dx.doi.
0rg/10.1098/rspb.2005.3408.

Denholm I, Rowland MW. Tactics for manag-
ing pesticide resistance in arthropods: theory and
practice. Annu Rev Entomol 1992; 37:91-112;
PMID:1539942; http://dx.doi.org/10.1146/annurev.
en.37.010192.000515.

Kikuchi Y, Hayatsu M, Hosokawa T, Nagayama A,
Tago K, Fukatsu T. Symbiont-mediated insecticide
resistance. Proc Natl Acad Sci USA 2012; 109:8618-
22; PMID:22529384; http://dx.doi.org/10.1073/
pnas.1200231109.

Broderick NA, Raffa KF, Handelsman J. Midgut
bacteria required for Bacillus thuringiensis insecticidal
activity. Proc Natl Acad Sci USA 2006; 103:15196-
9; PMID:17005725;  http://dx.doi.org/10.1073/
pnas.0604865103.

Communicative & Integrative Biology

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Dunning Hotopp JC, Clark ME, Oliveira DCSG,
Foster JM, Fischer P, Mufioz Torres MC, et al.
Widespread lateral gene transfer from intracellular
bacteria to multicellular eukaryotes. Science 2007;
317:1753-6; PMID:17761848;  http://dx.doi.
org/10.1126/science.1142490.

Moore J. Parasites and the Behaviour of Animals. Oxford
University Press, New York. 2002: 15pp.

Thomas F, Adamo S, Moore J. Parasitic manipulation:
where are we and where should we go? Behav Processes
2005; 68:185-99; PMID:15792688; http://dx.doi.
0rg/10.1016/j.beproc.2004.06.010.

Varaldi ], Fouillet B, Ravallec M, Lépez-Ferber M,
Boulétreau M, Fleury E. Infectious behavior in a parasit-
oid. Science 2003; 302:1930-1930; PMID:14564013;
http://dx.doi.org/10.1126/science.1088798.

Kenyon SG, Hunter MS. Manipulation of oviposition
choice of the parasitoid wasp, Encarsia pergandiella, by
the endosymbiotic bacterium Cardinium. ] Evol Biol
2007; 20:707-16; PMID:17305836; http://dx.doi.
org/10.1111/j.1420-9101.2006.01238.x.

Goodacre SL, Martin OY, Bonte D, Hutchings L,
Woolley C, Ibrahim K, et al. Microbial modifica-
tion of host long-distance dispersal capacity. BMC
Biol 2009; 7:32; PMID:19545353; http://dx.doi.
org/10.1186/1741-7007-7-32.

Hosokawa T, Kikuchi Y, Shimada M, Fukatsu T.
Symbiont acquisition alters behaviour of stinkbug
nymphs. Biol Lett 2008; 4:45-8; PMID:18055411;
http://dx.doi.org/10.1098/rsb.2007.0510.

White JA. Caught in the act: rapid, symbiont-driven
evolution: endosymbiont infection is a mechanism
generating rapid evolution in some arthropods-
-but how widespread is the phenomenon? Bioessays
2011; 33:823-9; PMID:22006824; http://dx.doi.
0rg/10.1002/bies.201100095.

Huler J, Dunn RR. The sudden emergence of patho-
genicity in insect-fungus symbioses threatens naive
forest ecosystems. Proc Biol Sci 2011; 278:2866-
73; PMID:21752822; http://dx.doi.org/10.1098/
rspb.2011.1130.

Lu M, Wingfield MJ, Gillette N, Sun JH. Do novel
genotypes drive the success of an invasive bark beetle-
fungus complex? Implications for potential reinvasion.
Ecology 2011; 92:2013-9; PMID:22164824; http://
dx.doi.org/10.1890/11-0687.1.

€23804-7



