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Abstract Aphid feeding induces various defense signal-
ing mechanisms in plants. The recognition of feeding
activities by plants occurs through the use of transmem-
brane pattern recognition receptors (PRRS) or, acting lar-
gely inside the cell, polymorphic nucleotide-binding
leucine-rich-repeat (NB-LRR) protein products, encoded
by most R genes. Activation may induce defensive reac-
tions which are the result of highly coordinated sequential
changes at the cellular level comprising, among other
changes, the synthesis of signaling molecules. The ensuing
plant responses are followed by the transmission of defense
response signal cascades. Signals are mediated by bioactive
endogenous molecules, i.e. phytohormones, such as jas-
monic acid (JA), salicylic acid (SA), ethylene (ET),
abscisic acid (ABA), gibberellic acid (GA) and free radi-
cals such as hydrogen peroxide (H,O,) and nitric oxide
(NO) which independently provide direct chemical resis-
tance. Plant-induced defenses are also regulated by a net-
work of inter-connecting signaling pathways, in which JA,
SA, and ET play dominant roles. Both synergistic and
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inhibitory aspects of the cross-talk among these pathways
have been reported. This paper presents molecular mech-
anisms of plant response to aphid feeding, the precise
activation of various endogenous bioactive molecules sig-
naling in the response of many plant species and their
participation in the regulation of numerous defense genes,
which lead to a specific metabolic effect. Selected impor-
tant points in signal transduction pathways were also dis-
cussed in studies on plant response to aphid feeding.
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Abbreviations

JA Jasmonic acid

SA Salicylic acid

ET Ethylene

ABA  Abscisic acid

GA Gibberellic acid
H,O, Hydrogen peroxide
NO Nitric oxide

Introduction

The plant—aphid interaction is a dynamic system subjected
to continual variation and change (Mello and Silva-Filho
2002). In this system, aphids evolve and develop many
strategies to overcome plant defense barriers which allow
them to feed, grow and reproduce on their host plants. The
first activity of aphids is to determine if a plant is suitable
for them or not. The cues winged aphids use to decide on
landing are both visual and chemical (Pettersson et al.
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2007). After landing on a plant, aphids ingest phloem sap
from their hosts through narrow piercing-sucking mouth-
parts called stylets. During probing, aphids’ stylets tran-
siently puncture the epidermis, mesophyll, and parenchyma
cells to the phloem, and this mechanical damage may
influence plant responses to infestation (Tjallingii and
Hogen Esch 1993). Aphids regularly puncture cells along
the stylet pathway and ingest cytosolic samples. Aphids of
all ages use 75% of their total stylet length to reach the
phloem (Elliott and Hodgson 1996). The aphid stylet
pathway is intercellular before the phloem is reached and
brief symplast punctures are very frequent (Tjallingii and
Hogen Esch 1993). Aphids penetrate plant tissues primarily
via the intracellular route and their impact on the host is
thought to be largely due to a reduction of the photosyn-
thesis process, withdrawal of plant sap and injection of
saliva. Aphid probing may be influenced by changes in the
chemical content of the sieve element sap or by physio-
logical changes induced by aphid saliva (Prado and
Tjallingii 1997; Hays et al. 1999; Telang et al. 1999; Ponder
et al. 2001). Aphids secrete a proteinaceous salivary sheath
that lines the stylet path, as well as watery saliva that con-
tains numerous enzymes such as oxidases, pectinases and
cellulases, which cause cell wall breakdown (Goggin 2007).
Giordanengo et al. (2010) showed that transcriptional
reprogramming by aphids includes several genes involved
in cell wall metabolism and remodeling. Feeding on
Arabidopsis and Apium graveolens, B. brassicae and
M. persicae, respectively, induces systemic over-expression
of cell wall-associated protein kinases, pectin acetyl ester-
ase, expansin and cellulose synthase, while transcription
of pectin esterase inhibitors is down-regulated. It has also
been suggested that a common pattern may be found in
gelling saliva composition between different aphid species,
whereas watery saliva compositions differ considerably
(Will et al. 2009). Gelling saliva is primarily composed of
proteins (including phenoloxidases, peroxidases, pectinas-
es, f-glucosidases), phospholipids, and conjugated carbo-
hydrates. Watery saliva is a more complex mixture of
enzymes and other components, capable of eliciting plant
defense signals (Hori 1976; Baumann and Baumann 1995;
Urbanska et al. 1998; Miles 1999). Mutti (2006) also
reported that injected saliva may play a crucial role in the
prevention of the plant’s wound responses, but may also
elicit the plant’s reaction, resulting in damage during a later
stage of the infestation. The salivary enzymes of aphids are
similar to enzymes with identical functions in plants, i.e.
oxidases and enzymes that depolymerize polysaccharides,
and are injected in very small amounts relative to their
counterparts in the plant. Damage to plants triggers defen-
sive biochemical responses and it is suggested that the
injected enzymes serve mainly to divert or counter
responses at the immediate interface between the stylet and
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plant tissues (Miles 1999). Research into the identification
of M. persicae salivary proteins carried out by Harmel et al.
(2008) revealed the presence of glucose oxidase, glucose
dehydrogenase, NADH dehydrogenase, a-glucosidase and
o-amylase. Elicitors have also been discovered in the saliva
of some chewing insects: glucose oxidase in the saliva of
Helicoverpa zea, f-glucosidase in that of Pieris brassicae,
volicitin in the case of Spodoptera exigua and caeliferin in
Schistocerca americana. Both f-glucosidase and volicitin
have been found to induce the release of volatile organic
compounds which are attractive to the natural enemies of
attacking insects. Will et al. (2007) recently demonstrated
that aphid saliva also contains calcium (Ca*") binding
proteins and can reverse phloem occlusion, which is trig-
gered by a Ca*™ flux in response to wounding. The ability to
prevent sieve tube plugging is an important adaptation that
allows aphids to remain at a single feeding site for hours at a
time. Aphids seem to have developed a range of physical
and chemical measures to limit the amount of Ca*" influx in
response to stylet insertion and minimized by the minute
stylet volume. Turgor-dependent Ca”" influx, possibly
mediated by the mechanically sensitive Ca*" channels,
must therefore be limited. The components of the sheath
and watery saliva play a pivotal role in establishing physical
and chemical constraints on the rise of Ca®* concentration.
Most likely, sheath saliva prevents the influx of Ca®" from
the apoplast by sealing the stylet puncture site, while watery
saliva may prevent the plugging and sealing of sieve plates
by interaction with the components of sieve element sap.
The wound size alone, caused by the impalement of stylets
and microcapillaries with a tip diameter of 1 pm into sieve
elements, was compared and the consequences were
observed. However, the stylet puncture is readily sealed by
sheath saliva, which strongly reduces the influx of Ca®"
(Will and van Bel 2006).

