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Abstract Plants recognize biotic challengers and respond
with the appropriate defense by utilizing phytohormone sig-
naling and crosstalk. Despite this, microbes and insects have
evolved mechanisms that compromise the plant surveillance
system and specific defenses, thus ensuring successful colo-
nization. In nature, plants do not experience insect herbivores
and microbes in isolation, but in combination. Over time,
relationships have developed between insects and microbes,
varying on a continuum from no-relationship to obligate rela-
tionships that are required for both organisms to survive.
While many reviews have examined plant-insect and plant-
microbe interactions and the mechanisms of plant defense,
few have considered the interface where microbes and insects
may overlap, and synergies may develop. In this review, we
critically evaluate the requirements for insect-associated mi-
crobes to develop synergistic relationships with their hosts,
and we mechanistically discuss how some of these insect-
associated microbes can target or modify host plant defenses.
Finally, by using bioinformatics and the recent literature, we
review evidence for synergies in insect-microbe relationships
at the interface of plant-insect defenses. Insect-associated
microbes can influence host-plant detection and/or signaling
through phytohormone synthesis, conserved microbial pat-
terns, and effectors, however, microbes associatedwith insects

must be maintained in the environment and located in oppor-
tunistic positions.
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Introduction

Plants experience an array of environmental insults including
attack by pathogenic microorganisms and insect herbivores.
Plants succeed despite these challenges, largely due to sophis-
ticated defense systems that utilize morphological, biochemi-
cal, and molecular mechanisms (Howe and Jander 2008;
Jones and Dangl 2006). For example, phytohormone signal-
ing and crosstalk play a major role in the perception of
invaders, and in the initiation of the appropriate defense
response against the attacker (Erb et al. 2012; Pieterse et al.
2012). Nevertheless, pathogens and insects still successfully
colonize plants by actively compromising plant perception
and/or defense responses. While many reviews on plant-
insect and plant-microbe interactions have described the gen-
eral trends of defensive signaling in response to these biotic
challenges (Howe and Jander 2008; Jones and Dangl 2006;
Stout et al. 2006; Walling 2008, 2009), few have considered
the interface where microbes and insects may overlap and
where synergies may develop.

Recent efforts to catalog and characterize microbial diver-
sity have increased public awareness of how microbe com-
munities live in and on nearly all plant and animal species
(Engel and Moran 2013; Hansen and Moran 2013; McFall-
Ngai et al. 2013; Ng et al. 2011; Roossinck et al. 2010; Stobbe
and Roossinck 2014; Vorholt 2012). As a result, it is increas-
ingly clear that insect herbivores are not alone, but in fact
harbor various viruses, fungi, and bacteria in their bodies,
guts, saliva, and/or on the surface of their exoskeleton
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(Fig. 1). Plants too are colonized by numerous microbes both
above and below ground, and in their phyllosphere and rhi-
zosphere, respectively (Vorholt 2012). How plants effectively
detect and respond to both microbe and herbivore natural
enemies, and ignore microbes and herbivores that do not
decrease plant fitness, is largely still unknown. In this review,
we focus on insect herbivore-associated bacteria, and evaluate
if these microbes are important for the ecology and evolution
of insect–plant interactions. We evaluate the requirements for
insect-associated bacteria to develop synergistic relationships
with their hosts and mechanistically discuss how some of
these microbes can target or modify host plant defenses.
Finally, by using bioinformatics and the recent literature, we
review evidence for synergies in insect-microbe relationships
at the interface of plant-insect interactions. Recently, several
papers and reviews examining the impact of virus infections
of plant-insect interactions have been published and are highly
relevant to this review, and we point readers to these for
additional details (Casteel et al. 2014; Casteel and Jander
2013; Mauck et al. 2010, 2012; Stafford et al. 2011).

Insect Herbivores Threaten Plants, Plants Respond
Actively

Plants and insects are two of the most abundant macro-
terrestrial taxa, making interactions almost unavoidable. Her-
bivory is perhaps the most important shared interaction be-
tween plants and insects, as it is the main route for the sun’s
energy to enter the rest of the food web. The intimate

associations that have developed between insects and plants
have helped define and shape their evolution over time. Plants
respond to herbivory with an active immune system that has
the ability to recognize mechanical pressure, foreign mole-
cules, and damaged cells (Boller and Felix 2009; Howe and
Jander 2008; Pieterse et al. 2012). Defensive compounds
produced can directly affect feeding, growth, or survival of
herbivores (Mithofer and Boland 2012). In addition, some
plants have indirect defense; recruiting the natural enemies
of herbivores by releasing volatiles upon herbivore damage
(Baldwin 2010; Hare 2011). These strategies either act inde-
pendently, or in conjunction with one another depending on
the timing of the attack, the attacker, and the ecological
context.

