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Summary

1. Upon facing biotic stresses, plants orchestrate defence mechanisms via internal and external

mechanisms that are mediated by signalling molecules such as salicylic acid, jasmonic acid, ethylene

and various other volatile compounds. Although pathogen- and chemical-induced plant resistance

has been studied extensively within the same plant compartment, the effects of above-ground (AG)

insect-elicited plant defence on the resistance expression in roots and the below-ground (BG)micro-

bial community are not well understood.

2. We assessed the effect of AG whitefly (Bemisia tabaci) attack on the elicitation of induced

resistance against a leaf pathogen, Xanthomonas axonopodis pv. vesicatoria, a soil-borne pathogen,

Ralstonia solanacearum, and on BG modifications of the rhizosphere microflora in peppers

(Capsicum annuum).

3. Symptom development caused by the two bacterial pathogens on leaves and roots was signifi-

cantly reduced in whitefly-exposed plants as compared to controls. A combined treatment with ben-

zothiadiazole (BTH) and whitefly caused an additive effect on induced resistance, indicating that

whitefly-induced plant defence can utilize salicylic acid (SA)-dependent signalling. To obtain further

genetic evidence of this phenomenon, we evaluated the gene expression of Capsicum annuum patho-

genesis-related protein (CaPR) 1, CaPR4, CaPR10 and Ca protease inhibitor II, and observed

increased expression after BTH and ⁄or whitefly treatment indicating that AG whitefly infestation

elicited SA and jasmonic acid signalling in AG and BG. Since the expression pattern of PR genes in

the roots differed, we assessedmicrobial diversity in plants treated with BTH and ⁄or whitefly.
4. In addition to eliciting BG defence responses, a whitefly infestation of the leaves augmented the

population of root-associatedGram-positive bacteria and fungi, whichmay have positively affected

plant growth and induced systemic resistance. Whitefly feeding reduced plant size, which usually

occurs as a consequence of the high costs of direct resistance induction.

5. Synthesis. Our results demonstrate that whitefly-induced resistance against bacterial pathogens

can cross the AG–BG border and may cause further indirect benefits on future plant development,

because it can positively affect the association or plant roots with putatively beneficial micro-

organisms.
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Introduction

Plants have developed general and specific defence mecha-

nisms to protect themselves from pathogens and insects in

nature (Smith, De Moraes & Mescher 2009). Such defence

mechanisms can be classified broadly as constitutive and

induced resistance (Pieterse et al. 2009). Induced resistances

can be expressed in response to feeding by herbivores or infec-

tion by pathogens and are mainly regulated by salicylic acid

(SA)-, jasmonic acid (JA)- and ethylene (ET)-dependent sig-

nalling pathways, which are interconnected by complex signal-

ling networks and cross-talk phenomena (Pieterse et al. 2009).

Once induced, most resistance traits are not only expressed

locally but also in more or less distant tissues. This long-dis-

tance signalling can be mediated by classical hormones such as

JA, SA and their derivatives, whichmove through the vascular

system of the plant, but plants may also use volatile signals to

achieve a faster signalling or to circumvent vascular restric-

tions (Heil & Ton 2008). This volatile-mediated resistance can

be directed against herbivores (Heil & Karban 2010) and

pathogens (Yi et al. 2009).

Considering this multitude of resistance phenomena and

their systemic nature, plants require a biologically and envi-

ronmentally sensitive control of the chemical nature, the levels

and the sites of resistance expression. First, resistance expres-

sion against herbivores or pathogens may use limited

resources and can then cause significant allocation costs

(Baldwin 1998; Agrawal 2000; Heil et al. 2000; Heil & Bald-

win 2002; Cipollini & Heil 2010). Second, resistance to one

type of attacker can increase the susceptibility of the plant to

another attacker, thereby causing significant ecological costs.

For example, JA-mediated responses are usually directed

against herbivores and necrotrophic pathogens, whereas SA-

mediated systemic acquire resistance (SAR) responses are

active against biotrophic pathogens (Stout et al. 1999; Bo-

stock 2005). Many scientists observed a trade-off between

SA-mediated and JA-mediated resistance responses (Heil &

Bostock 2002; Thaler, Fidantsef & Bostock 2002). For exam-

ple, pathogen-elicited SAR against the anthracnose fungus

Colletotrichum orbiculare was associated with increased feed-

ing preference by the cucumber beetle, Diabrotica undecim-

punctata, and an increased reproduction rate of melon

aphids, Aphis gossypii (Moran 1998). Similarly, tobacco

plants challenged with tobacco mosaic virus (TMV) were

more susceptible to grazing by tobacco hornworm (Manduca

sexta) larvae than untreated control plants (Preston et al.

1999), and infection with white mould, Sclerotium rolfsii, pro-

moted feeding behaviour by Spodoptera exigua in peanut

plants (Cardoza, Alborn & Tumlinson 2002).

Because most systemic responses are mediated by long-dis-

tance signals (Heil & Ton 2008) they can cross the AG–BG

border, meaning that interactions of the aerial parts of the

plant with its enemies or mutualists can change the resistance

status of the roots and vice versa. The resulting patterns are

highly complex. For example, feeding on roots by herbivores

can increase or decrease the resistance level of the aerial parts

of the plant and vice versa (van Dam & Heil 2011).