The electrical penetration graph (EPG) technique facil-
itates electrical monitoring of plant penetration by aphids
with piercing mouthparts and the recording of signal
waveforms reflecting different insect activities such as
mechanical stylet work, saliva secretion and sap ingestion
(Tjallingii 2006). Four periods of salivary secretion have
been identified by EPG, i.e. one period of gelling salivation
and three periods of watery salivation: (1) intercellular
sheath salivation that envelops the stylet; (2) intracellular
salivation into cells along the stylet path; (3) initial phloem
salivation; and (4) phloem-feeding salivation (Cherqui and
Tjallingii 2000).

As described above, the signals responsible for the
activation of plant defenses to aphid feeding are not only
mechanical, but also chemical, through the action of par-
ticular molecules commonly called elicitors which are
present in saliva. Kus$nierczyk et al. (2008) reported that
the content of oral secretions may play a role in the
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recognition of the attacker by the plant; however, the dis-
ruption of cell wall and membrane integrity, either by
enzymes introduced through the penetrating stylet or sim-
ply by mechanical damage following the incursion, is
likely to be the first factor that triggers the plant response.

As economically important pests of agricultural crops,
aphids not only ingest phloem sap from host plants through
the narrow piercing-sucking mouth, but also cause much
damage. Common symptoms of aphid infestation found in
plants include gall-formation, chlorosis, necrosis, wilting,
stunting, and malformation of new growth (Guerreri and
Digilio 2008). Miles (1989) reported that the injection of
aphid saliva can be extremely toxic to plants around the
stylet tracks, causing chloroplast disruption or even alter-
ation of the hormonal balance of the plant.

Regardless of the types of direct damage, aphids pro-
duce huge quantities of honeydew, crystals which may
accumulate on leaf surfaces. Often, a black layer of sap-
rophytic fungi stratifies on honeydew blocking the stomata,
causing leaf fall and impairing photosynthesis. In many
cases such indirect damage may be far worse than the
simple withdrawal of plant sap. Moreover, aphids transmit
bacterial and viral phytopathogens to their hosts. In the
case of virus-transmission, pathogenic symptoms add to
those caused by aphid attack. There is no treatment for
aphid-transmitted phytopathogenic viruses other than the
prevention of aphid probing (Guerreri and Digilio 2008).
Even aphid species that do not trigger visible diagnostic
symptoms cause some physiological changes in their hosts.
For example, the pea aphid (Acyrthosiphon pisum) diverts
nitrogen from the apical growth zones of alfalfa (Medicago
sativa) to its feeding sites (Girousse et al. 2005). The
greenbug aphid (Schizaphis graminum) and the Russian
wheat aphid (Diuraphis noxia) also induce an increase in
essential amino acids in the phloem sap, apparently by
triggering the breakdown of proteins in infested wheat
leaves (Triticum spp.) (Sandstrom et al. 2000). Thus,
aphids enhance the nutritional quality of their feeding sites
by increasing the import of resources from other sites in the
plant, mobilizing local resources, and blocking their export
to other organs.