Plants utilize phytohormones that coordinate recognition of
individual attackers, and that determine the most appropriate
defensive response. The phytohormones jasmonic acid (JA),
salicylic acid (SA) and ethylene (ET) have major roles in plant
defense (Bari and Jones 2009; Erb et al. 2012; Pieterse et al.
2012). However, recently the role of abscisic acid (ABA),
giberel l ins (GA), auxins, cytokinins (CKs), and
brassinosteroids in host plant signaling and herbivore defense
also has been recognized (Bari and Jones 2009; McSteen and
Zhao 2008; Robert-Seilaniantz et al. 2007). In general, the
production of SA is critical for defensive responses to
biotrophic pathogens, which obtain nutrients from living tis-
sue (Glazebrook 2005; Stout et al. 2006). The production of
JA and ET are important signals in the wound response to
chewing herbivores, some phloem feeding herbivores, and in
response to necrotrophic pathogens, which obtain nutrients

Fig. 1 The insect microbiome is
composed of environmental, gut,
and intra/extracellular microbes.
Microbes can easily deliver
proteins and chemicals to the host
plant surface through the insect’s
fecal or oral material, and on the
insect’s exoskeleton or eggs. In
more stable associations, insects
may introduce microbes intra- or
inter-cellularly into host plants
when feeding, chewing, or
probing, directly impacting host
plant regulatory networks,
including phytohormones and
related defenses. Mechanisms for
manipulation by insect-associated
microbes include phytohormone
synthesis, Pathogen Associated
Molecular Patterns (PAMPs), and
effectors
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from dead tissue (Glazebrook 2005; Howe and Jander 2008).
Modulation in hormone composition, timing, and concentra-
tions specify plant responses to an attack (Mur et al. 2006;
Verhage et al. 2010). For example, the SA- and JA-signaling
pathways often negatively influence each other (Doares et al.
1995; Leon-Reyes et al. 2010b; Mur et al. 2006). However if
SA is induced prior to JA, JA inhibition is prevented
(Koornneef et al. 2008). Additionally, induction of ET signal-
ing can make the JA pathway insensitive to SA-mediated
suppression (Leon-Reyes et al. 2010a). For a more compre-
hensive review on insect-plant interactions, and
phytohormone signaling and crosstalk, see Erb et al. (2012),
Howe and Jander (2008), McSteen and Zhao (2008), Pieterse
et al. (2012), or Walling (2009).

Insects are not Alone: Which Microbes Matter

Maintenance of microbial associates in an herbivore popula-
tion is necessary if the microbe (s) are to influence the insect’s
fitness, and ultimately shape its ecology and evolution with its
host-plant. Insect herbivores are widely associated with fun-
gal, bacterial, and viral microbiomes that can be located
externally on the insect’s exoskeleton or within the insect’s
gut, or inside the insect’s body, including the salivary glands,
and within or between insect cells (Brault et al. 2010; Engel
and Moran 2013; Hansen andMoran 2013; Oliver et al. 2010;
Roossinck 2012) (Fig. 1). Intracellular bacterial symbionts
that are necessary for insect survival are prevalent among
most sap-feeding insects, as they provide the essential nutri-
ents that are in low abundance or completely absent from the
insect’s sap diet (Hansen and Moran 2013). Most obligate
symbionts are stably inherited through maternal transmission,
and all insect individuals of a species harbor the same bacterial
symbiont taxa.Many non-obligate endosymbionts (facultative
endosymbionts), which include several plant pathogens, also
are inherited maternally, however, they generally do not infect
all individuals within a population, andmany strains may exist
(Casteel et al. 2012; Oliver et al. 2010). Even though faculta-
tive endosymbionts are not required for insect survival, spe-
cific strains are known to confer beneficial effects on their
insect host’s phenotype depending on the environmental con-
text (Oliver et al. 2010, 2013). Another subset of insect-
associated microbes is insect-vectored plant pathogens, which
can form highly specialized and often beneficial relationships
with their insect vectors. Some of these plant pathogens, can
be vertically transmitted, host specific, and persistently main-
tained in insect populations (reviewed in Hansen and Moran
2013).