Furthermore, the resulting effects can cross the border of feed-

ing guilds and phyla, meaning that, for example, AG damage

by herbivores can mediate root resistance to microorganisms

whereas mutualistic associations with soil microorganisms can

interfere with the resistance against leaf feeders (van Dam &

Heil 2011). For example, many strains of rhizospheremicrobes

referred to as plant growth-promoting rhizobacteria ⁄ fungi
(PGPR ⁄PGPF) exhibit beneficial effects on the plant as they

positively affect plant growth and also the resistance level of

the AG parts against pathogens – a process known as induced

systemic resistance (ISR) (Kloepper, Ryu & Zhang 2004;

Kloepper & Ryu 2006; Shoresh, Harman & Mastouri 2010).

This ISR appears to depend mainly on JA rather than SA sig-

nalling and can therefore also affect the resistance to insects;

these results can be highly complex. For example, colonization

of Arabidopsis roots by Pseudomonas fluorescens strain

WCS417r did not result in any difference in themeanweight of

the specialist herbivorePieris rapae larvae or average pupation

time, but significantly reduced the weight gain of the generalist

herbivore Spodoptera exigua on systemic leaves (Van Oosten

et al. 2008). The treatment of rice under field conditions with a

mixture of three Pseudomonas fluorescens strains reduced the

damage of the leaffolder, Cnaphalocrocis medinalis (Sarava-

nakumar et al. 2007).

In summary, the outcomes of AG–BG interactions are

highly complex and general patterns are difficult to predict

(van Dam & Heil 2011). Generalizations are particularly diffi-

cult because the current knowledge is based on a multitude of

different study systems and because most studies were con-

ducted exclusively at the level of phenotypes. Our current

study focuses, therefore, on one plant species and one AG

insect attacker. We used whitefly as the infesting insect, an

attacker that is known to elicit SA-dependent resistance

responses in plants and that, therefore, is prone to elicit effects

on representatives of different phyla. Several recent studies

demonstrated enhanced resistance to pathogens following

feeding by insects such as whiteflies with a sucking mode of

feeding because phloem-feeding insects like whiteflies and

aphids can induce biochemical responses similar to those

induced by pathogens (Walling 2008). For comparison, we

elicited resistance also chemically, applying benzothiazole

(BTH), a well-known mimic of SA in plant resistance

responses (Bostock 2005). The induction of resistance was

confirmed by whitefly infestation-elicited upregulation of

transcriptional expression of Capsicum annuum pathogenesis-

related (CaPR)1 for an SA-responsive signalling pathway

(Kim & Hwang 2000; Yang, Yu & Ryu 2009), CaPR4 for

ET ⁄ JA-responsive signalling (Park et al. 2001; Yang, Yu &

Ryu 2009), CaPR10 for SA ⁄ET ⁄ JA-responsive signalling

(Park et al. 2004), and Capsicum annuum protease inhibitor II

(CaPIN II) for mainly JA-responsive signalling (Shin et al.

2001; Song, Kim & Lee 2005). Resistance was induced above-

ground by whitefly infestation and ⁄or BTH to study the bio-

logical effects on both a shoot- and a root-infecting bacterial

pathogen and on potentially mutualistic soil microorganisms

as well as the resulting changes in gene expression patterns

both in the AG and the BG compartment. Our results suggest
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that whitefly-elicited plant defence involves SA-dependent sig-

nalling and modulates BG defence responses and the micro-

bial composition of the rhizosphere.

Materials and methods

STUDY ORGANISMS

We used pepper (Capsicum annuum L. cv. Bukwang) as the study

plant because it interacts with multiple enemies and mutualists repre-

senting different guilds and because genetic tools allow the analysis

of gene expression patterns under different conditions. Whitefly

(Bemisia tabaci) that naturally occurred in the greenhouse inDaejeon,

South Korea, in 2008–2010 was used as the biological inducer. The

whitefly was maintained on tomato plants (Solanum lycopersicum cv.

Solar set). To investigate for cross-phyla induced resistance against

bacteria above and below ground, we challenged Xanthomonas

axonopodis pv. vesicatoria (Yang, Yu&Ryu 2009), a causal pathogen

of bacterial spot disease on the leaves, and Ralstonia solanacearum, a

causal pathogen for bacterial wilt in the roots of various species of the

Solanaceae (Lafortune et al. 2005) at 1 week after whitefly exposure.