Plants have developed different mechanisms to reduce
aphid attack. It has been suggested that two different pro-
cesses are involved in the elicitation of plant defense
(Smith and Boyko 2007). One process involves a gene-for-
gene recognition of aphid-derived elicitors by plant resis-
tance genes, followed by the activation of aphid resistance
and defense responses. The second process involves the
recognition of aphid-inflicted tissue damage, which leads to
changes in plant chemistry, followed by the production of
signaling molecules that trigger a general stress response,
similar to the basal plant defense to phytopathogens. While
general or basal defense responses are involved in

signaling in both aphid-resistant and aphid-susceptible
plants, gene-for-gene interactions are specific for aphid-
resistant plants only.

The activation of signaling pathways in response to
phloem-feeding aphids alters gene expression, which in
turn leads to changes in the molecular composition inside
the cell. DNA sequencing analyses have indicated that
encoded proteins function in direct defense, defense sig-
naling, oxidative burst, secondary metabolism, cell main-
tenance and photosynthesis (Zhu-Salzman et al. 2004). Van
der Biezen and Jones (1998) reported that nucleotide-
binding leucine-rich-repeat (NB-LRR) proteins provide
resistance to insects, including aphids. Genes encode
NB-LRR proteins that constitute the major R-protein class
in gene-for-gene plant resistance. Recognition of Avr
proteins from aphids by NB-LRR proteins, such as Mi-1/
from the tomato, was reported by Rossi et al. (1998).
Activation of NB-LRR proteins may induce different
responses depending on salicylic acid (SA) and reactive
oxygen species (ROS). The recognition of aphid feeding by
plant receptors, transmembrane pattern recognition recep-
tors (PRRS) and the ensuing plant defense responses are
followed by the transmission of defense response signal
cascades that involve various signaling molecules. Plant
signaling pathways are driven by phytohormones such as
jasmonic acid (JA), salicylic acid (SA), ethylene (ET),
abscisic acid (ABA), gibberellic acid (GA) and free radi-
cals (ROS), mainly hydrogen peroxide (H,O,) and nitric
oxide (NO), that induce plant defenses to aphid infestation
(Gao et al. 2007). These molecules can act separately or
together, with antagonistic or synergistic interactions in the
plant signaling network (Fig. 1).

Smith and Boyko (2007) suggested that sugars such as
sucrose, glucose, fructose and trehalose also function as
messengers in plant signal transduction after aphid infes-
tation, and plant defense responses induced by aphid feed-
ing stimulate the increased production of intercellular
chitinases and f5-1,3-glucanases involved in cell wall oli-
gosaccharide release. Mutti (2006) reported that sucrose
and trehalose are two sugars involved in signal transduction
in plants and that trehalose is also the predominant hemo-
lymph sugar in insects. Putative trehalase secretions are
present in the salivary glands of the pea aphid and may play
a crucial role in the breakdown of plant trehalose, thereby
disrupting signal transduction in plants and thus allowing
the aphids to feed continuously. An increasing body of
evidence has recently pointed to interesting and important
roles for oligosaccharides in plant defense against biotic
stresses (Morkunas et al. 2005; Robert-Seilaniantz et al.
2007; Morkunas and Bednarski 2008; Moloi and van der
Westhuizen 2009; Yoshioka and Shinozaki 2009; Morkunas
et al. 2011). This review presents the molecular mecha-
nisms behind plant responses to aphid feeding and the
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Fig. 1 A schematic illustration of plant signaling pathways involving
defense responses to aphid feeding. Arrows indicate pathway
activation. Positive regulatory interactions between these signaling
pathways are indicated by bidirectional arrows, antagonistic interac-
tions by lines. SA salicylic acid, MeSA methyl salicylate, JA jasmonic
acid, MeJA methyl jasmonate, ET ethylene, ABA abscisic acid, GA
gibberellic acid, H,O, hydrogen peroxide, NO nitric oxide, PRI
pathogenesis-related protein 1, BGL2 f3-1,3-glucanase 2, HEL hevein-
like protein, PDF plant defensin, Thi2.1, thionin 2.1; LOX

precise mode of activation of various endogenous bioactive
signaling molecules. The participation of these molecules in
the regulation of numerous defense genes leads to specific
metabolic responses such as the activation of many proteins
connected with defense, biosynthesis or the accumulation of
low-molecular secondary metabolites including phytoalex-
ins. Selected important points in signal transduction path-
ways were also discussed in the light of research into plant
responses to aphid feeding.