In contrast to intracellular endosymbionts and some insect-
vectored plant pathogens, gut and environmental microbes
generally do not have stable associations with insect herbi-
vores (Colman et al. 2012; Hansen and Moran 2013).

Exceptions exist, and these stable gut and environmental
microbes generally are maintained either by maternal trans-
mission, selective host acquisition, and/or the insect’s social
behavior (Engel and Moran 2013; Hansen and Moran 2013).
It currently is unclear if this lack of evidence for microbiome
stability of insect gut and environmental microbes is related to
insufficient sampling, or simply because stable core
microbiomes are not commonly associated with most insect
herbivores. Disentangling the microbes that constitute the core
insect and core plant microbiomes will be challenging. For
example, Vorholt (2012) have shown that some plant species
harbor core microbiomes in their phyllospheres, which are
independent of the plant’s geography. Thus, a microbiome
specific to a plant species can falsely be identified as a persis-
tent gut microbiome of an herbivore specialist, when in reality
it is just microbially contaminated host plant material passing
through the digestive tract of the insect. More landscape and
population level insect and plant microbiome studies will be
needed in the future to dissect these relationships.

Another phenomenon that further complicates studying the
interface where insect microbiomes and plants intersect, is the
evolutionary process of horizontal gene transfer (HGT). This
process of gene exchange can occur among microbes
(Ochman et al. 2005), or remarkably between a microbe
species and the insect or plant (Armijos Jaramillo et al.
2013; Husnik et al. 2013; Nikolaidis et al. 2014; Sloan et al.
2014). For example, individual microbes that encode gene
cassettes that modulate host-plant interactions (e.g., secretion
systems, toxins) can be transferred horizontally to unrelated
microbes. Recipient microbes then can take on a similar
functional role with the host-plant. As such, screening for
16S ribosomal RNA similarity alone will not provide direct
functional evidence of how an individual microbe species
interacts with a given host plant.

Although highly specific gene cassettes are critical for
some insect-microbe- interactions (Dale et al. 2001; Hansen
et al. 2012; Oliver et al. 2009), we predict that more gener-
alized interactions also may result from broadly conserved
bacterial genes in insect-plant interactions. In these situa-
tions, the identity of a specific bacterial strain may not
necessarily be important for inducing a particular host-
plant interaction, but instead the maintenance of any bacte-
rium may be sufficient. Future metagenomic studies of
microbial populations associated with insect-plant interac-
tions have the capability to identify the microbe-encoded
proteins involved in highly specialized, and/or generalized
plant responses. This distinction may be critical because
highly specialized interactions may require the insect to
maintain a particular microbe (or gene set) leading to
impacts on the insect’s ecology and evolution, whereas
generalized interactions most likely result in more tran-
sient and diffuse relationships between the insect host
and microbe.
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In addition to the stability of a particular microbe (s) within
insect populations, and/or the fidelity of a specific microbe-
encoded gene set, the location of the microbe in/on the insect
is expected to influence the microbe’s potential role in insect-
host-plant interactions. For example, physical proximity of the
microbe to the host plant can influence the relative amount of
microbial proteins and/or active enzymes that can be success-
fully delivered to the plant tissue. An environmental or gut
microbe (s) would be in a more likely position to deliver large
quantities of microbial compounds to the plant, compared to
an endosymbiont. The location of the microbe in/on the insect
also affects the microbe’s genomic architecture and evolution.
For example, when a microbe transitions from a free-living
lifestyle, as a gut or environmental microbe, to a maternally
inherited lifestyle as an endosymbiont, several hallmarks of
endosymbiont genome evolution result (McCutcheon and
Moran 2012). Genome size becomes remarkably reduced,
mutational AT bias generally occurs, and in the most extreme
cases, which is seen in most obligate symbionts, DNA repair
machinery and genes involved in horizontal gene transfer are
lost (McCutcheon and Moran 2012). In turn, obligate endo-
symbiont genomes generally only retain a small subset of core
genes required for their symbiotic lifestyle, and are not able to
incorporate novel genes, in contrast to the dynamic genomes
of gut, environmental, and some facultative symbionts
(McCutcheon and Moran 2012).

