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Induced plant defense, comprising contact with exogenous stimuli, production of
endogenous signals alerting the plant, associated biochemical cascades, and local
and/or systemic expression of the defense mechanisms, critically depends on the nature
of the inducing agents. At large, bio-trophic pathogenic microorganisms and viruses
usually trigger the salicylate (SA)-mediated pathway, whereas necro-trophic pathogens
and herbivores usually trigger the jasmonate (JA)-mediated pathway in plants. The
SA- and JA-mediated pathways do not operate independently but commonly interfere
with each other. Several recent studies revealed abnormal plant responses upon
herbivore attack in diverse plant-herbivore systems. Observed abnormalities range from
suppression of the common JA-pathway, induction of the SA-pathway to no response,
yet the underlying proximate causes and ultimate consequences of these variations are
elusive. Strikingly, some studies provide compelling evidence that anti-herbivore plant
responses may decisively depend on bacteria associated with the herbivore attacking
the plant (HAB for herbivore-associated bacteria). HAB may influence herbivore
recognition by the plant and alter the biochemical cascades inside plants. Here, I
report cases in point of HAB manipulating induced anti-herbivore plant responses,
suggest spatial and temporal categorization of HAB, and point at proximate and ultimate
aspects of plant defense manipulation by HAB. Following, I overview the diversity of
HAB of spider mites and herbivorous thrips, argue that, considering recently reported
phenomena of abnormal plant responses upon spider mite attack, some of these
HAB could represent important, but hitherto largely neglected, mediators/modifiers of
induced plant defense against spider mites and thrips, and conclude with suggestions
for future research.
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BACKGROUND

Plant defense against pathogenic and/or herbivorous organisms may be constitutive, induced or a
combination of both. Induced plant defense comprises four phases: (i) contact with exogenous
stimuli, (ii) production of endogenous signals alerting the plant, (iii) associated biochemical
cascades, and (iv) local and/or systemic expression of the defense mechanisms. All phases

Frontiers in Plant Science | www.frontiersin.org 1 July 2018 | Volume 9 | Article 1107

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2018.01107
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2018.01107
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2018.01107&domain=pdf&date_stamp=2018-07-30
https://www.frontiersin.org/articles/10.3389/fpls.2018.01107/full
http://loop.frontiersin.org/people/132146/overview
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01107 July 26, 2018 Time: 17:5 # 2

Schausberger Bacteria Manipulating Anti-herbivore Plant Defense

critically depend on the nature of the inducing exogenous agents
(Karban and Baldwin, 1997; Agrawal et al., 1999; Mithöfer and
Boland, 2012). At large and from a generalizing/categorizing
viewpoint, bio-trophic pathogenic microorganisms and viruses
usually trigger the salicylate (SA)-mediated pathway, whereas
necro-trophic pathogens and herbivores usually trigger the
jasmonate (JA)-mediated pathway in plants. The SA- and JA-
mediated pathways do not operate independently but influence,
and commonly interfere with, each other (e.g., Thaler et al.,
1999, 2012). Mechanistically, herbivore-attacked plants may
defend themselves directly by changes in chemistry, such as
the production of toxic substances (e.g., digestibility reducers)
or proteinase inhibitors, and/or by morphological alterations,
such as cell wall lignification, and/or indirectly by recruiting
and fostering third trophic level natural enemies (predators and
parasitoids) of the herbivores via emitting attractive volatiles or
increasing the availability of alternative food. In detail and from
a more sophisticated viewpoint, the above associations between
defense-inducing agents and the SA- and JA-mediated pathways
of plant defense are not that clear-cut. Induced plant responses to
herbivores may vary between individuals, lines and populations
of the same herbivore species. Observed abnormalities in plant
response to herbivore attack range from suppression of the
common JA-pathway, induction of the SA-pathway to no
response, yet the underlying proximate causes of these variations
and ultimate consequences for multi-trophic plant–herbivore–
carnivore interactions are elusive. Strikingly, a number of
recent studies provide compelling evidence that the response
of plants to herbivore attack may be decisively influenced
by microorganisms associated with the herbivore attacking
the plant. Suggestions of herbivore-associated microorganisms
possibly playing important roles in plant–herbivore interactions
have been made decades ago (Berenbaum, 1988; Barbosa
et al., 1991), yet rigorous experimental assessment has gained
momentum only recently. Notably, studies on beetle larvae
and whiteflies show that herbivore-associated microorganisms
may fundamentally change the plant response to herbivore
attack (Chung et al., 2013a,b; Su et al., 2015). Microorganisms
playing decisive roles in induced plant defense may also be
true for spider mites (Tetranychidae) and herbivorous thrips
(Thripidae), many species of which are globally distributed
and tremendously important as both agricultural pests and
model organisms in plant-animal interaction research. These two
families include two of the most destructive agricultural plant
pests worldwide, i.e., the two-spotted spider mite Tetranychus
urticae and western flower thrips Frankliniella occidentalis.
Both species are highly polyphagous with >1000 host plant
species reported for T. urticae (Bolland et al., 1998) and >250
host plant species reported for F. occidentalis (CABI, 2018).
Spider mites feed on their host plants by piercing parenchyma
cells and sucking out the cell contents; thrips feed on their
host plants by rasping open the epidermal cells and sucking
out the cell contents; thrips are also feared vectors of plant-
pathogenic viruses (Rotenberg et al., 2015). Species of both
families may be associated with a host of microorganisms, and
phenomena akin to those observed in beetles and whiteflies, such
as specific individuals, lines or populations eliciting abnormal

plant responses upon attack, have been described. For example,
Abe et al. (2012) observed a beneficial effect of tomato spotted wilt
virus-infection in Arabidopsis on F. occidentalis’ performance by
upregulating SA-mediated defense interfering with JA-mediated
pathways. Kant et al. (2008) observed variation regarding JA-
mediated defense induction and susceptibility in T. urticae on
tomato Lycopersicon esculentum, among others with one non-
inducing but still susceptible line; Sarmento et al. (2011) and
Alba et al. (2015) described a line of Tetranychus evansi (an
invasive spider mite species primarily occurring on solanaceous
host plants) that suppresses both SA- and JA-mediated defense
pathways in tomato. Whether or not microorganisms are at play
in the spider mites under investigation has been largely untested
(but see Staudacher et al., 2017).

This article focuses on potential implications of herbivore-
associated microorganisms in modulation of plant responses
induced by spider mites (Tetranychidae) and thrips (Thripidae).
Due to the lack of knowledge for herbivore-associated viruses
and fungi, except for transmission of plant-pathogenic viruses
by various thrips species (Rotenberg et al., 2015) and the spider
mite Petrobia latens (Robertson and Carroll, 1988), this article
is primarily concerned with gut/saliva bacteria and facultative
intracellular endosymbionts (i.e., secondary symbionts). Primary
symbionts influencing herbivore–plant interactions, such as
Buchnera sp. (see Engel and Moran, 2013 for review), are left
out for no primary symbionts have been described in spider
mites and thrips. For up-to-date treatises of diverse phenomena
of microorganisms affecting plant–herbivore interactions across
herbivore taxa, see Frago et al. (2012); Hansen and Moran
(2014), Giron et al. (2017), and Shikano et al. (2017). The
aims of this article are reporting cases in point of herbivore-
associated bacteria (HAB) fundamentally changing induced plant
defense against herbivores, overviewing the diversity of bacteria
associated with spider mites and thrips, discussing possible
roles of those bacteria in mediating induced plant defense
against herbivores, and providing suggestions for pertinent future
research using spider mites and thrips.