Jasmonic acid in plant response to aphid feeding

Jasmonic acid (JA) and ester-methyl jasmonate (MeJA) are
linoleic acid-derived cyclopentanone-based compounds
and key molecules of the octadecanoid-signalling pathway
(Meyer et al. 1984). The JA biosynthesis pathway with the
involvement of lipoxygenase (LOX) has been studied
extensively in relation to resistance to insects (Bostock
1999). The JA functions in plant defense against insects
have been described in Arabidopsis and some other plants,
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lipoxygenase, P450 cytochrome P450, BBP11 Bowman-Birk prote-
ase inhibitor 11, WRKY2 transcription factor, COIl coronatine
insensitive 1, CEVI constitutive expresser of vegetative storage
protein 1, PI proteinase inhibitors, VSP vegetative storage pro-
tein, ACC 1-aminocyclopropane-1-carboxylate oxidase, EREBP-3
ET-responsive element binding protein 3, Var virus aphid transmis-
sion gene, GAST! GA-stimulated transcript, GIP GA-induced protein,
AOX aldehyde oxidase, DRT drought-, salt- and low-temperature
responsive gene, POX peroxidase, CAT catalase

such as tobacco, wheat and sorghum. The importance of
jasmonic acid in wound-induced defense responses has
been demonstrated by the fact that the exogenous appli-
cation of JA or MeJA induces these defense responses. The
increased level of endogenous JA after wounding correlates
with the induced defense responses and the inhibition of
the JA production pathway also inhibits the induction of
the defense responses. In addition, transgenic plants and
mutants have been important tools in elucidating the role of
jasmonic acid in signal transduction involved in direct
plant defense. Besides jasmonic acid, several other related
oxylipins also appear to function as signaling molecules.
Examples include 12-oxophytodienoic acid (OPDA) and
dinor-oxo-phytodienoic acid (DN-OPDA) (Dicke and Van
Poecke 2002). Korth and Thompson (2006) revealed that
JA, MeJA and its precursor, OPDA are potent inducers of
proteinase inhibitors (PI), and it has been suggested that
these play central roles in plant responses to herbivore
attack. Monaghan et al. (2009) reported that JA and ET are
integral to resistance against not only herbivores, but also
necrotrophic pathogens.
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When plant cells are penetrated by aphids, the JA signal
is probably transduced by the activation of receptors that
bind these molecules (Turner et al. 2002). Arabidopsis
defense responses are induced by both OPDA and by jas-
monic acid, whereas stamen development is induced by
jasmonic acid, but not by OPDA. These findings suggest
that, in Arabidopsis at least, two pathways transduce sec-
ondary JA signals, one for the recognition of either OPDA
or jasmonic acid for defense responses, and one for the
recognition of jasmonic acid, but not OPDA, for stamen
development. Several Arabidopsis mutants involved in JA
signal perception and transduction response to aphid
feeding have been isolated, the best characterized of which
are coil (coronatine insensitive 1) and jarl (jasmonate
resistant 1) (Balbi and Devoto 2008). The COII gene is
closely related to the auxin signaling TIRI (transport
inhibitor response 1) gene. AXR1 (AUXIN RESISTANT
1) is a positive regulator of auxin response. As a result of
the similarities in the mode of action of COI1 and TIR1, it
is tempting to speculate that jasmonate and auxin might use
analogous signaling mechanisms sharing common com-
ponents such as AXR1. The COII gene encodes a protein
containing an N-terminal F-box motif. F-box proteins
occur popularly in organisms in the eukaryote kingdom and
function as signal receptors to regulate defense. The JARI
gene exhibits similarity to the auxin-induced GH3 tran-
scriptional product from soybean, and neither protein
shows homology to previously described plant receptor
proteins.

Recent research in JA signaling has uncovered new
elements and crucial nodes for the regulation of signaling
networks in different physiological scenarios (Balbi and
Devoto 2008). One such emerging signaling network,
integrating different plant responses, appears to be regu-
lated by WRKY transcription factors, at least in the context
of defense. Activated JA-signaling pathways have been
demonstrated to be involved in defense in the context of the
JA-regulated expression of WRKY62 (via COIl-indepen-
dent pathways). A study by Kusnierczyk et al. (2008)
revealed that WRKY transcription factors were induced in
Arabidopsis defense responses to cabbage aphid (Brevi-
coryne brassicae) attack; however, WRKY62 induction
was not observed.

Fujita et al. (2009) reported that a vital role in the
JA-signaling pathway in Arabidopsis plants is played by
the basic helix—loop-helix transcription factor ATMYC2.
The transcription factor ATMYC2 positively regulates
JA-mediated resistance to insect herbivory and tolerance to
oxidative stress, possibly by enhancing flavonoid biosyn-
thesis and ascorbate redox cycling, and negatively regu-
lates tryptophan metabolism, leading to JA-dependent
synthesis of defensive compounds such as indole gluco-
sinolates (GS). JA-dependent ATMYC?2 expression appears

to be negatively regulated by the JA-activated MKK3-
MKKG6 pathway, whereas an unidentified signaling
pathway may be implicated in the JA-mediated positive
regulation of ATMYC2 expression. Taken together, the
positive and negative regulation of ATMYC2 expression
might be an important mechanism underlying the JA-sig-
naling pathway.