Mechanisms and Evidence: Manipulation
of Phytohormones and Plant Defense

Insect microbes can influence host-plant detection and/or
signaling, if they are stably maintained and located in oppor-
tunistic positions in the environment, gut, or salivary glands.
These microbes can easily deliver proteins to the host plant
surface through the insect’s fecal or oral material, and on the
insect’s exoskeleton or eggs. In more stable associations,
insects may introduce microbes intra- or inter-cellularly into
host plants when feeding, chewing, or probing, directly
impacting host plant regulatory networks, including phytohor-
mones and related defenses. Below, we discuss mechanisms
by which insect-associated microbes may manipulate phyto-
hormones and related defenses (Fig. 1), and the specific
evidence from the literature if available (Table 1).

I. Mechanisms: Phytohormone Synthesis, Microbe
Associated Molecular Patterns, and Effectors

Phytohormone Synthesis Plant hormones regulate growth,
development, and plant responses to the environment includ-
ing attack by insects and pathogens (Bari and Jones 2009;
Durbak et al. 2012; Erb et al. 2012; Pieterse et al. 2012; Veit

2009). Many microbes take advantage of these control points
to manipulate plant development and defenses by synthesiz-
ing phytohormones or their functional mimics. This results in
inappropriate signals and defense responses in the plant
(Robert-Seilaniantz et al. 2007). One example of this is in
Pseudomonas syringae, a pathogenic bacterium that produces
coronatine, a JA-IIe mimic, the bioactive form of JA.
Coronatine triggers JA defense responses when introduced
into the plant leading to the inhibition of SA-dependent de-
fenses and increased susceptibility to the pathogen (Cui et al.
2005). Another example of phytohormone synthesis by mi-
crobes is in the gall-forming bacteria, Agrobacterium
tumefaciens that produces auxin and cytokinins (Patten and
Glick 1996; Pertry et al. 2009; Spaepen and Vanderleyden
2011). Auxin and cytokinins modulate plant development and
growth (Benjamins and Scheres 2008; Durbak et al. 2012;
Werner and Schmulling 2009). Production of these phytohor-
mones allows the bacterium to modulate cell proliferation at
the site of infection, contributing to gall formation and disease
establishment (Hwang et al. 2010; Stes et al. 2011). In addi-
tion, auxin and cytokinins have been shown to have an inhib-
itory impact on SA signaling (Choi et al. 2010), and certain
free-living biotrophic pathogens exploit this by synthesizing
these phytohormones that suppress SA and increase suscepti-
bility of the host (Chen et al. 2007). Many root-colonizing
bacteria also have been shown to produce large quantities of
phytohormones, altering root architecture and nutrient acqui-
sition (Chen et al. 2007). The ability of microbes to synthesize
phytohormones or functional mimics is widespread
(Glickmann et al. 1998; Jameson 2000).

Recent studies have demonstrated that insects have evolved
ways to manipulate plant signaling for their own benefit by
modulating hormone pathways (Weech et al. 2008; Zarate
et al. 2007; Zhang et al. 2011, 2013). For example, immature
whiteflies induce SA signaling, thus preventing the activation
of JA–dependent host defenses against the insects (Zarate
et al. 2007). Further, it has been demonstrated that Myzus
persicae secrete salivary proteins into their host plant during
feeding, which subsequently alters plant defense responses
(Pitino and Hogenhout 2012). Insects and their microbe asso-
ciates may act together and manipulate plant signaling and
defense, potentially increasing the palatability of the plant for
the insect (Fig. 1). Examples of phytohormone or
phytohormone-mimic synthesis have not yet been document-
ed in insect-associated-bacteria. However, multiple phytohor-
mones have been identified in aphid honeydew including
salicylic acid, auxin, giberillic acid, and cytokinins (Cleland
and Ajami 1974; Hussain et al. 1974), and recently non-plant
based cytokinins have been identified in lepidopteran bodies
(Body et al. 2013). Insect-associated bacteria may be produc-
ing these phytohormones (Fig. 1), or alternatively the insect
itself may be sequestering them from the plant during feeding.
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The growing availability of microbe and insect genome se-
quencing projects will shed light on this possibility, allowing
the detection of phytohormone synthesis genes, and experi-
mentally testing their functionalities.