CATEGORIES OF BACTERIA
POTENTIALLY MEDIATING PLANT
RESPONSE TO HERBIVORE ATTACK

Bacteria mediating the plant response to herbivore attack can
be allocated to three, mutually non-exclusive, major groups,
based on their location relative to the herbivore body (Hansen
and Moran, 2014): environmental (or external), digestive
system (internal extracellular), and endosymbionts (internal
intracellular) (Figure 1A). Environmental (external) bacteria
may reside on the outside of the herbivore, on the mouthparts
or other body parts, or on the plant surface (Redford et al.,
2010). Regarding environmental microorganisms much more is
known about fungi than bacteria (Hansen and Moran, 2014) and
experimental studies addressing the functions of environmental
bacteria in plant–herbivore interactions are rare. Internal
extracellular are mainly bacteria in the digestive system, i.e., in
the gut and/or in the salivary glands (Dillon and Dillon, 2004;
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FIGURE 1 | Pathways of transmission of herbivore (yellow)-associated bacteria (HAB; red) to their host plants (green). HAB may be environmental (ENVH,P; on the
outside of the herbivore or plant), in the gut/saliva (G/S), or intracellular endosymbionts (ES; red with white margin), based on their location relative to the herbivore
body. Circles symbolize HAB possibly involved in induced plant defense; splashes symbolize HAB activity in induced plant defense inside plant tissue. HAB may be
intrinsically associated with the herbivores, either at the herbivore/plant interface or inside the herbivores (A) or may be acquired from plants and transmitted to other
plants (B).

Engel and Moran, 2013); internal intracellular are mainly
reproductive and other endosymbionts (Werren, 1997; Weeks
et al., 2003; Engelstädter and Hurst, 2009). In any case,
bacteria of all three location categories can be transmitted from
herbivores to inner plant tissues by feeding activity (albeit with
varying likelihood and reliability) and have the potential to
change the defensive response of the plant to the herbivores
(Figure 1A). HAB may further be allocated along the continuum
from permanence to transience regarding their association
with the herbivores. On the close end of this continuum are
endosymbionts and bacteria in the digestive system reliably
transmitted vertically or horizontally among conspecific

individuals; on the distant end of this continuum are plant
pathogens or other miscellaneous microorganisms present in the
phyllosphere, which are just vectored by feeding activity from the
outside to the inside of the plant or from one plant to another.
Bacteria in the gut and/or salivary glands and intracellular
endosymbionts influencing plant response may be transient if
picked up from one plant by feeding and inserted or deposited
in feces on another plant (Figure 1B), such as plant-pathogenic
bacteria transmitted by spider mites (Choi et al., 2016) or may be
permanently, or close to permanently, associated with herbivores
such as secondary extra- and intracellular endosymbionts. In
any case, acquisition of bacteria from plants may also lead to
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novel more permanent individual associations such as described
for plant-mediated transmission of secondary endosymbionts
(Caspi-Fluger et al., 2012 for Rickettsia; Gonella et al., 2015 for
Cardinium; Li et al., 2017 for Wolbachia).

EVIDENCE OF HAB MEDIATING PLANT
RESPONSE TO HERBIVORE ATTACK

As in animals in general, herbivorous mites and insects house a
host of different microorganisms in their gut and salivary glands,
with the bacteriomes often being dominated by a small number
of species, but high inter-taxon variability (Engel and Moran,
2013; Jones et al., 2013). Feeding herbivores commonly transmit
gut/saliva bacteria to the plant. For example, Bansal et al. (2011)
determined that up to 70% of the bacterial genera found in
Hessian fly larvae (Mayetiola destructor) were also found in fly-
infested wheat, indicating that the bacteria are transmitted to
the host plant via feeding. Striking examples of gut/saliva HAB
manipulating plant response come from Colorado potato beetle,
Leptinotarsa decemlineata on tomato, L. esculentum (Chung
et al., 2013a,b). Bacteria such as Enterobacter, Stenotrophomonas,
and Pseudomonas in the beetle saliva induce plant defense
against pathogens, i.e., the SA-dependent pathway, which in
turn downregulates the JA-dependent pathway due to negative
cross-talk (Thaler et al., 1999, 2012), altogether promoting
growth of the beetle larvae (Chung et al., 2013a,b). Similar
suppression of JA-mediated plant defense occurs in various
Solanum sp. although different bacterial communities in the
beetle saliva are involved (Chung et al., 2017). Also, in the false
potato beetle Leptinotarsa juncta, bacteria in the regurgitate may
suppress anti-herbivore plant defense in tomato and horsenettle,
with host-plant-specific bacterial effects (Wang et al., 2016).
Host plant specificity has also been shown for bacteria (e.g.,
Pantoea) in the saliva of fall armyworms Spodoptera frugiperda,
which suppress anti-herbivore defense in tomato, but induce
such defense in maize (Acevedo et al., 2017). In Arabidopsis,
greenhouse whiteflies Trialeurodes vaporariorum induce the SA-
dependent pathway but suppress JA-dependent anti-herbivore
defense (Zarate et al., 2007); however, it is as yet unknown
whether this is due to herbivore-associated microorganisms or
intrinsic (endogenous) herbivore traits.

Tobacco whiteflies Bemisia tabaci harboring the facultatively
endosymbiotic bacteria Hamiltonella defensa in their saliva
suppress JA-dependent defenses compared to whiteflies free of
the bacteria (Su et al., 2015). In the tomato psyllid, Bactericerca
cockerelli, the endosymbiont Candidatus Liberibacter psyllaurous
(which can also be plant-pathogenic) downregulates both
JA- and SA-dependent defense responses of tomato plants
(Casteel et al., 2012). Wolbachia, Cardinium, and Spiroplasma
are widespread, primarily maternally transmitted symbionts
manipulating reproduction in many arthropods (for review,
see Engelstädter and Hurst, 2009). Among the secondary
symbionts, Wolbachia is the most widely documented and
the most prominent reproductive endosymbiont, infecting a
large proportion of arthropod species (Werren et al., 2008).
Wolbachia is best known for reproductive manipulation of