Mewis et al. (2005) revealed that after 24 h of feeding
by the chewing insect S. exigua, and 1 week of feeding by
the phloem-feeding insects M. persicae and B. brassicae,
the GS levels in 4-week-old Arabidopsis plants Col wild
type (Col-0) are altered, although to different extents. GS
are sulfonated thioglycosides, comprising a common gly-
cone moiety with a variable aglycone side chain, and play
defensive and protective roles against pests. Additionally,
an exogenous application of 25 mM JA to Col-0 plants
produced significant increases in total indolyl GS concen-
trations and significant increases in two aliphatic GS, but
not in total aliphatic GS concentrations. All three insects
elicited increases in aliphatic GS concentrations. Only the
aphid B. brassicae elicited increases in individual, but not
total, indolyl GS. Blocked JA signaling in coronatine-
insensitive (coil) and enhanced expression of SA-signaled
disease resistance in hypersensitive response-like (hrll)
mutants reduces constitutive GS concentrations, while
blocking SA signaling at the mediator protein nprl mutant
(NPR) increases them.

In turn, Slesak et al. (2001) revealed that exogenous
methyl jasmonate or jasmonic acid, synthesized in response
to the wounding of plants by aphid stylets, induces the
expression of genes responsible either for the synthesis of
enzymes of the shikimic acid pathway, leading to the
accumulation of hydroxamic acids, or to the synthesis of
specific proteins, the protease inhibitors.

The other mutant cevl (constitutive expresser of vege-
tative storage protein 1) also displays constitutive activa-
tion of defense responses against aphids. This mutant
overproduces not only JA, but also OPDA (12-oxophyto-
dienoic acid) and ET, along with the constitutive expres-
sion of the biotic stress-responsive genes VSP (vegetative
storage protein), PDFI1.2 (plant defensin 1.2), Thi2.l
(thionin 2.1) and chitinase B (Ellis et al. 2002). It has been
found that CEVI encodes cellulose synthase CeSA3,
providing a link between cell wall signaling and JA-,
ET-regulated defense responses. The constitutive activa-
tion of JA signaling in the cev/ mutant correlates with an
enhanced resistance to M. persicae. Development of the
M. persicae population is greatly reduced on Arabidopsis
cevl mutants over-expressing JA and ET, and the high
constitutive expression of PDF1.2 mRNA in cev/ plants is
slightly reduced in leaves colonized by aphids.

Analyses of JA mutants and transgenic plants have
mostly focused on altered JA-inducible gene expression
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and defense responses, as indicated above. Genes puta-
tively involved in JA synthesis and JA-mediated defense
responses (e.g. OPDA-10,11-reductase, LOX, and cyto-
chrome P450) are activated by aphid feeding on different
plants (McConn et al. 1997). LOX, the key enzyme in the
JA biosynthesis pathway, has been studied in many species
of plants in response to aphid feeding. For example, tran-
scripts encoding LOX genes are strongly induced by
feeding of the potato aphid (Macrosiphum euphorbiae) on
tomato (Solanum lycopersicum) foliage (Fidantsef et al.
1999), and M. persicae infestation on Arabidopsis leaves
(Moran and Thompson 2001). Expression of LOX and other
protein transcripts is also increased in the defense response
of coyote tobacco (Nicotiana attenuata) plants to tobacco
aphid (Myzus nicotianae) feeding (Voelckel et al. 2004), or
in aphid-resistant plants, such as wheat and sorghum, to the
Russian wheat aphid (Diuraphis noxia) and the greenbug
aphid (Schizaphis graminum) (Park et al. 2006; Boyko
et al. 2006). In tomato plants, after Macrosiphium
euphorbiae/Myzus persicae attack, the amount of LOX is
strongly induced. Similarly, though to a lesser degree,
signatures of JA/ET signaling (PR, PDF1.2 and LOX2)
were found in Arabidopsis leaves after green peach aphid
(M. persicae) feeding (Moran and Thompson 2001).
Another comprehensive array-analysis, used to compare
transcriptional responses in Sorghum bicolor plants elicited
by S. graminum, showed that JA-regulated genes (LOX,
cytochrome P450, dhurrinase) were only marginally and
transiently induced by the aphid (Zhu-Salzman et al. 2004).
Additionally, a similar study conducted recently showed
that greenbug aphid infestation not only induces six LOX
genes and other genes involved in JA biosynthesis, but also
activates the expression of proteinase inhibitor (PI) and
vegetative storage protein (VSP) genes (Gao et al. 2007).
According to Gao et al. (2007) in Medicago truncatula the
octadecanoid pathway was induced exclusively in resistant
plants following Acyrthosiphon kondoi (bluegreen aphid)
infestation. Treatment of susceptible plants with methyl
jasmonate reduces bluegreen aphid infestation, but not to
the same levels as in resistant lines. Together, these results
strongly suggest that the octadecanoid pathway is impor-
tant for this naturally derived aphid resistance trait. Other
studies have shown that pretreatment with MeJA reduces
aphid colonization of susceptible tomato, whereas JA
treatment had no effect on aphid resistance in tomato plants
expressing the Mi gene (Cooper and Goggin 2005). JA
treatment also reduced aphid reproduction in sorghum,
although the transcript levels of JA-responsive genes were
not altered following aphid infestation (Zhu-Salzman et al.
2004). In addition, lower green peach aphid reproduction
was observed on susceptible Arabidopsis plants when JA
signaling was constitutively increased by a mutation of the
CEVI gene, although the precise role of JA in reducing
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aphid performance needs further studies given the pleio-
morphic phenotypes associated with this mutant (Ellis et al.
2002). Precursors of JA also appear to function in the
protection of aphid-resistant sorghum and wheat plant tis-
sues against aphid herbivory, but they are also involved in
the defense response of aphid-susceptible Arabidopsis and
Nicotiana (Smith and Boyko 2007).