For comparing the root colonizing microorganisms in the rhizo-

sphere, each whole root system was cleaned to remove soil particles

and then placed in a 250-mL Erlenmeyer flask containing 100 mL of

0.1 MMgSO4, which was vigorously stirred with a shaking incubator

at 30 �C for 30 min at 1 week after whitefly exposure. The popula-

tions of bacteria and fungi were determined as root colonization

capacity by plating on 1 ⁄ 10 strength TSA (tryptic soy broth agar,

BactoTMTryptic Soy Broth, BD, Sparks,MD,USA) for the selection

of Gram-negative, Gram-positive, actinomycetes and total bacteria

and on PDA (potato dextrose broth agar, DifcoTM Potato Dextrose

Broth, BD, Sparks, MD, USA) for fungi population by the dilution

plating method and by incubating plates for 3 days at 30 �C. Water

treatment was used as negative control. We measured the population

density of total bacteria that grew on the 1 ⁄ 10 TSA medium without

any antibiotics, Gram-negative bacteria (addition of 10 lg mL)1

vancomycin to the media to inhibit growth of Gram-positive bacte-

ria), Gram-positive bacteria (heat treatment at 50 �C for 30 min to

kill Gram-negative bacteria and fungal spores) and actinomycetes

(heat treatment at 50 �C for 30 min to kill Gram-negative bacteria

and fungal spores), and on the PDA medium for fungi growth by

addition of 100 lg mL)1 rifampicin to the media to inhibit growth of

whole prokaryotes. The Gram-positive bacteria and actinomycetes

were differentiated according to colonymorphology and growth rate.

The all colony forming units (cfus) that grew on each semi-selected

mediumwere counted from roots and calculated actual bacteria.

PLANT GROWTH CONDIT IONS AND PATHOGEN

CHALLENGE

The seedsofCapsicumannuumwere surface-sterilizedwith6%sodium

hypochlorite,washed four timeswith sterile distilledwater (SDW)and

thenmaintained at 25 �Cfor 3days until germination.Thegerminated

seeds were then planted on natural pepper field soil that composited

sand and silt loam soil obtained from the KRIBB greenhouse facility,

Daejeon, SouthKorea. Plants were grown at 25±2 �Cunder fluores-

cent light (12 h ⁄ 12 h day ⁄ night cycle, c. 7000 L · light intensity) in a

controlled-environment growth room. Two-week-old pepper plants

were drenchedwith either 10 mL solution of 0.5 mMbenzo(1,2,3)thi-

adiazole-7-carbothioic acid S-methyl ester (benzothiadiaz-

ole = BTH) (Syngenta, Research Triangle Park, NC,USA) or sterile

water. Each plant was put into a transparent acrylic plastic cylinder

(diameter = 15 cm, height = 50 cm and thickness = 3 mm) open

at the top and bottom. Then, the top and bottom of the cylinder were

covered with nylon stocking. For the whitefly infection treatment, the

topwas left uncovered forhalf of theplants toallowwhiteflies toaccess

the plants. Before each pathogen challenge, we determined whitefly

numbers at 11 am by taking a picture of the leaf where the whiteflies

were placed (Fig. 1). The average whitefly infestation was uniform

across thevariousexperiments.After1week,all plantswere inoculated

with Xanthomonas axonopodis pv. vesicatoria on Luria-Bertani (LB,

Duchefa,Haarlem, theNetherlands) agarorwithRalstonia solanacea-

rum on PGCmedium (10 g peptone, 5 g glucose, 1 g pancreatic digest

of casein and 17 g agar per 1 L). For experimental use, bacteria were

scraped fromplatesand resuspended in sterilewater.Thebacterial sus-

pensions were adjusted to 106 cfu mL)1 based on optical density and

injected into pepper leaves using a 1-mLneedle-less syringe (DooWon

Meditec Co., Kim je, South Korea). Disease severity (0–5) was mea-

sured 7 days after pathogen challenge as described previously (Yang,

Yu & Ryu 2009). This experiment was designed as a completely ran-

domized design with 10 replications and was independently repeated

four times. Ralstonia solanacearum, a causal pathogen for bacterial

wilt on diverse Solanaceae family plants, was drench-applied to the

roots of pepper plants at 7 days after whitefly infestation. The disease

rate was quantified as follows: 0 = no symptom, 1 = weak chlorosis

of the newly developed leaves, 2 = 3–6 top leaves showed chlorosis,

3 = chlorosis was developed downward from the top leaves and

crownpart (near the soil around the stem)was showedearlywilt symp-

tom,4 = all leavesexcept the2–3 lower leaves showedwilt phenotype,

5 = fullydevelopedwilt of thewholeplant.

WHITEFLY EFFECTS ON PLANT GROWTH

To test the effect of whiteflies and BTH on the growth rates of pepper

plants, shoot length, shoot dry weight and root dry weight were mea-

sured 7 days after pathogen challenge as described previously (Yang,

Yu&Ryu 2009). The experimentwas repeated four timeswith 10 rep-

lications.