their hosts to enhance its own spread while lowering host
fitness. Recent studies provide a growing body of evidence for
Wolbachia−associated fitness benefits (for review, see Zug and
Hammerstein, 2015). Also, other bacterial endosymbionts, such
as Cardinium (Weeks et al., 2003), Spiroplasma (Cisak et al.,
2015), or Rickettsia (Weinert et al., 2009), ranked at decreasing
prevalence in arthropods (Duron et al., 2010), are similarly
able to manipulate reproduction of their hosts (Engelstädter
and Hurst, 2009). These endosymbionts have been previously
thought to be primarily vertically transmitted from mother
to offspring but recent experimental evidence suggests that
horizontal transmission via feeding on prey/hosts (Le Clec’h et al.,
2013; Ahmed et al., 2015), mating (Moran and Dunbar, 2006),
sharing hosts (Huigens et al., 2004; Duron et al., 2010) and/or
feeding on plants (Caspi-Fluger et al., 2012 for Rickettsia; Gonella
et al., 2015 for Cardinium; Li et al., 2017 for Wolbachia) is
probably more common than previously anticipated. Wolbachia
has been shown to persist in plant tissue for more than 50 days
at unknown temperature (Li et al., 2017). Wolbachia is often
also present in the salivary glands of their hosts (Dobson et al.,
1999), where it may change the composition of the saliva, which
in turn may influence plant defense. Contrasting evidence exists
for Wolbachia mediating induced plant defense against larvae
of the western corn rootworm Diabrotica virgifera virgifera in
maize. While Barr et al. (2010) concluded that Wolbachia-
infected but not uninfected weevil larvae suppress anti-herbivore
defense in maize roots, Robert et al. (2013) did not find any
evidence for differences in the plant response to Wolbachia-
infected and uninfected weevil larvae. Possible reasons for these
contrasting results include antibiotic treatments likely removing
other microorganisms, including gut/saliva bacteria, from the
weevils and/or the bacteriomes differing between the weevils used
by Barr et al. (2010) and Robert et al. (2013).

PROXIMATE AND ULTIMATE
CONSIDERATIONS

Proximate questions are whether the substances abnormally
modulating plant defense are produced by the herbivores
themselves (and thus represent herbivore-associated-molecular
patterns, HAMPs) or constitute metabolites of the bacteria
in their saliva, the regurgitate or on the outside of their
mouthparts (and thus represent microbe-associated-molecular
patterns, MAMPs) (Maffei et al., 2012). Alternative underlying
mechanisms include substances produced by the bacteria and
the herbivores masking each other, or the herbivores are lacking
substances that are normally needed by the plants to recognize
the herbivores, such as linolenic acid in caterpillars of Heliothis
subflexa (De Moraes and Mescher, 2014). HAB and/or their
products may have direct effects on the plants or indirect via
affecting (inducing or changing) the expression of elicitors,
effectors or HAMPs in the herbivores’ saliva or regurgitate. For
example, gut bacteria induce the expression of an elicitor in
Helicoverpa zea triggering JA-dependent plant defense in tomato
(Wang et al., 2017). In contrast, Acevedo et al. (2017) found
that Pantoea did change the plant response to fall armyworms
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but did not change the expression of salivary proteins or known
elicitors in the caterpillar’s saliva, indicating MAMPs. Abnormal
plant responses upon herbivore attack could simply constitute
recognition errors by the plant.

One may argue that herbivores evolved associations with
specific microorganisms to disguise themselves from proper
recognition by the plants and thus trick plants into activating
biochemical cascades and defense against non-existent threats
usually posed by pathogenic microorganisms. However,
important ultimate questions to be addressed case by case are
whether these phenomena truly represent counter-adaptations
in the arms race between plants and herbivores targeted
to disguise herbivore identity, deceive plants into incorrect
recognition, and/or switch off or circumvent the defense
response against herbivores, or whether it is side effects of
accidental associations with microorganisms, or epiphenomena
of co-evolved associations for other reasons than manipulating
plant defense, or whether it is simply recognition errors by
the plant. Answering those questions requires additionally
assessing both direct and indirect fitness consequences of
bacterial associates for the herbivores and considering the
transience-permanence continuum of the bacteria–herbivore
association. HAB providing direct fitness benefits to their host
(Zug and Hammerstein, 2015) and additionally manipulating
plant defense to the benefit of their hosts and promoting
their own spread are clear indications of bacteria-herbivore
co-evolution. However, even HAB lowering herbivore fitness
in a direct way, may indirectly promote herbivore fitness if
suppressing anti-herbivore plant defenses. Herbivores may yield
net fitness benefits through provision of enemy-free space –
because attacked plants do not cry for help the herbivores remain
cryptic to their natural enemies (see De Moraes and Mescher,
2014) – or through the prevention of production of digestion
inhibitors or other toxins (Boone et al., 2013; Douglas, 2013).

SUSPICIOUS BACTERIA ASSOCIATED
WITH SPIDER MITES AND THRIPS

Overall, regarding gut/saliva and intracellular endosymbiotic
bacteria more studies are available for spider mites than thrips.
Accordingly, there is a much wider spectrum and diversity of
bacteria reported for spider mites than thrips (Supplementary
Tables S1, S2) but this does not necessarily mean that spider
mites are more prone to harbor bacteria than thrips because of
differences in detection efforts. In any case, members of both
families may harbor bacteria that have been found to manipulate
plant defense in other arthropods (Supplementary Tables S1, S2).
Among Tetranychidae, two-spotted spider mites T. urticae and
T. evansi are especially well studied, with a large number and
diversity of gut/saliva and endosymbiotic bacteria (e.g., Yoon
et al., 2010; Knegt et al., 2017; Staudacher et al., 2017 for
gut bacteria; e.g., Zélé et al., 2018 for endosymbionts). Spider
mite species are especially likely to harbor single or multiple
reproductive symbionts such as Wolbachia, Cardinium, or
Spiroplasma (Supplementary Tables S1, S2). Notably, Staudacher
et al. (2017) detected Wolbachia and Cardinium in T. urticae and

Zélé et al. (2018) in T. evansi, lines of which have been described
to abnormally manipulate plant defense against herbivores
(Sarmento et al., 2011; Alba et al., 2015). The two most prominent
thrips pests, western flower thrips F. occidentalis and onion thrips
Thrips tabaci do not harbor reproductive endosymbionts but are
stably associated with Enterobacteriaceae such as Erwinia and
Pantoea (de Vries et al., 2001, 2008; Chanbusarakum and Ullman,
2008; Facey et al., 2015; Dutta et al., 2016a). Endosymbionts
such as Wolbachia or Cardinium have been found in many other
herbivorous thrips species such as Thrips palmi (Saurav et al.,
2016). Virtually nothing is known about fungi, fungal spores, or
fungal metabolites in the saliva of thrips and mites.