Salicylic acid in plant response to aphid feeding

Whereas JA and ET are particularly well known as positive
regulators of plant responses to herbivores and necro-
trophic pathogens, salicylic acid (SA) has long been asso-
ciated with resistance to biotrophic pathogens (Monaghan
et al. 2009). Biosynthesized in the shikimate pathway, SA
is known to promote the development of systemic acquired
resistance (SAR), a broad-range resistance against patho-
gens, and is crucial for localized plant tissue hypersensitive
responses (Walling 2000). SA-dependent responses fol-
lowing infection by bacteria, fungi and other pathogens use
SA and its methyl conjugate, MeSA to stimulate the
expression of defense response genes, including patho-
genesis-related (PR) proteins or PR genes with apoplastic
localization (Moran and Thompson 2001). SA accumula-
tion is associated with a buildup of reactive oxygen species
that cause significant changes in cellular redox levels.
These redox changes are sensed in the cytosol by the
key defense protein NPR1 (NON-EXPRESSOR OF PR
GENESI1; Monaghan et al. 2009). Kawano et al. (2004)
reported that putative SA receptors are SA binding proteins
(SABPs). SABPs proteins were isolated from tobacco, the
first was shown to be catalase (Chen et al. 1993; Conrath
et al. 1995), the second was proposed as a lipase belonging
to the o/f fold hydroxylase super family (Du and Klessig
1997) and a third was identified as a chloroplast-targeted
carbonic anhydrase (Slaymaker et al. 2002). However,
protein SABP2 shows a much greater affinity to SA when
compared to catalase (Du and Klessig 1997). In turn,
Vasyukova and Ozeretskovskaya (2007) revealed that not
only catalases, but also ascorbate peroxidases, aconitases,
and certain MAP kinases are viewed as SA receptors.
The role of SA in response to aphid feeding has been
observed in many plant species such as Triticum aestivum,
Arabidopsis thaliana, barley, Medicago truncatula and
Phaseolus Ilunatus. For example, induction of SA in
resistant wheat (Triticum aestivum) indicates a possible
involvement of this molecule in the resistance mechanism
of wheat against the Russian wheat aphid (Diuraphis
noxia). Activities of catalase and peroxidase (markers of
resistance response) in the resistant 7. aestivum were
higher than in the susceptible variety. Aphid infestation had
an inhibiting effect on catalase activity in both resistant and
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susceptible plants, which may be a consequence of SA
binding to catalase and inhibiting its activity. Thus, an
increased SA level may be a critical step in the signaling of
downstream defense responses (Mohase and van der
Westhuizen 2002).

Kusnierczyk et al. (2008) revealed that a wide range of
defense responses in Arabidopsis thaliana to attack by
Brevicoryne brassicae is dependent on SA signaling. They
observed the induction of the following transcription fac-
tors involved in plant resistance: WRKY15, WRKY?26,
WRKY30, WRKY38, WRKY46, WRKY50, WRKY51
and WRKY54. Transcription factor WRKY54 was shown
to be a factor under the control of SA (via NPR1-dependent
pathways) during defense response by Balbi and Devoto
(2008) in a model for a regulatory network integrating
WRKY transcription factors. Genes involved in SA syn-
thesis (ICS1 and ICS2), the induction of the SA signaling
pathway (EDS1, EDSS5 and PAD4) and stress-responsive
SA-dependent genes (PR1, PR2, PR4, PR5, NIMIN-I1,
NIMIN-2 and SABP2-like) were up-regulated, as reported
by Kusnierczyk et al. (2008). Some of these genes were
induced already at 6 h after infestation, indicating an early
recognition of B. brassicae attack. Genes coding for PR
proteins were significantly more highly induced at later
time points, suggesting that a time period between 12 and
24 h is required to develop SA-related responses. Addi-
tionally, a substantial accumulation of phytoalexin cama-
lexin was observed 48 and 72 h after infestation.