QUANTITATIVE RT-PCR

To obtain molecular evidence for whitefly-elicited gene expression

related to bacterial resistance in pepper, we employed qRT-PCR. The

Fig. 1. Representative photograph of whitefly infestation on a pepper

leaf. The picture was taken 7 days after whitefly exposure.
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relative mRNA expression of CaPR1, CaPR4, CaPR10 and CaPIN

II, previously reported during incompatible pathogen-elicited SAR

and PGPR-elicited ISR, was measured in the leaves and roots (Park

et al. 2001, 2002, 2004; Yang, Yu & Ryu 2009). Total RNA was iso-

lated from leaf and root tissues treated with whitefly, water,

BTH + whitefly and BTH at 1 week after each treatment according

to the protocol described byYang, Yu&Ryu (2009). Total RNAwas

treated with 1 U RNase-free DNase (Promega, Madison, WI, USA)

for 10 min at 37 �C and subjected to a second round of purification

using the TRI reagent. First-strand cDNA synthesis was carried out

in 1 lg DNase-treated total RNA, oligo-dT primer and Moloney

murine leukaemia virus reverse transcriptase (MMLV-RT, Enzy-

nomics, Daejeon, SouthKorea). All PCRswere carried out according

to the manufacturer’s instructions. The candidate priming gene was

analysed using the following primers: 5¢-ACTTGCAATTATGATC-

CACC-3¢ (CaPR1-F) and 5¢-ACTCCAGTTACTGCACCATT-3¢
(CaPR1-R). Additional genes and the primer sets used to detect

them are as follows: CaPR4, 5¢-AACTGGGATTTGAGAACTGC-

CAGC-3¢and5¢-ATCCAAGGTACATATAGAGCTTCC-3¢;CaPR10,
5¢-ATGTTGAAGGTGATGGTGGTGCTG-3¢ and 5¢-TCCCTTA
GAAGAACTGATACAACC-3¢; and CaPIN-II, 5¢-CTCGGAATT

GTGATACAAGA ATTGC-3¢ and 5¢-AAGGTACGTACGGC

TGCTTCTTTAC-3¢. As a control, to ensure that equal amounts of

RNA were analysed in each experiment, we also analysed CaActin

using the primers 5¢-TTGGACTCTGGTGATGGTGTG-3¢ and

5¢-AACATGGTTGAGCCACCACTG-3¢. Candidate priming

genes were amplified from 100 ng of cDNA by PCR using an

annealing temperature of 55 �C. Amplified PCR products were

separated by 2% agarose gel electrophoresis. A Chromo4 real-time

PCR system (BIO-RAD) was used to carry out qRT-PCR. Reaction

mixtures (20 lL) contained 10 lL of 2 · Brilliant SYBR Green

QPCR master mix (BIO-RAD), cDNA and 100 pm of each primer.

The thermocycle parameters were as follows: initial polymerase

activation, 10 min at 95 �C, and then 40 cycles of 30 s at 95 �C, 60 s
at 55 �C and 30 s at 72 �C. Conditions were determined by

comparing threshold values in a series of dilutions of the RT prod-

uct, followed by a non-RT template control and a non-template con-

trol for each primer pair. Relative RNA levels were calibrated and

normalized to the level of CaACT1mRNA (GenBank accession no.

AY572427).

DATA ANALYSIS

Data were subjected to analysis of variance using jmp software ver. 4.0

(SAS Institute Inc., Cary, NC, USA; URL: http://www.sas.com).

The significance of direct and indirect biological or chemical treat-

ment effects was determined by the magnitude of the F-value at

P = 0.05. When a significant F-value was obtained for treatments,

separation of means was accomplished using Fisher’s protected least-

significant difference (LSD) atP = 0.05. Results of repeated trials of

each experiment outlined above were similar. Hence, one representa-

tive trial of each experiment is reported.

Results

DEFENCE INDUCTION BY WHITEFLY ATTACK

An initial experiment was conducted in natural soil (silt loam)-

grown pepper plants that were freely exposed to the whitefly

population in the greenhouse. The average number of white-

flies per leaf was 18±3.3 (Fig. 1). In leaves, symptomdevelop-

ment after bacterial inoculation was significantly reduced after

whitefly infestation and BTH treatment as compared to the

water control (Fig. 2). In water control plants, weak necrosis

appeared at 5 days after pathogen challenge on leaves, while

plants that received whitefly, BTH, or BTH + whitefly treat-

ment did not show any visible symptoms (Fig. 2a). At day 7,

severe necrosis was seen on the leaves of the control plants;

leaves inoculated with BTH or subjected to the whitefly alone

treatment showed mild necrosis and chlorosis and those sub-

jected to the BTH + whitefly treatment did only show mild

chlorosis (Fig. 2a,b). Statistical analysis of the disease severity

revealed a significant level of induced resistance after whitefly

feeding (anova: numerator d.f. = 3, denominator d.f. = 58,

F = 41.6662,P < 0.0001, n = 10).Post hoc analysis revealed

that the greatest resistance against Xanthomonas axonopodis

pv. vesicatoria was observed after BTH + whitefly treatment,

indicating an additive resistance effect of both treatments as

compared to BTH or whitefly treatment alone (Fig. 2b). The

average disease severities were ordered BTH + white-

fly < whitefly < BTH < water control (Fig. 2b). The quan-

tification of bacteria showed similar patterns (data not shown).

This whitefly-induced resistance effect crossed the AG–

BG border. Whitefly treatment significantly reduced the

number of wilted plants in response to challenging the roots

with Ralstonia solanacearum (disease incidence, data not

shown) and disease severity (anova: numerator d.f. = 3,

denominator d.f. = 36, F = 21.546, P < 0.0001, n = 10).