MIND THE BACTERIA OF SPIDER MITES
AND THRIPS IN INDUCED PLANT
DEFENSE

Similar to other herbivores, for spider mites, there exist a
number of studies reporting unusual plant responses upon attack
(suppression of JA-mediated defense and/or induction of the
SA-mediated pathway) (e.g., Kant et al., 2008; Sarmento et al.,
2011; Alba et al., 2015). However, studies aiming at deciphering
and suggesting potential involvement of microorganisms in
modulation of abnormal plant responses are scarce and restricted
to two-spotted spider mites T. urticae (Ueda et al., 2010;
Staudacher et al., 2017). Both studies report that removal of
microorganisms from the spider mites by antibiotics changes
the response of tomato and bean plants to their attack.
Most notably, among other differences in plant response
induction among doubly infected, singly-infected and non-
infected mites, Staudacher et al. (2017) observed downregulation
of JA-precursors but upregulation of SA following removal
of Wolbachia but conservation of Spiroplasma. Some lines of
T. evansi and T. urticae may suppress both SA- and JA-
dependent plant defenses (Sarmento et al., 2011; Alba et al.,
2015), which has been associated with altered expression of
genes responsible for the production of effector proteins in
the spider mite saliva (Jonckheere et al., 2016; Villarroel et al.,
2016). Nonetheless, HAB influence and altered gene expression
are rather inter-related than mutually exclusive explanations for
induction of abnormal plant responses. HAB may both influence
gene expression of their hosts, as documented in the fruit fly
Drosophila melanogaster (Broderick et al., 2014; Combe et al.,
2014), and alter the occurrence and composition of salivary
proteins, as documented for Wolbachia and Spiroplasma in the
spider mite Tetranychus truncatus (Zhu et al., 2018). Abnormal
plant responses could also be due to HAB influence in the
evolutionary past if genes coding for enzymes involved in mite-
plant interactions stem from horizontal gene transfers between
HAB and spider mites (Wybouw et al., 2018). Additional or
alternative explanations on the plant side include multiple signals
masking each other or reflecting a conflict in the response of the
plant to herbivore attack because of simultaneously perceiving
endogenous spider mite signals (normally inducing the JA
pathway) and bacteria-related signals (normally inducing the SA
pathway), together resulting in no or suppressed plant response.
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Overall, it cannot be excluded that intraspecific variations
in induction of plant responses observed in different spider
mite species such as Tetranychus kanzawai (Matsushima et al.,
2006), T. evansi (Sarmento et al., 2011), and T. urticae (Kant
et al., 2008), which correlate with genetic differences (Yano
et al., 2003; Villarroel et al., 2016), may be co-determined by
differences in the bacteriome (Yoon et al., 2010; Knegt et al.,
2017; Zélé et al., 2018). Genetic intraspecific differences such
as resistance to acaricides may covary with differences in the
quantity and diversity of HAB (Yoon et al., 2010). In addition
to reproductive endosymbionts, Yoon et al. (2010) detected also
Pantoea, Enterobacter, and Pseudomonas in the gut of T. urticae;
in the absence of reproductive endosymbionts, Knegt et al.
(2017) detected Pseudomonas and Stenotrophomonas in the gut
of T. evansi. These gut bacteria have potential to change and
manipulate anti-herbivore plant response, as shown for Colorado
potato beetles (Chung et al., 2013a,b), false potato beetles (Wang
et al., 2016), and fall armyworms (Acevedo et al., 2017).

Compared to spider mites, only little is known about induced
plant responses to thrips attack (for review, see Steenbergen
et al., 2018), not to speak of plant responses manipulated by
thrips-associated bacteria. Thrips are well known for vectoring
plant-pathogenic viruses such as tospoviruses (Rotenberg et al.,
2015). Abe et al. (2012) observed that virus transmission may
alter the anti-herbivore plant response to the benefit of thrips,
i.e., upregulate the SA-dependent pathway and downregulate the
JA-dependent pathway. This trade-off is unsurprising and readily
comprehensible given that the plant must simultaneously deal
with two types of threats. Nonetheless, even the few gut and
endosymbiotic bacteria found in association with herbivorous
thrips (Supplementary Tables S1, S2) indicate potential for
manipulation of anti-thrips plant response. For example, western
flower thrips and onion thrips are associated with Erwinia (de
Vries et al., 2001, 2008) and Pantoea or Pantoea-like bacteria
(Facey et al., 2015; Dutta et al., 2016a), which could influence anti-
herbivore plant responses. Dutta et al. (2016b) reported changes
in plant response to thrips Frankliniella fusca upon deposition of
feces containing Pantoea ananatis on the plant surface but not
upon contact with salivary secretions.

CONCLUSIONS AND SUGGESTIONS
FOR FUTURE RESEARCH

Given the widespread occurrence and diversity of gut/saliva
and endosymbiotic bacteria found in spider mites and thrips,
which have been shown for their ability to manipulate anti-
herbivore plant defenses in other arthropod taxa, it is more
than plausible to anticipate that these bacteria play a role
in anti-spider mite and/or anti-thrips plant response. Current
methodological standard is comparing the plant response to
untreated herbivores harboring microorganisms to that of
herbivores treated with broad spectrum antibiotics, such as
tetracycline, and thus being free, or below detectability, or having
strongly reduced titers, of bacteria. However, broad spectrum
antibiotic treatment eliminates or reduces both gut/saliva and
endosymbiotic bacteria in the herbivores or changes the bacterial

composition due to varying susceptibility (see Staudacher et al.,
2017). Thus, broad spectrum antibiotic treatments may blur
cause and effect of HAB. Studies comparing the response to
herbivores treated with broad spectrum antibiotics and left
untreated as the only experimental way of assessing the effect
of HAB remain correlational, but do not provide stringent
proof of cause and effect. Such studies are important and
certainly needed to obtain indications of microorganisms at
play but do not allow concluding on one species or operational
taxonomic unit (OTU) of eliminated/changed microorganism to
be the causative agent of an observed effect. Use of antibiotics
is also suitable to disentangle expression of HAB-transferred
genes (Wybouw et al., 2018) versus endogenous HAB genes. In
an ideal case, future studies should strive to achieve selective
elimination of single bacteria taxa, to pinpoint which bacteria
are responsible for manipulating plant defense. If possible,
supplemental experiments should examine plant responses to
cultured OTUs and their metabolites and test for masking,
synergism, or interference among MAMPs and HAMPs, elicitors,
and effectors, in the saliva and regurgitates of herbivores.
Multiple bacterial infections may turn negative direct effects of
each bacterial taxon alone into direct positive fitness effects for
their host (see Zhang et al., 2018 for T. truncatus doubly infected
with Wolbachia and Spiroplasma); the same may apply to the
direct effects of multiple versus single HAB on induced plant
response (Staudacher et al., 2017), indirectly affecting fitness of
the herbivores. Clearly, investigating the role of HAB of spider
mites and thrips in induced plant defense will provide a highly
exciting, promising and fruitful avenue of future research.

AUTHOR CONTRIBUTIONS

PS confirms being the sole contributor of this work and approved
it for publication.

FUNDING

This article was written while PS was a guest professor at the
University of Tsukuba, funded by the Japan Society for the
Promotion of Science (JSPS Invitation Fellowship, L18534). Open
access funding was provided by the University of Vienna.

ACKNOWLEDGMENTS

The author thanks the editors for the invitation to contribute an
article to this research topic and Yukie Sato for comments on a
previous version of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2018.01107/
full#supplementary-material

Frontiers in Plant Science | www.frontiersin.org 6 July 2018 | Volume 9 | Article 1107

https://www.frontiersin.org/articles/10.3389/fpls.2018.01107/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2018.01107/full#supplementary-material
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01107 July 26, 2018 Time: 17:5 # 7

Schausberger Bacteria Manipulating Anti-herbivore Plant Defense

REFERENCES
Abe, H., Tomitaka, Y., Shimoda, T., Seo, S., Sakurai, T., Kugimiya, S., et al.