Chaman et al. (2003) noted SA accumulation occurring
in two barley varieties, UNA-80 and LM-109, in response
to the damage caused by Schizaphis graminum; however,
the level of free SA in UNA-80 was higher than in LM-109
after infestation. The smaller reproduction index of aphids
in variety LM-109 is probably due to the greater presence
of SA conjugates, phenolic compounds and other defensive
characteristics than may be observed in UNA-80.

Numerous researchers have shown that activation of the
SA pathway may be a general mechanism of antibiosis or
aphid repellence in resistant hosts, with a limited effec-
tiveness in susceptible ones. Aphid-induced methyl salic-
ylate (MeSA) is a strong aphid repellent that may deter
aphids from settling on plants with already high aphid
densities (Bernasconi et al. 1998; Hardie et al. 1994;
Preston et al. 1999; Shulaev et al. 1997). Gao et al. (2007)
examined a phenylalanine ammonia lyase (PAL) gene
involved in the phenylpropanoid pathway, which leads to
the biosynthesis of SA, flavonoids, and isoflavonoids. The
PAL gene transcript levels were induced in both susceptible
and resistant plants of Medicago truncatula following
Acyrthosiphon kondoi (bluegreen aphid) infestation. Simi-
lar results were found in other susceptible plants following
aphid attack (Moran and Thompson 2001; Moran et al.
2002; de Ilarduya et al. 2003; Heidel and Baldwin 2004;

Voelckel et al. 2004; Zhu-Salzman et al. 2004). Park et al.
(2006) demonstrated higher levels of SA-responsive gene
transcripts in susceptible, rather than resistant, sorghum
plants following greenbug infestation. Gao et al. (2007),
however, found interesting differences in the timing of
interactions between susceptible and resistant M. trunca-
tula and the bluegreen aphid that could be important, with
the induction of all the three SA-responsive genes, being
earlier in Jester (a BGA-resistant genotype) than Al17 (a
susceptible genotype) following infestation. De Ilarduya
et al. (2003) also found that, in tomato infested with potato
aphids, an earlier and stronger induction of SA-responsive
genes occurred in a resistant cultivar carrying the Mi-1.2
gene than in the susceptible parent. Moreover, Li et al.
(2006) used the SA-metabolizing NahG as a transgene in a
Mi-1.2 background to demonstrate that SA is essential for
potato aphid resistance.

Various SA-defense-related genes have been demon-
strated to be involved in plant responses to herbivores,
including aphids. As mentioned above, aphid feeding has
been shown to induce the activity of several PR proteins,
such as peroxidases (POX) or PR genes in plants (Fidantsef
et al. 1999). Studies in Arabidopsis thaliana provided basic
but important insights into the mechanism of SA signaling
in the defense of plants from aphid attack. The NPRI
regulatory gene conditions SA-responsiveness in Arabid-
opsis, raising the possibility that an alteration of this gene,
or others involved in SAR, could influence plant responses
to aphid herbivory (Cao et al. 1994). The NPRI protein is a
vital component of SA signaling in Arabidopsis because
NPRI supplies an important link between different defense
mechanisms, for example, the action of the NPRI gene was
necessary for Arabidopsis to induce PR gene responses to
aphids, or the enhanced PDFI.2 induction in the nprl
mutant (Moran and Thompson 2001). It is of interest in this
plant that aphid feeding induced the transcription of
two genes associated with SA-dependent responses to
pathogens, namely PR-I and BGL2 (f-1,3-glucanase 2).
Expression of PR-1 and BGL2 mRNA was induced by the
green peach aphid M. persicae in nprl mutant plants,
which are deficient in SA signaling. Application of the SA
analog benzothiadiazole leads to a decrease in aphid
reproduction on the leaves of both wild-type plants and
mutant plants. Along with the involvement of defense
genes, all SA-responsive transcripts studied in the legume
Medicago truncatula (BGL, PRS5, and PRI0) were acti-
vated by bluegreen aphid (Acyrthosiphon kondoi) infesta-
tion in both resistant and susceptible plants, although there
were some differences in the magnitude and kinetics of the
induction (Gao et al. 2007). To defend itself against
greenbug aphid (Schizaphis graminum) feeding, sorghum
increases transcript abundance of genes associated with the
SA defense signaling pathway, including PR genes such as
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BGL2, chitinases, and HEL (a hevein-like protein) (Zhu-
Salzman et al. 2004). Similarly, in tomato plants containing
the Mi-1 gene, the systemic expression of PR-/ and GluB
products was detected in both compatible and incompatible
interactions after potato and green peach aphid feeding (de
Ilarduya et al. 2003).