Leaves of control plants that had developed after the chal-

lenging treatment showed chlorosis symptoms that devel-

oped downwards to the mature leaves at 7–9 days after

pathogen inoculation. The whole plant showed typical wilt

symptoms. By contrast, all three resistance-induction treat-

ments (whitefly, BTH and whitefly + BTH) caused signifi-

cantly lower disease severities than the controls, although

no significant differences were observed among the various

induction treatments (Fig. 2c).

PLANT GROWTH AFFECTED BY WHITEFL IES

Quantifying shoot length, shoot dry weight and root dry

weight 1 week after treatment with whitefly, BTH, or both,

revealed that the seedling growth of whitefly-exposed pep-

pers was significantly decreased by 20% as compared to con-

trol plants (Fig. 3a,b). However, combined whitefly +

0.5 mM BTH treatment showed the greatest effect on plant

growth arrest among the four treatments, reducing growth

by as much as 53.8% as compared to whitefly or BTH treat-

ment alone (Fig. 3b). The shoot lengths of pepper seedlings

treated with whitefly or BTH alone did not statistically differ

from each other, but did significantly differ from control

and whitefly + BTH combination treatments (Fig. 3b). The

shoot dry weight showed similar patterns, with the exception

that BTH-treated plants showed no difference from those

subjected to the combination treatment (Fig. 3c). Unexpect-

edly, the root dry weight of whitefly-exposed seedlings was

greater than in other treatment groups (Fig. 3d). The root

dry weight of whitefly + BTH combination-treated plants
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did not significantly differ from that of control plants, but

was increased by 30% compared to BTH treatment alone.

Whitefly infestation increased root dry weight by as much as

1.6- and 3.7-fold, respectively, as compared to combination

or BTH treatment (Fig. 3d). The fresh weight of shoots and

roots showed similar patterns to those of the dry weight

(data not shown).

MOLECULAR EVIDENCE FOR SYSTEMIC DEFENCE

RESPONSE

To obtain molecular evidence for a whitefly-infestation-medi-

ated plant defence signalling pathway that confers resistance

against bacterial pathogens, we employed qRT-PCR. An

increased expression of CaPR1, CaPR4, CaPR10 and CaPIN
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IIwas previously reported under elicitation of an incompatible

pathogen-induced SAR condition and pharmaceutically

applied defence signalmolecules such as SA, JA, ET and absci-

sic acid (Kim&Hwang 2000; Shin et al. 2001; Park et al. 2001,

2004; Song et al. 2005). The transcriptional expression of three

genes CaPR1, CaPR4 and CaPIN II in the roots (Fig. 4) was

significantly induced by whitefly infestation compared to other

treatments, indicating that whitefly infestation significantly

activates BG defences. Similarly, in the leaves (the AG parts of

the plants), the transcriptional expressions ofCaPR1,CaPR10

and CaPIN II were significantly upregulated by whitefly infes-

tation (Fig. 4a,b,c,d). These results suggest that AG-feeding

by whitefly systemically elicited both SA- and JA ⁄ET-depen-
dent defence signalling pathways. BTH only induced the tran-

scription of CaPR1 and CaPR4 below ground and CaPR1,

CaPR10 and CaPIN II in the leaves (Fig. 4a,c). To further

assess the role of whitefly on the induction of defence signal-

ling, we evaluated whether the BHT + whitefly treatment

negatively or positively affects defence signalling. The SA- and

ET-dependent defence genes together with BTH + whitefly
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combination treatment synergistically activated CaPR1 and

CaPR4 respectively in the AG parts of the plants (Fig. 4a,b).

In contrast, under the same condition the JA response genes

CaPR10 and CaPIN II in the leaves were significantly

repressed compared with BTH or whitefly-alone treatments

(Fig. 4c,d).

CHANGE IN BELOW-GROUND MICROFLORA ELIC ITED

BY WHITEFLY CHALLENGE

The total number of soil-derived bacteria did not differ

among treatments, with the exception of the roots of BTH-

treated pepper plants, where total bacterial number

increased up to twofold. Above-ground whitefly attack of

peppers elicited no effect on the Gram-negative bacterial

population but did significantly (P < 0.05) increase the

number of Gram-positive and actinomycete bacteria and

fungi (Fig. 5b–e). The number of Gram-negative and

Gram-positive bacteria in BTH-treated pepper plants dif-

fered from that of water-control-treated plants, while other

treatments elicited no difference (Fig. 5b,c). To estimate the

additive effect of BTH and whiteflies, the combined

BTH + whitefly treatment was assessed. Compared to

BTH alone, the combined treatment led to a decreased

number of Gram-negative bacteria; other microbial counts

did not differ significantly (Fig. 5b).
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Discussion

The communication betweenAGand BGplant compartments

plays a critical role in the management of plant metabolism,

which can lead to changes in the defence machinery against

insect pests andmicrobial pathogens. Previously, many studies

have focused on the induction of resistance to an insect after

AG or BG infestation with the same or a different insect spe-

cies, and usually studies were conducted within the same com-

partment, i.e. looking for resistance in leaves after other leaves

have been challenged. Studies on rice (Kanno & Fujita 2003;

Kanno et al. 2005), watermelon (Russo et al. 1997) and

tomato (Mayer et al. 2002) demonstrated that AG insect feed-

ing can also change plant resistance against AG microbial

pathogens. Here, we demonstrate that the phenomenon of

cross-resistance among phyla can also cross the AG–BG bor-

der: insect feeding on leaves induced root resistance to BG

pathogens and also altered the populations of root-colonizing

(and potentially beneficial) bacteria.