(2012). Antagonistic plant defense system regulated by phytohormones assists
interactions among vector insect, thrips and a tospovirus. Plant Cell Physiol. 53,
204–212. doi: 10.1093/pcp/pcr173

Acevedo, F. E., Peiffer, M., Tan, C.-W., Stanley, B., Stanley, A., Wang, J.,
et al. (2017). Fall armyworm-associated gut bacteria modulate plant defense
responses. Mol. Plant Microbe Interact. 30, 127–137. doi: 10.1094/MPMI-11-
16-0240-R

Agrawal, A. A., Tuzun, S., and Bent, E. (1999). Induced Plant Defense Against
Pathogens and Herbivores: Biochemistry, Ecology and Agriculture. Saint Paul,
MN: APS Press.

Ahmed, M. Z., Li, S.-J., Xue, X., Yin, X.-J., Ren, S.-X., Jiggins, F. M., et al. (2015).
The intracellular bacterium Wolbachia uses parasitoid wasps as phoretic vectors
for efficient horizontal transmission. PLoS Pathog. 10:e1004672. doi: 10.1371/
journal.ppat.1004672

Alba, J. M., Schimmel, B. C. J., Glas, J. J., Ataide, L. M., Pappas, M. L., Villarroel,
C. A., et al. (2015). Spider mites suppress tomato defenses downstream of
jasmonate and salicylate independently of hormonal crosstalk. New Phytol. 205,
828–840. doi: 10.1111/nph.13075

Bansal, R., Hulbert, S., Schemerhorn, B., Reese, J. C., Whitworth, R. J., Stuart,
J. J., et al. (2011). Hessian fly-associated bacteria: transmission, essentiality, and
composition. PLoS One 6:e23170. doi: 10.1371/journal.pone.0023170

Barbosa, P., Krischik, V. A., and Jones, C. G. (1991). Microbial Mediation of
Plant-Herbivore Interactions. New York, NY: Wiley-Interscience.

Barr, K. L., Hearne, L. B., Briesacher, S., Clark, T. L., and Davis, G. E.
(2010). Microbial symbionts in insects influence down-regulation of
defense genes in maize. PLoS One 5:e11339. doi: 10.1371/journal.pone.
0011339

Berenbaum, M. R. (1988). “Allelochemicals in insect-microbe-plant Interactions;
agents provocateurs in the coevolutionary arms race,” in Novel Aspects of Insect-
Plant Interactions, eds P. Barbosa and D. K. Letourneau (New York, NY:
Wiley-Interscience), 97–123.

Bolland, H. R., Gutierrez, J., and Flechtmann, C. H. W. (1998). World Catalogue of
the Spider Mite Family (Acari: Tetranychidae). Leiden: Brill.

Boone, C. K., Keefover-Ring, K., Mapes, A. C., Adams, A. S., Bohlmann, J.,
and Raffa, K. F. (2013). Bacteria associated with a tree-killing insect reduce
concentrations of plant defense compounds. J. Chem. Ecol. 39, 1003–1006.
doi: 10.1007/s10886-013-0313-0

Broderick, N. A., Buchon, N., and Lemaitre, B. (2014). Microbiota-induced changes
in Drosophila melanogaster host gene expression and gut morphology. mBio
5:e1117-14. doi: 10.1128/mBio.01117-14

CABI. (2018). Invasive Species Compendium. Wallingford: CAB International.
Caspi-Fluger, A., Inbar, M., Mozes-Daube, N., Katzir, N., Portnoy, V., Belausov, E.,

et al. (2012). Horizontal transmission of the insect symbiont Rickettsia
is plant-mediated. Proc. Biol. Sci. 279, 1791–1796. doi: 10.1098/rspb.2011.
2095

Casteel, C. L., Hansen, A. K., Walling, L. L., and Paine, T. D. (2012). Manipulation
of plant defense responses by the tomato psyllid (Bactericerca cockerelli) and
its associated endosymbiont Candidatus Liberibacter psyllaurous. PLoS One
7:e35191. doi: 10.1371/journal.pone.0035191

Chanbusarakum, L., and Ullman, D. (2008). Characterization of bacterial
symbionts in Frankliniella occidentalis (Pergande), Western flower thrips.
J. Invert. Pathol. 99, 318–325. doi: 10.1016/j.jip.2008.09.001

Choi, O., Park, J. J., and Kim, J. (2016). Tetranychus urticae (Acari: Tetranychidae)
transmits Acidovorax citrulli, causal agent of bacterial fruit blotch of
watermelon. Exp. Appl. Acarol. 69, 445–451. doi: 10.1007/s10493-016-
0048-z

Chung, S. H., Rosa, C., Hoover, K., Luthe, D. S., and Felton, G. W.
(2013a). Colorado potato beetle manipulates plant defenses in local
and systemic leaves. Plant Signal. Behav. 8:e27592. doi: 10.4161/psb.
27592

Chung, S. H., Rosa, C., Scully, E. D., Peiffer, M., Tooker, J. F., Hoover, K., et al.
(2013b). Herbivore exploits orally secreted bacteria to suppress plant defenses.
Proc. Natl. Acad. Sci. U.S.A. 110, 15728–15733. doi: 10.1073/pnas.13088
67110

Chung, S. H., Scully, E. D., Peiffer, M., Geib, S. M., Rosa, C., Hoover, K.,
et al. (2017). Host plant species determines symbiotic bacterial community
mediating suppression of plant defenses. Sci. Rep. 7:39690. doi: 10.1038/
srep39690

Cisak, E., Wójcik-Fatla, A., Zaja̧c, V., Sawczyn, A., Sroka, J., and Dutkiewicz, J.
(2015). Spiroplasma – an emerging arthropod-borne pathogen? Ann. Agric.
Environ. Med. 22, 589–593. doi: 10.5604/12321966.1185758

Combe, B. E., Defaye, A., Bozonnet, N., Puthier, D., Royet, J., and Leulier, F.
(2014). Drosophila microbiota modulates host metabolic gene expression
via IMD/NF-κB signaling. PLoS One 9:e94729. doi: 10.1371/journal.pone.009
4729

De Moraes, C. M., and Mescher, M. C. (2014). Biochemical crypsis in the avoidance
of natural enemies by an insect herbivore. Proc. Natl. Acad. Sci. U.S.A. 101,
8993–8997. doi: 10.1073/pnas.0403248101

de Vries, E. J., Breeuwer, J. A. J., Jacobs, C., and Mollema, C. (2001). The association
of western flower thrips, Frankliniella occidentalis, with a near Erwinia species
gut bacteria: transient or permanent? J. Invert. Pathol. 77, 120–128. doi: 10.1006/
jipa.2001.5009

de Vries, E. J., van der Wurfe, A. W. G., Jacobs, G., and Breeuwer, J. A. J. (2008).
Onion thrips, Thrips tabaci, have gut bacteria that are closely related to the
symbionts of the western flower thrips, Frankliniella occidentalis. J. Insect Sci.
8, 1–11. doi: 10.1673/031.008.2301

Dillon, R. J., and Dillon, V. M. (2004). The gut bacteria of insects: non-pathogenic
interactions. Annu. Rev. Entomol. 49, 71–92. doi: 10.1146/annurev.ento.49.
061802.123416

Dobson, S. L., Bourtzis, K., Braig, H. R., Jones, B. F., Zhou, W., Rousset, F., et al.
(1999). Wolbachia infections are distributed throughout insect somatic and
germ line tissues. Insect Biochem. Mol. Biol. 29, 153–160. doi: 10.1016/S0965-
1748(98)00119-2