Microbe Associated Molecular Patterns and Effectors Upon
plant entry, common residues from microbes and damaged
cells are recognized, indicating infection/invasion to the plant.
Recognized signals generally are conserved across bacteria
and known as Microbe/Pathogen Associated Molecular Pat-
terns (MAMPs/PAMPs). MAMPs/PAMPs are general elici-
tors of non-specific plant immunity (PAMP-triggered immu-
nity (PTI)) (Jones and Dangl 2006). Activation of PTI triggers
resistance mechanisms that are effective across a broad range
of pathogens/microbes. However, microbes have evolved
ways that overcome PTI (Bardoel and Strijp 2011; Cui et al.
2009). Successful microbes produce effectors, which can pre-
vent detection of their PAMPs or suppress PTI. In response to
the microbe’s effectors, plants have evolved mechanisms that
recognize pathogen effectors by activating effector-triggered
immunity (ETI) (Cui et al. 2009). A significant amount of
research has examined various mechanisms utilized by mi-
crobes that overcome and manipulate plant defense. However,
these studies largely focus on non-insect-associated bacteria
and pathogens (Fu and Dong 2013; Henry et al. 2013; Pieterse
et al. 2012; Stout et al. 2006). Many facultative insect symbi-
onts, insect vectored pathogens, and most likely many envi-
ronmental and gut microbes, also encode PAMPs and viru-
lence factors, similar to plant and animal pathogens, such as
Type I or Type III secretion systems, iron, amino acid, carbon
transporters, and/or modifiers of eukaryotic hormonal path-
ways (Dale et al. 2002; Dale and Moran 2006; Ochman and
Moran 2001; Pontes et al. 2011). Consequently, it is highly
probable that some insect-associated bacteria have the genetic
capability to produce PAMPs and effectors that impact insect-
host plant interactions (Fig. 1).

PAMPs from intra/extra-cellular, gut, or environmental in-
sect bacteria may be introduced onto the host plant through oral
secretions, or through excreta (honeydew/frass) (Leroy et al.
2011; Sabri et al. 2013) (Fig. 1). A panel of known PAMPs was
used to investigate the diversity and distribution of conserved
PAMP homologs encoded in insect herbivore-associated mi-
crobial genomes (from Mukhtar et al. 2011). PAMPs from six
fully sequenced plant and animal microbe-associates (patho-
gens, commensals, and symbionts) were used as blastp queries
to identify putative homologous PAMPs from 45 insect-
associated bacterial genomes, which were each used as blastp
databases. These 45 bacterial genomes represent the only insect
herbivore-associated bacterial genomes that are fully sequenced
or near complete in draft form, and that are publicly available
from the Joint Genome Institute (JGI), Integrated Microbial
Genomes/Expert Review (IMG/ER) database as of 05/2014

(please see Supplementary file 1 for more details on methods
and analysis). As expected, most of these insect-associated
bacteria encode conserved PAMPs, such as flagellar genes,
lipopolysaccharide biosynthesis genes, and the Elongation fac-
tor Tu, with the exception of a few obligate endosymbionts
with tiny genomes (McCutcheon and Moran 2012) (Supple-
mentary file 1). Facultative and obligate endosymbionts pro-
duce proteins inside of the insect’s tissues or cells, and there-
fore, delivery of PAMPs to the leaf surface is expected to be less
likely. Surprisingly, a recent proteomic study of pea aphid
honeydew revealed that almost half of the identified proteins
in aphid honeydew were not only homologous to several gut
microbes, but to a facultative endosymbiont, and to a lesser
extent the obligate endosymbiont, Buchnera aphidicola (Sabri
et al. 2013). Another recent proteomic study identified an
obligate endosymbiont bacterial protein, GroEL in aphid saliva
(Vandermoten et al. 2014). GroEL is a highly conserved and
highly expressed heat shock chaperone in bacteria, and has
been retained in nearly every insect endosymbiont (Filichkin
et al. 1997). In turn, GroEL may act as a PAMP when intro-
duced into host plants, potentially inducing plant defenses.
Consistent with this hypothesis, a recent study identified
GroEL in aphid saliva (Macrosiphum euphorbiae) and infil-
trating GroEL into plant leaves induced an oxidative burst and
marker transcripts of PTI (Chaudhary et al. 2014). Additionally,
transgenic plants engineered to express GroEL decreased aphid
fecundity compared to control plants (Chaudhary et al. 2014).
In another study, Elzinga et al. 2014 found similar impacts of
GroEL on aphid fecundity. Additionally, expression of PR1, a
marker transcript of SA defenses, also was induced in trans-
genic plants expressing GroEL compared to controls (Elzinga
et al. 2014). These data suggest that PAMPs of the insect
microbiome may have the potential to influence insect-plant
interactions. However, plant specific microbes also are com-
monly present on the leaf surface (Vorholt 2012), and therefore,
how and if the plant can distinguish between different PAMPs
and respond accordingly, remains unclear.