This study demonstrates that feeding on leaves by phloem-

feeding insects can induce a systemic resistance against both a

leaf bacterial pathogen and a soil-borne bacterial pathogen.

A similar study using whitefly as an AG feeding insect to test

the alteration of plant defences only observed its effects against

AGpathogens (Mayer et al. 2002). In our study, whitefly infes-

tation elicited significant systemic resistance against bacterial

spot disease caused byXanthomonas axonopodis pv. vesicatoria

and bacterial wilt by Ralstonia solanacearum (Fig. 2). The

AG–BGaspect of this result confirms earlier results from other

study systems. For example, silverleaf whitefly (Bemisia argen-

tifolii)-infested Brassica sp. and tomato plants showed altered

pathogen resistance and resistance-related protein accumula-

tion in leaves and reduced AG disease incidence of the bio-

trophic fungus powdery mildew (Erysiphe cichoracearum) but

did not affect the TMV titre (Mayer et al. 2002).

These results do not appear too surprising: the induction of

plant resistance by phloem-feeding insects resembles microbial

pathogen-elicited SAR more than herbivore-induced resis-

tance, because phloem-feeding insects cause minimal mechani-

cal damage to plants. A biochemical study revealed that

whitefly feeding augmented the level of SA-induced pathogen-

esis-related proteins such as chitinase and peroxidase (Mayer

et al. 2002; Gorovits et al. 2007). Among the genes that previ-

ously had been reported as being activated during incompati-

ble pathogen-elicited SAR and PGPR-elicited ISR in pepper

(CaPR1, CaPR4, CaPR10 and CaPIN II), only CaPR4

expression in the leaves did not differ between whitefly-treated

and control plants (Yang, Yu & Ryu 2009; Fig. 4). In our

study, whitefly feeding on leaves augmented pepper defence

genes CaPR1, CaPR4, CaPR10 and CaPIN II in roots. The

qRT-PCR analysis of these molecular marker genes for SAR

in pepper revealed that the CaPR1 gene was significantly

upregulated by whitefly in the above- and below-ground parts:

CaPR1 indicates the induction of SA-dependent signalling. By

contrast, CaPR4, which reflects ET ⁄ JA-dependent signalling,

was induced in BG parts of the plant compared to the control

treatment and expression of the JA-responsive gene CaPIN II

in both AG and BG parts of plants was significantly increased

by whitefly treatment (Fig. 4b,d). Therefore, induced resis-

tance to whiteflies shares similarities to plant reactions against

microbial pathogens via SA and JA ⁄ET-dependent pathways
(Walling 2000; Kaloshian & Walling 2005). Whitefly infesta-

tion resulted in the induction of resistance against Xanthoma-

nas axonopodis pv. vesicatoria, which requires the expression of

CaPR1, CaPR10 and CaPIN II. However, the induction of

systemic resistance against Ralstonia solanacearum involves

the CaPR1, CaPR4 and CaPIN II genes. CaPR1 and CaPIN

II are common to both pathways and may play a critical role

in whitefly-elicited systemic resistance against bacterial patho-

gens. It is noteworthy that expression of CaPIN II, which was

reported to be a JA-responsive gene in another model plant,

was related to resistance against necrotropic pathogens such as

Alternaria spp. and Botrytis spp. because induction of SA sig-

nalling is thought to cause resistance against biotropic and

semi-biotropic pathogens such as most bacterial pathogens

and oomycetes (Pieterse et al. 2009). It is also striking that the

combined treatment of whitefly + BTH significantly acti-

vated a SA-responsiveCaPR1 gene but repressed a JA-respon-

sive CaPIN II suggesting that whitefly infestation additively

induce SA signalling, resulting in the inhibition of JA signalling

probably by antagonizing defence signalling between SA and

JA defencemechanisms (Pieterse et al. 2009).

By contrast, althoughmany recent studies have reported the

induction of resistance against microbial pathogens following

feeding by insects, our study appears the first to clearly demon-

strate an AG–BG effect: insect infestation of the leaves caused

the induction of systemic resistance against soil-borne patho-

gens. Moreover, the same infestation treatment changed the

microflora in the rhizosphere. Because we observed an

increased root biomass of the whitefly-infested plants (Fig. 3d)

this effect may be a consequence of a plant tolerance mecha-

nism. When suffering from damage to the AG parts, many

plants re-allocate important resources to the roots, which can

have positive effects on the associated organisms. Such effects

can lead to a facilitation of root feeders after folivory (Kaplan

et al. 2008) but might also affect mutualistic soil microorgan-

isms (this study). As speculated by van Dam and Heil (2011),

effects seen in one compartment after resistance induction in

the other compartment can result both from systemic resis-

tance responses and from side-effects of other physiological

changes. Our data now demonstrate that both effects can

occur in response to the same infestation event.