Douglas, A. E. (2013). Microbial brokers of insect-plant interactions
revisited. J. Chem. Ecol. 39, 952–961. doi: 10.1007/s10886-013-0
308-x

Duron, O., Wilkes, T. E., and Hurst, G. D. D. (2010). Interspecific transmission of
a male-killing bacterium on an ecological timescale. Ecol. Lett. 13, 1139–1148.
doi: 10.1111/j.1461-0248.2010.01502.x

Dutta, B., Barman, A., Srinivasan, R., Avci, U., Ullman, D. E., Langston, D. B.,
et al. (2016a). Transmission of Pantoea ananatis and P. agglomerans, causal
agents of center rot of onion (Allium cepa), by onion thrips (Thrips tabaci)
through feces. Phytopathology 104, 812–819. doi: 10.1094/PHYTO-07-13-
0199-R

Dutta, B., Gitaitis, R., Barman, A., Avci, U., Marasigan, K., and Srinivasan, R.
(2016b). Interactions between Frankliniella fusca and Pantoea ananatis in the
center rot epidemic of onion (Allium cepa). Phytopathology 106, 956–962.
doi: 10.1094/PHYTO-12-15-0340-R

Engel, P., and Moran, N. A. (2013). The gut microbiota of insects–diversity in
structure and function. FEMS Microbiol. Rev. 37, 699–735. doi: 10.1111/1574-
6976.12025

Engelstädter, J., and Hurst, G. D. D. (2009). The ecology and evolution
of microbes that manipulate host reproduction. Annu. Rev. Ecol.
Evol. Syst. 40, 127–149. doi: 10.1146/annurev.ecolsys.110308.
120206

Facey, P. D., Meric, G., Hitchings, M. D., Pachebat, J. A., Hegarty, M. J.,
Chen, X., et al. (2015). Draft genomes, phylogenetic reconstruction, and
comparative genomics of two novel cohabiting bacterial symbionts isolated
from Frankliniella occidentalis. Genome Biol. Evol. 7, 2188–2202. doi: 10.1093/
gbe/evv136

Frago, E., Dicke, M., and Godfray, H. C. (2012). Insect symbionts as hidden players
in insect-plant interactions. Trends Ecol. Evol. 27, 705–711. doi: 10.1016/j.tree.
2012.08.013

Giron, D., Dedeine, F., Dubreuil, G., Huguet, E., Mouton, L., Outreman, Y.,
et al. (2017). Influence of microbial symbionts on plant-insect
interactions. Adv. Bot. Res. 81, 225–257. doi: 10.1016/bs.abr.2016.
09.007

Gonella, E., Pajoro, M., Marzorati, M., Crotti, E., Mandrioli, M., Pontini, M.,
et al. (2015). Plant-mediated interspecific horizontal transmission of an
intracellular symbiont in insects. Sci. Rep. 5:15811. doi: 10.1038/srep1
5811

Frontiers in Plant Science | www.frontiersin.org 7 July 2018 | Volume 9 | Article 1107

https://doi.org/10.1093/pcp/pcr173
https://doi.org/10.1094/MPMI-11-16-0240-R
https://doi.org/10.1094/MPMI-11-16-0240-R
https://doi.org/10.1371/journal.ppat.1004672
https://doi.org/10.1371/journal.ppat.1004672
https://doi.org/10.1111/nph.13075
https://doi.org/10.1371/journal.pone.0023170
https://doi.org/10.1371/journal.pone.0011339
https://doi.org/10.1371/journal.pone.0011339
https://doi.org/10.1007/s10886-013-0313-0
https://doi.org/10.1128/mBio.01117-14
https://doi.org/10.1098/rspb.2011.2095
https://doi.org/10.1098/rspb.2011.2095
https://doi.org/10.1371/journal.pone.0035191
https://doi.org/10.1016/j.jip.2008.09.001
https://doi.org/10.1007/s10493-016-0048-z
https://doi.org/10.1007/s10493-016-0048-z
https://doi.org/10.4161/psb.27592
https://doi.org/10.4161/psb.27592
https://doi.org/10.1073/pnas.1308867110
https://doi.org/10.1073/pnas.1308867110
https://doi.org/10.1038/srep39690
https://doi.org/10.1038/srep39690
https://doi.org/10.5604/12321966.1185758
https://doi.org/10.1371/journal.pone.0094729
https://doi.org/10.1371/journal.pone.0094729
https://doi.org/10.1073/pnas.0403248101
https://doi.org/10.1006/jipa.2001.5009
https://doi.org/10.1006/jipa.2001.5009
https://doi.org/10.1673/031.008.2301
https://doi.org/10.1146/annurev.ento.49.061802.123416
https://doi.org/10.1146/annurev.ento.49.061802.123416
https://doi.org/10.1016/S0965-1748(98)00119-2
https://doi.org/10.1016/S0965-1748(98)00119-2
https://doi.org/10.1007/s10886-013-0308-x
https://doi.org/10.1007/s10886-013-0308-x
https://doi.org/10.1111/j.1461-0248.2010.01502.x
https://doi.org/10.1094/PHYTO-07-13-0199-R
https://doi.org/10.1094/PHYTO-07-13-0199-R
https://doi.org/10.1094/PHYTO-12-15-0340-R
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1146/annurev.ecolsys.110308.120206
https://doi.org/10.1146/annurev.ecolsys.110308.120206
https://doi.org/10.1093/gbe/evv136
https://doi.org/10.1093/gbe/evv136
https://doi.org/10.1016/j.tree.2012.08.013
https://doi.org/10.1016/j.tree.2012.08.013
https://doi.org/10.1016/bs.abr.2016.09.007
https://doi.org/10.1016/bs.abr.2016.09.007
https://doi.org/10.1038/srep15811
https://doi.org/10.1038/srep15811
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01107 July 26, 2018 Time: 17:5 # 8

Schausberger Bacteria Manipulating Anti-herbivore Plant Defense

Hansen, A. K., and Moran, N. A. (2014). The impact of microbial symbionts
on host plant utilization by herbivorous insects. Mol. Ecol. 23, 1472–1496.
doi: 10.1111/mec.12421

Huigens, M. E., de Almeida, R. P., Boons, P. A., Luck, R. F., and
Stouthamer, R. (2004). Natural interspecific and intraspecific horizontal transfer
of parthenogenesis-inducing Wolbachia in Trichogramma wasps. Proc. Biol. Sci.
1538, 509–515. doi: 10.1098/rspb.2003.2640

Jonckheere, W., Dermauw, W., Zhurov, V., Wybouw, N., van den Bulcke, J.,
Villarroel, C. A., et al. (2016). The salivary protein repertoire of the polyphagous
spider mite Tetranychus urticae: a quest for effectors. Mol. Cell. Proteomics 15,
3594–3613. doi: 10.1074/mcp.M116.058081

Jones, R. T., Sanchez, L. G., and Fierer, N. (2013). A cross-taxon analysis of insect-
associated bacterial diversity. PLoS One 8:e61218. doi: 10.1371/journal.pone.
0061218

Kant, M. R., Sabelis, M. W., Haring, M. A., and Schuurink, R. C. (2008).
Intraspecific variation in a generalist herbivore accounts for differential
induction and impact of host plant defences. Proc. Biol. Sci. 275, 443–452.
doi: 10.1098/rspb.2007.1277

Karban, R., and Baldwin, I. T. (1997). Induced Responses to Herbivory. Chicago, IL:
University of Chicago Press.

