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A cry for help from leaf to root

Aboveground insect feeding leads to the recruitment of rhizosphere microbes
for plant self-protection against subsequent diverse attacks
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lants have evolved general and spe-

cific defense mechanisms to protect
themselves from diverse enemies, includ-
ing herbivores and pathogens. To main-
tain fitness in the presence of enemies,
plant defense mechanisms are aimed at
inducing systemic resistance: in response
to the attack of pathogens or herbivores,
plants initiate extensive changes in gene
expression to activate “systemic acquired
resistance” against pathogens and “indi-
rect defense” against herbivores. Recent
work revealed that leaf infestation by
whiteflies, stimulated systemic defenses
against both an airborne pathogen and
a soil-borne pathogen, which was con-
firmed by the detection of the systemic
expression of pathogenesis-related genes
in response to salicylic acid and jas-
monic acid-signaling pathway activation.
Further investigation revealed that plants
use self protection mechanisms against
subsequent herbivore attacks by recruit-
ing beneficial microorganisms called
plant growth-promoting rhizobacteria/
fungi, which are capable of reducing
whitefly populations. Our results pro-
vide new evidence that plant-mediated
aboveground to belowground communi-
cation and vice versa are more common
than expected.

As sessile organisms, plants are unable
to actively avoid the attack of predators.
To overcome this, plants have evolved a
multilayer immune system against herbi-
vores and pathogens.! Plants, unlike ani-
mals, lack adaptive immunity. Instead,
plants are dependent on a heritable, innate
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immunity based on the recognition by
receptors of the presence of microbial trig-
gers (cues) including effector proteins and
microbe-associated molecular patterns.'
The perception of microbial cues leads
to the induction of a broad spectrum of
plant defenses called systemic acquired
resistance (SAR).> Until recently, SAR
was thought to be limited to the induc-
tion of plant defenses against foliar micro-
bial pathogens. However, recent results
suggested that plants can activate signal
exchanges between aboveground (AG) and
belowground (BG) responses.’ Three phe-
nomena indicate that plants can make use
of cues that are systemically indicative of
future enemy attack: (1) induced resistance
against AG pathogens by BG microbes and
vice versa, (2) indirect defenses against AG
insects by AG herbivore infestation and (3)
BG pathogen infection leading to root exu-
date-mediated recruitment of BG bacteria.
First, many strains of rhizosphere microbes
referred to as plant growth-promoting rhi-
zobacteria/fungi (PGPR/PGPF) have ben-
eficial effects by positively affecting plant
growth and resistance against foliar plant
pathogens—a process known as induced
systemic resistance (ISR).* Inducible
defense responses triggered by the foliar
pathogen Pseudomonas syringae pv. tomato
DC3000 included the induction of root
secretions such as L-malic acid that effec-
tively recruited a PGPR strain, Bacillus sub-
tilis FB17, in Arabidopsis roots.’ Second,
herbivore attacks on plants trigger the
induction of distinct resistance responses
referred to as “indirect defenses.” In
addition to the “direct defense” reaction
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Figure 1. Putative model of plant-mediated aboveground to belowground communication and vice versa during the induction of systemic resistance
via tritrophic (insect-plant-rhizobacteria) interactions. (A) A plant under normal condition. (B) Whitefly infestation elicits plant systemic defenses
against leaf and root pathogens. Chemical cues from root exudates secreted from AG whitefly infestation trigger the recruitment of beneficial mi-
crobes including saprophytic fungi, Gram-positive bacteria and actinomycetes. (C) The induction of systemic resistance by colonization by beneficial
microbes confers plant self-protection against subsequent herbivore attacks.

mediated by the de novo production of
toxic secondary compounds against ene-
mies, plants also defend themselves by
releasing  volatile organic compounds
(VOCGCs) or extrafloral nectar (EFN) to
attract natural enemies (carnivores) of the
herbivores AG.” Third, as plant root exu-
dates function as BG signaling molecules
that affect the composition of rhizosphere
microbial populations,® certain rhizobac-
teria express antifungal-associated genes
such as the 2,4-diacetylphloroglucinol
biosynthesis gene phlA. The expression of
these genes is in turn influenced by root
exudates, which are modulated by soil-
borne fungal infections.”

In prior studies, only one-way signal
transduction was considered, such as AG
to BG, AG to AG or BG to BG (Fig. 1).1°%*
The above three examples provide evidence
of induced resistance against the same or a
similar group of organisms, such as resis-
tance against insects by insects, or against
microbes by microbes. However, there
are few studies addressing insect-microbe
combinations during the elicitation of
induced resistance. More specifically, indi-
rect defenses by symbiotic root interactions
AG were found, such as the volatile blends
released by plants with arbuscular mycor-
thizal fungi, which were more attractive
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to aphid parasitoids than the blends from
plants without mycorrhiza.® The BG to
AG defense responses of plants are not
limited to arbuscular mycorrhizal fungi
against herbivores. In addition to mycor-
rhiza-altered insect feeding preferences, a
combination of Pseudomonas spp. strains
affected the development of leaffolder pest
and actively enhanced resistance against
leaffolder attack by triggering the synthe-
sis of systemic defense enzymes such as
chitinase and proteinase inhibitors in rice
plants.” Bacillus sp. PGPR strain treat-
ment of tomato triggered ISR to Zomato
mottle virus under natural conditions by
reducing the population of the silverleaf
whitefly vector.!®

Recently, we found another type of
induced resistance response: bidirectional
signal exchanges between AG and BG
(Fig. 1).” Our study demonstrated that
the phloem feeding whiteflies can induce
systemic resistance against both a leaf
bacterial pathogen and a soil-borne bacte-
rial pathogen. A similar study using the
whitefly as an AG feeding insect to test the
induction of plant defenses only observed
its effects against conspecific insect her-
bivore competitors AG." However, in our
study, foliar attack by the whitefly not
only elicited AG resistance against a leaf
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pathogenic bacterium, Xanthomonas axo-
nopodis pv. vesicatoria, but also enhanced
resistance against the soil-borne patho-
genic bacterium, Ralstonia solanacearum.
The induction of systemic resistance was
confirmed by significant upregulation of
the SA and JA defense signaling pathway
marker genes, Capsicum annuum patho-
genesis-related  protein (CaPR)1, CaPR4,
CaPR10 and Ca protease inhibitor (CaPIN)
in both leaves (AG) and roots (BG) after
whitefly feeding. Interestingly, AG white-
fly feeding significantly increased the pop-
ulation density of beneficial BG microflora
including Gram-positive bacteria, actino-
mycetes and saprophytic fungi that may
induce systemic resistance (Fig 1).f Among
BG microbial groups, several Gram-
positive Bacillus sp. strains significantly
elicited plant systemic defenses against the
whitefly population in the tomato field.!®
Our studies provide a new understanding
of tritrophic (insect-plant-PGPR) inter-
actions and their role in the induction of
defense mechanisms. In the near future, it
will be important to define plant defense
signaling molecules from AG to BG and
to dissect the signaling transduction path-
ways using “omics” technology to reveal
the mechanisms by which plants protect
themselves against enemy attacks.
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