Our results further indicate that whitefly or BTH treatment

reduced plant growth via the strong activation of plant defence

genes, leading to allocation costs (Heil & Baldwin 2002). Nega-

tive effects of BTH treatment on plant growth rate and other

fitness-relevant parameters have been reported from other sys-

tems [Heil et al. 2000; Yi et al. 2009; see Heil &Walters (2009)

for a recent review] but were usually not directly correlated

with altered gene expression patterns. Our study adds further

data to the growing body of evidence for multiple physiologi-

cal and ecological changes that plants suffer after whitefly

infestation. Whiteflies can directly deplete plant reserves,

reduce primary production, and cause phytotoxic effects, and
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can also cause secondary damage through honeydew excretion

that enables sooty mould development, blocks sunlight and

reduces photosynthesis in zucchini and cotton (Yee et al. 1996;

Henneberry et al. 1996; Chen et al. 2004), indicating that

whiteflies may modify basic physiological plant processes. The

additive effect on AG plant growth parameters of the

BTH + whitefly treatments clearly supported our hypothesis

(Fig. 3). For example, Bemisia tabaci causes increased stoma-

tal resistance, reduced transpiration and photosynthesis rates,

reduced chlorophyll content in tomato leaves and reduced net

photosynthesis rates resulting in interference with the accumu-

lation of soluble sugars in infested leaves (Buntin, Gilbertz &

Oetting 1993; Lin, Schwartz & Saranga 1999; Lin et al. 2000).

More intriguingly, whitefly infestation of the leaves led to sig-

nificant changes in the population dynamics of rhizosphere

microbes. In our study, the number of Gram-positive and fun-

gal colonies isolated from whitefly-treated pepper roots was

higher than that isolated from the control (Fig. 5c,d). The

results of the BTH + whitefly combination treatment suggest

that BTH had an additive effect onGram-positive bacteria but

not on fungal population. However, whitefly infestation did

not exert any influence on the total and Gram-negative bacte-

ria population. Only a slight, not significant difference was

observed between whitefly and control treatments (Fig. 5b).

Our results demonstrated that insect attack on AG tissue leads

to direct effects on the Gram-positive and fungal microbial

flora in the BG compartment.

Many strains of PGPR ⁄PGPF elicited ISR against insect

infestation (Mayer et al. 2002; Kloepper, Ryu & Zhang 2004;

Shoresh et al. 2010).We speculate that leaf whitefly infestation

may be augmented the secretion of root exudates, which may

recruit beneficial Gram-positive bacteria and fungi such as

PGPR and PGPF. The patterns in the populations of actino-

mycetes and fungi coincide with the increased root dry weight

seen after whitefly infestation and are therefore likely a conse-

quence of the increased allocation of assimilates to roots, a

response that might serve as a tolerance mechanism. It is also

noteworthy that BTH drench-application on the soil dramati-

cally increased total and Gram-negative bacterial populations,

but not Gram-positive and fungal populations, indicating that

BTH and whitefly treatment elicited different changes in the

population dynamics of the targeted microbes. Overall, the

pattern of Gram-negative bacterial populations was the con-

verse to the Gram-positive populations. Gram-negative bacte-

ria were the lowest and Gram-positive bacteria the highest

with combination treatment.

In summary, we report that foliar attack by a sap-sucking

insect not only elicited AG resistance against a leaf pathogenic

bacterium, Xanthomonas axonopodis pv. vesicatoria, but also

manipulated the composition of the BG microflora and

enhanced resistance against the soil-borne pathogenic bacte-

rium, Ralstonia solanacearum. Systemic defence signalling

apparently involved SA, JA andET, because qRT-PCR analy-

ses revealed increased expression levels of each hormone

responding genes by whitefly infestation on the leaves. White-

fly feeding on the leaves led to significant upregulation of

CaPR1, CaPR4, CaPR10 and CaPIN II genes in the roots,

indicating AG-mediated induction of systemic defence genes

below ground. In addition to AG whitefly-elicited BG-defence

responses, the microflora in the rhizosphere of pepper roots

was altered, with increased populations of Gram-positive bac-

teria and fungi that may positively affect future plant growth

and systemic resistance. Our results provide new insights into

understanding the molecular basis of plant-mediated AG and

BG communication, particularly the increase of BG defence

mechanisms and beneficial microorganism populations after

AG attack by sucking insects, which may help to prepare the

plant for subsequent pathogen or herbivore attack.

Acknowledgements

We thank the Handling Editor for critical reading the manuscript and Dr Doil

Choi for providing Xanthomonas axonopodis pv. vesicatoria. Financial support

from BioGreen21 Program (Code#20070401034005) from Rural Development

Administration, Basic Science Research Program through the National

Research Foundation of Korea (NRF) funded by the Ministry of Education,

Science and Technology (2010-0011655), the Industrial Source Technology

Development Programof theMinistry of Knowledge Economy (TGC0281011)

of Korea, the 21C Frontier Microbial Genomics and Application Center Pro-

gram, Ministry of Education, Science and Technology, and KRIBB initiative

program, SouthKorea, is gratefully acknowledged.

References

Agrawal, A.A. (2000) Benefits and costs of induced plant defense for Lepidium

virginicum (Brassicaceae).Ecology, 81, 1804–1813.