Knegt, B., Potter, T., Pearson, N. A., Sato, Y., Staudacher, H., Schimmel,
B. C. J., et al. (2017). Detection of genetic incompatibilities in non-model
systems using simple genetic markers: hybrid breakdown in the haplodiploid
spider mite Tetranychus evansi. Heredity 118, 311–321. doi: 10.1038/hdy.
2016.103

Le Clec’h, W., Chevalier, F. D., Genty, L., Bertaux, J., Bouchon, D., and Sicard, M.
(2013). Cannibalism and predation as paths for horizontal passage of Wolbachia
between terrestrial isopods. PLoS One 8:e60232. doi: 10.1371/journal.pone.
0060232

Li, S. J., Ahmed, M. Z., Lv, N., Shi, P. Q., Wang, X. M., Huang, J. L., et al. (2017).
Plant-mediated horizontal transmission of Wolbachia between whiteflies. ISME
J. 11, 1019–1028. doi: 10.1038/ismej.2016.164

Maffei, M. E., Arimura, G.-I., and Mithöfer, A. (2012). Natural elicitors, effectors
and modulators of plant response. Nat. Prod. Rep. 29, 1288–1303. doi: 10.1039/
c2np20053h

Matsushima, R., Ozawa, R., Uefune, M., Gotoh, T., and Takabayashi, J. (2006).
Intraspecies variation in the Kanzawa spider mite differentially affects induced
defensive response in lima bean plants. J. Chem. Ecol. 32, 2501–2512.
doi: 10.1007/s10886-006-9159-z

Mithöfer, A., and Boland, W. (2012). Plant defense against herbivores: chemical
aspects. Annu. Rev. Plant Biol. 63, 431–450. doi: 10.1146/annurev-arplant-
042110-103854

Moran, N. A., and Dunbar, H. E. (2006). Sexual acquisition of beneficial symbionts
in aphids. Proc. Natl. Acad. Sci. U.S.A. 103, 12803–12806. doi: 10.1073/pnas.
0605772103

Redford, A. J., Bowers, R. M., Knight, R., Linhart, Y., and Fierer, N. (2010).
The ecology of the phyllosphere: geographic and phylogenetic variability in
the distribution of bacteria on tree leaves. Environ. Microbiol. 12, 2885–2893.
doi: 10.1111/j.1462-2920.2010.02258.x

Robert, C. A. M., Frank, D. L., Leach, K. A., Turlings, T. C., Hibbard, B. E.,
and Erb, M. (2013). Direct and indirect plant defenses are not suppressed
by endosymbionts of a specialist root herbivore. J. Chem. Ecol. 39, 507–515.
doi: 10.1007/s10886-013-0264-5

Robertson, N. L., and Carroll, T. W. (1988). Virus-like particles and a spider mite
intimately associated with a new disease of barley. Science 240, 1188–1190.
doi: 10.1126/science.240.4856.1188

Rotenberg, D., Jacobson, A. L., Schneweis, D. J., and Whitfield, A. E. (2015). Thrips
transmission of tospoviruses. Curr. Opin. Virol. 15, 80–89. doi: 10.1016/j.coviro.
2015.08.003

Sarmento, R. A., Lemos, F., Bleeker, P. M., Schuurink, R. C., Pallini, A.,
Oliveira, M. G. A., et al. (2011). A herbivore that manipulates plant
defence. Ecol. Lett. 14, 229–236. doi: 10.1111/j.1461-0248.2010.01
575.x

Saurav, G. K., Daimei, G., Rana, V. S., Popli, S., and Rajagopal, R. (2016).
Detection and localization of Wolbachia in Thrips palmi Karny (Thysanoptera:
Thripidae). Indian J. Microbiol. 56, 167–171. doi: 10.1007/s12088-016-
0567-7

Shikano, I., Rosa, C., Tan, C.-W., and Felton, G. W. (2017). Tri-trophic interactions:
microbe-mediated plant effects on herbivores. Annu. Rev. Phytopathol. 55,
313–331. doi: 10.1146/annurev-phyto-080516-035319

Staudacher, H., Schimmel, B. C. J., Lamers, M. M., Wybouw, N., Groot, A. T., and
Kant, M. R. (2017). Independent effects of a herbivore’s bacterial symbionts
on its performance and induced plant defences. Int. J. Mol. Sci. 18:182.
doi: 10.3390/ijms18010182

Steenbergen, M., Abd-el-Halim, A., Bleeker, P., Dicke, M., Escobar-Bravo, R.,
Cheng, G., et al. (2018). Thrips advisor: exploiting thrips-induced defences to
combat pests on crops. J. Exp. Bot. 69, 1837–1848. doi: 10.1093/jxb/ery060

Su, Q., Oliver, K. M., Xie, W., Wu, Q., Wang, S., Zhang, Y., et al. (2015).
The whitefly-associated facultative symbiont Hamiltonella defensa suppresses
induced plant defences in tomato. Funct. Ecol. 29, 1007–1018. doi: 10.1111/
1365-2435.12405

Thaler, J. S., Fidantsef, A. L., Duffey, S. S., and Bostock, R. M. (1999). Trade-offs in
plant defense against pathogens and herbivores. J. Chem. Ecol. 25, 1597–1609.
doi: 10.1023/A:1020840900595

Thaler, J. S., Humphrey, P. T., and Whiteman, N. K. (2012). Evolution of jasmonate
and salicylate signal crosstalk. Trends Plant Sci. 17, 260–270. doi: 10.1016/j.
tplants.2012.02.010

Ueda, H., Ozawa, R., Takabayashi, J., Maffei, M., and Matsuda, K. (2010).
Microorgans in herbivorous two-spotted spider mites regulate ecological
interactions with lima bean plant. J. Plant Interact. 6:161. doi: 10.1080/
17429145.2010.544912

Villarroel, C. A., Jonckheere, W., Alba, J. M., Glas, J. J., Dermauw, W., Haring,
M. A., et al. (2016). Salivary proteins of spider mites suppress defenses in
Nicotiana benthamiana and promote mite reproduction. Plant J. 86, 119–131.
doi: 10.1111/tpj.13152

Wang, J., Chung, S. H., Peiffer, M., Rosa, C., Hoover, K., Zeng, R., et al. (2016).
Herbivore oral secreted bacteria trigger distinct defense responses in preferred
and non-preferred host plants. J. Chem. Ecol. 42, 463–474. doi: 10.1007/s10886-
016-0712-0

Wang, J., Peiffer, M., Rosa, C., Hoover, K., Zeng, R., and Felton, G. W.
(2017). Helicoverpa zea gut-associated bacteria indirectly induce defenses in
tomato through mediating salivary elicitor(s). New Phytol. 214, 1294–1306.
doi: 10.1111/nph.14429

Weeks, A. R., Velten, R., and Stouthamer, R. (2003). Incidence of a new sex-ratio-
distorting endosymbiotic bacterium among arthropods. Proc. Biol. Sci. 270,
1857–1865. doi: 10.1098/rspb.2003.2425