Effectors from the insect microbiome can be delivered into
the host-plant through insect feeding behavior (Fig. 1). As
with the PAMPs, we conducted a genomic analysis to explore
if known plant pathogen effector homologs also are encoded
in insect-associated bacterial genomes from insect herbivores
(for methods see Supplementary file 1). From our analysis, no
known plant pathogen effectors were identified in any of the
obligate endosymbionts. However, two core microbial genes
that are conserved in bacteria, the molecular chaperone protein
DnaJ, and the 16S ribosomal RNAmethyltransferase (RsmE),
display significant homology to the domains in the plant
effectors Hopl1 and Candidate 4480, respectively, from Pseu-
domonas syringae (Supplementary file 1). Most likely, plant
effectors Hopl1 and Candidate 4480 are paralogs of core
genes DnaJ and RsmE, and therefore, they encode different
functions for the microbe. Interestingly, two facultative
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endosymbionts Regiella insecticola R5.15 and Hamiltonella
defenseMED, which are harbored intra and inter-cellularly in
aphids and whiteflies, respectively, encode genes that are
homologous to four plant pathogen effectors (Supplementary
file 1). However, based on protein sequence similarity, we
suggest that these effector candidates in R. insecticola R5.15
likely target insects not plants because they are more similar to
mcf- toxins, rtx-toxins, and Invasion proteins known to target
animals (Daborn et al. 2002; Satchell 2011). In addition, this
Regiella strain (R5.15) was shown to confer protection toward
aphids against an insect parasitoid potentially by utilizing
these virulence factors (Hansen et al. 2012).

II. Evidence: Environmental, Gut, and Intra/Extracellular
Microbes

Environmental and Gut Microbes Herbivores possess diverse
microbes in their digestive systems, and recent research has
demonstrated that these gut microbes can modify plant–insect
interactions. For example, during host-plant feeding, the Col-
orado potato beetle (Leptinotarsa decemlineata) introduces
environmental/gut bacteria into the plant, inducing transcripts
related to JA and SA signaling in tomato (Chung et al. 2013)
(Table 1).When beetles are cured of bacteria using antibiotics,
transcripts related to JA signaling are strongly induced com-
pared to feeding by untreated beetles. Bacteria introduced into
the plant in isolation of insects, elicit marker genes of SA-
signaling and inhibit JA related transcripts and defense re-
sponses (Chung et al. 2013).This suggests that JA induction
by beetle feeding is suppressed when they secrete their
environmental/gut microbes into the host-plant. Additionally,
re-introducing the bacteria to antibiotic-treated larvae restores
the insect’s ability to suppress defenses (Chung et al. 2013).
As SA signaling often inhibits jasmonate signaling (Leon-
Reyes et al. 2010b; Mur et al. 2006), larvae may exploit
bacteria in their oral secretions and suppress plant defenses
(Table 1). The authors hypothesized that bacteria are manip-
ulating signaling and defenses through PAMPs introduced
into the host plant during insect feeding. Mechanistically, they
demonstrated a flagellin protein which is encoded in a
Pseudomonas species isolated from the beetle’s oral secretions
was able to suppress plant defenses. (Chung et al. 2013). It
would be of interest to investigate how generalized or specific
this host plant response is toward other flagellin proteins
encoded in other microbes associated with the host-plant and
beetle microbiomes.

In another recent study, Chu et al. (2013) revealed that the gut
microbiome of the western corn rootworm, Diabrotica
virgifera virgifera, differed between beetle populations that
fed primarily on corn compared to populations that were
adapted to soybean (Table 1). They demonstrated that the

insects’ guts from the soybean-adapted insects had higher
protease activity compared to antibiotic-treated insects. The
authors suggested that the gut bacteria may be important for
maintaining protease activity and tolerating plant protease
inhibitors introduced in the insect's soybean diet (Chu et al.
2013). The direct impact of the bacteria on protease activity or
the ability of microbes to detoxify protease inhibitors was not
tested in Chu et al. (2013). Moreover, antibiotics used to treat
insects in this study previously have been shown to directly
suppress protease enzyme activity (Castro and Tanus-Santos
2013; Hirakata et al. 1992). For both Chu et al. 2013 and
Chung et al. 2013, it is unclear if a specific gut microbe (s) and
the specialized gene cassettes they encode may facilitate these
altered host-plant interactions. If so, determining if these
specific strains are persistently maintained in beetle's popula-
tions, and thus, can ultimately impact the insect’s ecology and
evolution will be required. Alternatively, these gut/
environmental microbes may have more of a generalized
host-plant response through PAMPs, and therefore, these
insect-microbe interactions may be more diffuse resulting in
dynamic and transient host-plant interactions in nature.