Baldwin, I.T. (1998) Jasmonate-induced responses are costly but benefit plants

under attack in native populations. Proceedings of the National Academy of

Sciences of the USA, 95, 8113–8118.

Bostock, R.M. (2005) Signal crosstalk and induced resistance: straddling the

line between cost and benefit. Annual Review of Phytopathology, 43, 545–

580.

Buntin, G.D., Gilbertz, D.A. & Oetting, R.D. (1993) Chlorophyll loss and gas

exchange in tomato leaves after feeding injury byBemisia tabaci (Homopter-

a, Aleyrodidae). Journal of Economic Entomology, 86, 517–522.

Cardoza, Y.J., Alborn, H.T. & Tumlinson, J.H. (2002) In vivo volatile emis-

sions from peanut plants induced by simultaneous fungal infection and

insect damage. Journal of Chemical Ecology, 28, 161–174.

Chen, J., McAuslane, H.J., Carle, R.B. &Webb, S.E. (2004) Impact of Bemisia

argentifolii (Homoptera: Auchenorrhyncha: Aleyrodidae) infestation and

squash silverleaf disorder on zucchini yield and quality. Journal of Economic

Entomology, 97, 2083–2094.

Cipollini, D. & Heil, M. (2010) Costs and benefits of induced resistance to her-

bivores and pathogens in plants. CAB Reviews: Perspectives in Agriculture,

Veterinary Science, Nutrition and Natural Resources, 10, No. 005.

van Dam, N.M. & Heil, M. (2011) Multitrophic interactions below and above

ground: en route to the next level. Journal of Ecology, 99, 77–88.

Gorovits, R., Akad, F., Beery, H., Vidavsky, F., Mahadav, A. & Czosnek, H.

(2007) Expression of stress-response proteins upon whitefly-mediated inocu-

lation of Tomato yellow leaf curl virus in susceptible and resistant tomato

plants.Molecular Plant–Microbe Interactions, 20, 1376–1383.

Heil, M. & Baldwin, I.T. (2002) Fitness costs of induced resistance: emerging

experimental support for a slippery concept. Trends in Plant Science, 7,

61–67.

Heil, M. & Bostock, R.M. (2002) Induced systemic resistance (ISR) in the con-

text of induced plant defences.Annals of Botany, 89, 503–512.

Heil, M. &Karban, R. (2010) Explaining evolution of plant communication by

airborne signals.Trends in Ecology & Evolution, 25, 137–144.

Heil, M. & Ton, J. (2008) Long-distance signalling in plant defence. Trends in

Plant Science, 13, 264–272.

Heil, M. &Walters, D. (2009) Ecological consequences of plant defence signal-

ing.Advances in Botanical Research, 51, 667–716.

Heil, M., Hilpert, A., Kaiser, W. & Linsenmair, K.E. (2000) Reduced growth

and seed set following chemical induction of pathogen defence: does systemic

acquired resistance (SAR) incur allocation costs? Journal of Ecology, 88,

645–654.

Leaf insects reshuffle root microflora and defences 55

� 2011 The Authors. Journal of Ecology � 2011 British Ecological Society, Journal of Ecology, 99, 46–56



Henneberry, T.J., Hendrix, D.L., Perkins, H.H., Forlow-Jech, L. & Burke,

R.A. (1996) Bemisia argentifolii (Homoptera: Aleyrodidae) honeydew and

honeydew sugar relationships to sticky cotton. Southwestern Entomologist,

25, 551–558.

Kaloshian, I. & Walling, L.L. (2005) Hemipterans as plant pathogens. Annual

Review of Phytopathology, 43, 491–521.

Kanno, H. & Fujita, Y. (2003) Induced systemic resistance to rice blast fungus

in rice plants infested by white-backed planthopper. Entomologia experimen-

talis et applicata, 107, 155–158.

Kanno, H., Satoh, M., Kimura, T. & Fujita, Y. (2005) Some aspects of induced

resistance to rice blast fungus,Magnaporthe grisea, in rice plants infested by

white-backed planthopper, Sogatella furcifera. Applied Entomology and

Zoology, 40, 91–97.

Kaplan, I., Halitschke, R., Kessler, A., Rehill, B.J., Sardanelli, S. & Denno,

R.F. (2008) Physiological integration of roots and shoots in plant defense

strategies links above- and belowground herbivory. Ecology Letters, 11,

841–851.

Kloepper, J.W. & Ryu, C.-M. (2006) Bacterial endophytes as elicitors of

induced systemic resistance. In: Soil Biology, Volume 9; Microbial Root

Endophytes (eds B. Schulz, C. Boyle & T.N. Sieber), pp. 33–52. Springer-

Verlag, Berlin.

Kim, Y.J. & Hwang, B.K. (2000) Pepper gene encoding a basic pathogenesis-

related 1 protein is pathogen and ethylene inducible. Physiologia Plantarum,

108, 51–60.

Kloepper, J.W., Ryu, C.-M. & Zhang, S. (2004) Induced systemic resistance

and promotion of plant growth by Bacillus spp. Phytopathology, 94, 1259–

1266.
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