Weinert, L. A., Werren, J. H., Aebi, A., Stone, G. N., and Jiggins, F. M. (2009).
Evolution and diversity of Rickettsia bacteria. BMC Biol. 7:6. doi: 10.1186/1741-
7007-7-6

Werren, J. H. (1997). Biology of Wolbachia. Annu. Rev. Entomol. 42, 587–609.
doi: 10.1146/annurev.ento.42.1.587

Werren, J. H., Baldo, L., and Clark, M. E. (2008). Wolbachia: master manipulators
of invertebrate biology. Nat. Rev. Microbiol. 6, 741–751. doi: 10.1038/
nrmicro1969

Wybouw, N., van Leeuwen, T., and Dermauw, W. (2018). A massive incorporation
of microbial genes into the genome of Tetranychus urticae, a polyphagous
arthropod herbivore. Insect Mol. Biol. 27, 333–351. doi: 10.1111/imb.
12374

Yano, S., Kanaya, M., and Takafuji, A. (2003). Genetic basis of color variation in
leaf scars induced by the Kanzawa spider mite. Entomol. Exp. Appl. 106, 37–44.
doi: 10.1046/j.1570-7458.2003.00005.x

Yoon, C., Indiragandhi, P., Anandham, R., Cho, S., Sa, T. M., and Kim,
G. H. (2010). Bacterial diversity and distribution from the whole
mite extracts in acaricide resistant and susceptible populations of
twospotted spider mite Tetranychus urticae (Acari: Tetranychidae).
J. Korean Soc. Appl. Biol. Chem. 53, 446–457. doi: 10.3839/jksabc.
2010.069

Zarate, S. I., Kempema, L. A., and Walling, L. L. (2007). Silverleaf whitefly induces
salicylic acid defenses and suppresses effectual jasmonic acid defenses. Plant
Physiol. 143, 866–875. doi: 10.1104/pp.106.090035

Zélé, F., Santos, I., Olivieri, I., Weill, M., Duron, O., and Magalhães, S. (2018).
Endosymbiont diversity and prevalence in herbivorous spider mite populations
in South-Western Europe. FEMS Microb. Ecol. 94, fiy015. doi: 10.1093/femsec/
fiy015

Frontiers in Plant Science | www.frontiersin.org 8 July 2018 | Volume 9 | Article 1107

https://doi.org/10.1111/mec.12421
https://doi.org/10.1098/rspb.2003.2640
https://doi.org/10.1074/mcp.M116.058081
https://doi.org/10.1371/journal.pone.0061218
https://doi.org/10.1371/journal.pone.0061218
https://doi.org/10.1098/rspb.2007.1277
https://doi.org/10.1038/hdy.2016.103
https://doi.org/10.1038/hdy.2016.103
https://doi.org/10.1371/journal.pone.0060232
https://doi.org/10.1371/journal.pone.0060232
https://doi.org/10.1038/ismej.2016.164
https://doi.org/10.1039/c2np20053h
https://doi.org/10.1039/c2np20053h
https://doi.org/10.1007/s10886-006-9159-z
https://doi.org/10.1146/annurev-arplant-042110-103854
https://doi.org/10.1146/annurev-arplant-042110-103854
https://doi.org/10.1073/pnas.0605772103
https://doi.org/10.1073/pnas.0605772103
https://doi.org/10.1111/j.1462-2920.2010.02258.x
https://doi.org/10.1007/s10886-013-0264-5
https://doi.org/10.1126/science.240.4856.1188
https://doi.org/10.1016/j.coviro.2015.08.003
https://doi.org/10.1016/j.coviro.2015.08.003
https://doi.org/10.1111/j.1461-0248.2010.01575.x
https://doi.org/10.1111/j.1461-0248.2010.01575.x
https://doi.org/10.1007/s12088-016-0567-7
https://doi.org/10.1007/s12088-016-0567-7
https://doi.org/10.1146/annurev-phyto-080516-035319
https://doi.org/10.3390/ijms18010182
https://doi.org/10.1093/jxb/ery060
https://doi.org/10.1111/1365-2435.12405
https://doi.org/10.1111/1365-2435.12405
https://doi.org/10.1023/A:1020840900595
https://doi.org/10.1016/j.tplants.2012.02.010
https://doi.org/10.1016/j.tplants.2012.02.010
https://doi.org/10.1080/17429145.2010.544912
https://doi.org/10.1080/17429145.2010.544912
https://doi.org/10.1111/tpj.13152
https://doi.org/10.1007/s10886-016-0712-0
https://doi.org/10.1007/s10886-016-0712-0
https://doi.org/10.1111/nph.14429
https://doi.org/10.1098/rspb.2003.2425
https://doi.org/10.1186/1741-7007-7-6
https://doi.org/10.1186/1741-7007-7-6
https://doi.org/10.1146/annurev.ento.42.1.587
https://doi.org/10.1038/nrmicro1969
https://doi.org/10.1038/nrmicro1969
https://doi.org/10.1111/imb.12374
https://doi.org/10.1111/imb.12374
https://doi.org/10.1046/j.1570-7458.2003.00005.x
https://doi.org/10.3839/jksabc.2010.069
https://doi.org/10.3839/jksabc.2010.069
https://doi.org/10.1104/pp.106.090035
https://doi.org/10.1093/femsec/fiy015
https://doi.org/10.1093/femsec/fiy015
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-01107 July 26, 2018 Time: 17:5 # 9

Schausberger Bacteria Manipulating Anti-herbivore Plant Defense

Zhang, Y. K., Yang, K., Zhu, Y.-X., and Hong, X.-Y. (2018). Symbiont-conferred
reproduction and fitness benefits can favour their host occurrence. Insect Sci. 8,
1626–1633. doi: 10.1002/ece3.3784

Zhu, Y.-X., Song, Y.-L., Huang, H.-J., Zhao, D.-S., Xia, X., Yang, K., et al.
(2018). Comparative analyses of salivary proteins from the facultative
symbiont-infected and uninfected Tetranychus truncatus. Syst. Appl. Acarol. 23,
1027–1042. doi: 10.11158/saa.23.6.3

Zug, R., and Hammerstein, P. (2015). Bad guys turned nice? A critical assessment of
Wolbachia mutualisms in arthropod hosts. Biol. Rev. 90, 89–111. doi: 10.1111/
brv.12098

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Schausberger. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 9 July 2018 | Volume 9 | Article 1107

https://doi.org/10.1002/ece3.3784
https://doi.org/10.11158/saa.23.6.3
https://doi.org/10.1111/brv.12098
https://doi.org/10.1111/brv.12098
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Herbivore-Associated Bacteria as Potential Mediators and Modifiers of Induced Plant Defense Against Spider Mites and Thrips
	Background
	Categories of Bacteria Potentially Mediating Plant Response to Herbivore Attack
	Evidence of Hab Mediating Plant Response to Herbivore Attack
	Proximate and Ultimate Considerations
	Suspicious Bacteria Associated With Spider Mites and Thrips
	Mind the Bacteria of Spider Mites and Thrips in Induced Plant Defense
	Conclusions and Suggestions for Future Research
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