Intra/Extracellular Microbes One of the best examples illus-
trating the effect of insect microbes on plant signaling and
metabolism was conducted on Arabidopsis thaliana and the
leafhopper Macrosteles quadrilineatus, which vectors Aster
Yellows phytoplasma, strain Witches’ Broom (AY-WB)
(Sugio et al. 2011) (Table 1). AY-WB is obtained by the
leafhopper during feeding on infected-plants. After an incuba-
tion period in the insect’s body, AY-WB moves to the salivary
gland where it can be injected back into a host plant during
feeding. Leafhoppers feeding on AY-WB-infected plants have
higher fecundity compared to uninfected plants, primarily due
to the phytoplasma’s ability to inhibit JA. Further Sugio et al.
(2011) found that the phytoplasma’s effector protein (SAP11) is
responsible for JA inhibition, by destabilizing two Arabidopsis
transcription factors (Sugio et al. 2011) (Table 1).

In another specialized insect–plant pathogen system, the
tomato psyllid Bactericera cockerelli vectors the
alphaproteobacterium, Liberibacter psyllaurous (same as
Liberibacter solanacearum), into solanaceous host plants
(Casteel et al. 2012; Hansen et al. 2008). Liberibacter
psyllaurous is associated with the plant disease, psyllid yel-
lows, and is vertically transmitted and maintained throughout
psyllid development (Casteel et al. 2012; Hansen et al. 2008).
When L. psyllaurous is inoculated into tomato (Solanum
lycopersicum) alone without the insect, tomato genes induced
by JA and SA signaling are suppressed (Casteel et al. 2012).
Similarly, when infected psyllids feed on tomato plants, de-
fensive transcript induction is dampened for psyllid life stages
that harbor the highest concentrations of the bacterium
(Casteel et al. 2012) (Table 1). Further studies are needed in
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this system to dissect the molecular mechanisms mediating
psyllid interactions with host plants in isolation of the mi-
crobe. Collectively, these results suggest that the bacterium
can suppress defense transcripts and may play a role in sup-
pressing insect-related host plant defenseswhenL. psyllaurous
is vectored into tomato by the psyllid (Table 1).

Liberibacter species also are implicated in manipulating
plant signaling and psyllid–host plant interactions through
volatile production (Davis et al. 2012; Mann et al. 2012)
(Table 1). Plants respond to herbivore attack and pathogen
infection by releasing volatiles. Release of volatiles can pre-
vent further colonization by conspecific insects, attract vectors
to infected plants, and recruit natural enemies of the herbi-
vores to the plant (Baldwin 2010). In one system, L. asiaticus,
infected citrus plants are initially more attractive to adult
psyllids (Diaphorina citri) than non-infected plants; however,
psyllids that subsequently disperse prefer to settle on non-
infected plants rather than infected plants (Mann et al.
2012). Initial attraction to infected plants by psyllids did not
depend on infection status of the insect, suggesting changes in
insect behavior are mediated through the host plant. Mann
et al. determined that levels of methyl-salicylate were elevated
in Liberibacter-infected plants, and that psyllids are attracted
to this compound (Mann et al. 2012). Methyl salicylate is a
derivative of SA and has been implicated as the mobile signal
in systemic acquired resistance, an inducible resistance that is
triggered in systemic healthy tissue of infected plants (Vlot
et al. 2008).

In a similar system, L. psyllaurous infection of potatoes
also initially attracts psyllid vectors, but ultimately adults
move from infected plants and prefer to settle on healthy
potato plants (Solanum tuberosum) (Davis et al. 2012)
(Table 1). The role of the bacteria in potato-psyllid manipula-
tions is not clear. Infected potatoes had increased levels of β–
caryophyllene, but attraction to the compound was not dem-
onstrated.β-Caryophyllene emissions inhibit bacterial growth
in Arabidopsis, and may be a direct defense response to
L. psyllaurous (Huang et al. 2012). β-Caryophyllene also
may be a direct defense to the insect, as it decreases the growth
and survival of cotton herbivores (Langenheim 1994), and
serves as an indirect defense attracting natural enemies and
parasitic wasps to herbivores in maize (Kollner et al. 2008;
Rasmann et al. 2005). Thus,β-caryophyllene induction by the
bacteria may not be responsible for attraction, but instead the
deterrence observed in the system (Davis et al. 2012).

Cytokinins are plant hormones involved in growth and cell
division, nutrient mobilization, and inhibition of senescence
(Werner and Schmulling 2009). Recently, cytokinins have
emerged as potential players in a variety of insect–plant and
microbe–plant interactions as well (Choi et al. 2011; Perilli
et al. 2010; Werner and Schmulling 2009) (Table 1). The leaf-
miner Phyllonorycter blancardella and a facultative symbiont
Wolbachia, survives in senescing apple leaves by feeding

within photosynthetically active green patches on the leaf.
The green patches and insects contain increased levels of
cytokinines (Body et al. 2013; Kaiser et al. 2010). After
treatment with antibiotics, the leaf miner cannot produce green
patches in senescing leaves, and cytokinin concentrations
decline in herbivore leaves and insect bodies. In contrast,
untreated leaf miners maintain Wolbachia infections, cytoki-
nin levels, produce green patches, and display higher fitness
(Body et al. 2013; Kaiser et al. 2010). Therefore, symbiont
presence in the leaf miner corresponds to green patches and
higher cytokinin concentrations (Table 1). In this system, it is
not clear if and how Wolbachia is involved in green-patch
production, as the moth or symbiont could be producing
cytokinin, and the phenomenon may be caused by a different
microbe that is present and that can also be eliminated during
antibiotic treatments.

In another system, the western corn rootworm, harbors
Wolbachia as an endosymbiont. When infected beetles feed
on corn, defense-related genes are down-regulated in the host
plant compared to when antibiotic-treated beetles feed (Barr
et al. 2010) (Table 1). It was not tested if Wolbachia alone
could suppress plant defense transcripts, can infect plant tis-
sue, or if Wolbachia proteins are injected into the host plant.
However, the suppression of plant defense transcripts and
mRNAs could not be reproduced in another study (Robert
et al. 2013), and this suggests that findings may be context
dependent (Table 1).

Conclusions and Future Directions

Recent literature on manipulation of phytohormones and plant
defenses by insect-associated bacteria is rapidly growing,
however, there are still many unanswered questions and gaps
of knowledge that need to be addressed (see below). Few
studies have actually dissected the molecular mechanisms
mediating hormone and defense manipulation in these sys-
tems (Sugio et al. 2011). In particular, how insect-associated
bacteria alter plant signaling either through specialized inter-
actions or generalized responses needs to be addressed
(Table 1, Box 1). In addition, these studies often frame rela-
tionships as beneficial to one or both players suggesting
mutualisms or commensalisms. However, the impact of these
relationships often are not fully elucidated, and the selfish
benefit of the microbe itself generally has been ignored
(Table 1). To better understand plant-insect relationships,
and the functional role of microbes in them, additional studies
must examine the ecological relevance for both players. Fi-
nally, this increased interest in the literature will certainly
continue and be aided by increased use of molecular genetics
and genomics in identifying potential players and mecha-
nisms. Bacteria, fungi, and viruses largely have been studied
in relation to their ability to cause disease in agriculturally
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important crops. However, it is becoming increasingly appar-
ent in natural systems that viruses, bacteria, and fungi exist
often without visible symptoms of disease in the plant and
animal host. Microbiomes, including viruses, fungi, and bac-
teria, will be identified on and in virtually every organism and
in every environment, and as scientists our challenge will be to
determine if these microbial associates are ecologically and
evolutionarily relevant to the plant-insect interaction.

Future questions to address on the effect of the insect
microbiome on insect-plant interactions:

1) What plant signaling and defense mechanisms are altered
by insect-associated bacteria?

2) How does plant phyllosphere-dwelling organisms influ-
ence insect-plant interactions?

3) How does the insect microbiome impact the plant
phyllosphere?

4) How do insect-associated bacteria manipulate plant hor-
mone and defense signaling? Are putative microbe genes
specialized and present in specific microbe strains, or are
they conserved and present in most bacterial species?

5) What impact do insect associations have on the microbe?
Are they ecologically and evolutionarily important for the
microbe?
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