Aphid infestation not only activated, but also down-
regulated the expression of some SA-defense-related
genes, such as PR genes, in the interaction between S.
graminum and an aphid-resistant sorghum genotype (Park
et al. 2006). Likewise, it did not up-regulate expression in
interactions between D. noxia and an aphid-resistant wheat
genotype (Boyko et al. 2006). Otherwise, wheat PR pro-
teins are induced to high levels both in resistant and sus-
ceptible genotypes; however, the specific resistance
mechanisms of these responses remain unknown at the
time of writing (van der Westhuizen et al. 1998).

A remarkable SA derivative compound emitted by
several plant species in response to herbivores, MeSA,
activates the SA-dependent defense-signaling pathway and
also induces PR gene expression (Shulaev et al. 1997). This
compound acts as a defense factor in Lima bean (Phaseolus
lunatus) leaves infested by the two-spotted spider mite
(Tetranychus urticae) (Ozawa et al. 2000). MeSA increases
volatiles that are qualitatively and quantitatively similar to
T. urticae-induced volatiles. In addition, 7. urticae damage
results in the expression of acidic and basic PR genes that
are activated under MeSA effects. Similarly, MeSA is
released in the SA-related signaling pathway of the broad
bean (Vicia faba) to repel the black bean aphid (Aphis
fabae) (Hardie et al. 1994). In fields treated with MeSA,
colonization by the aphids Rhopalosiphum padi, Sitobion
avenae and Metopolophium dirhodum on summer host
plants was significantly reduced (Pettersson et al. 1994).
MeSA significantly decreased colonization of field grown
cereals by R. padi and populations of S. avenae and
M. dirhodum were significantly smaller on treated plots.

Together, these results strongly suggest that the
SA-related signaling pathway is involved in plant respon-
ses to herbivores and that the novel defense role of SA and
its conjugate could be elicited by phloem-feeding insects.

Ethylene in plant response to aphid feeding

The induction of ethylene emission in response to herbiv-
ory, wounding or elicitors has been reported for several
plants and the application of systemin or JA in tomato cell
suspensions also enhanced the production of this plant
hormone. In the tomato, both genes encoding enzymes
involved in ethylene production from S-adenosyl-methio-
nine, 1-aminocyclopropane-1-carboxylate synthase (ACS)
and l-aminocyclopropane-1-carboxylate oxidase (ACO),

@ Springer

were also up-regulated by wounding (Dicke and Van Poe-
cke 2002). Gao et al. (2007) also reported that genes
involved in the ethylene pathway, i.e. ACC oxidase or as
named above ACO, ERF1 (ethylene responsive factor),
HEL (hevein-like protein) were induced in both the sus-
ceptible and resistant plants of Medicago truncatula fol-
lowing Acyrthosiphon kondoi (bluegreen aphid) infestation.

As is the case with wounding, an exogenous application
of ethylene induces the production of enzymes, such as
phenylalanine ammonialyase (PAL), chalcone synthase
(CHS), and hydroxyproline-rich glycoproteins (HPRG, is
involved in cell wall strengthening). However, for HPRG it
was shown that different isoforms are induced by wound-
ing in comparison to ethylene application. In most plants
ethylene induces the synthesis of compounds that cross-
link with cell wall polymers, thus reinforcing the cell wall
structure and reducing injury caused by insect attack
(Dicke and Van Poecke 2002). Additionally, Guy et al.
(2001) revealed that the genes encoding basic isoforms of
PR proteins are generally induced by both ethylene appli-
cation and wounding, which suggests that ethylene may be
the mechanism for their activation by wounding.

Ethylene is perceived by a family of membrane-asso-
ciated receptors, including ETRI1/ETR2, ETHYLENE
RESPONSE SENSOR1 (ERS1/ERS2) and EIN4 in Ara-
bidopsis (Chang and Stadler 2001). Ethylene binds to its
receptors via a copper co-factor, which is probably deliv-
ered by the copper transporter RAN1. The receptor family
can be divided into two subfamilies. Genetic and bio-
chemical studies have revealed that the ethylene receptors
function as negative regulators of ethylene responses and
ethylene binding inactivates them (Guo and Ecker 2004).
Recently, it was found that ethylene perception and
signaling occur at the endoplasmic reticulum (ER) (Chen
et al. 2002). The cloning and characterization of numerous
ETYLENE INSENSITIVE3 (EIN3/EIN3-like (EIL) tran-
scription factors from many plant species, and the inte-
gration of the ethylene and jasmonate response pathway via
the ETHYLENE RESPONSE FACTOR (ERF) family of
transcription factors, have also been reported (Chao et al.
1997). Highly up-regulated ET-responsive transcription
factors 11 (ERF11) and ERF1-like has been observed in
Arabidopsis during B. brassicae attack.

Previous reports indicated that aphid infestation induced
a greater evolution of ET in susceptible rather than resistant
cultivars of alfalfa, wheat and barley (Dillwith et al. 1991;
Anderson and Peters 1994; Miller et al. 1994). However,
physiological and molecular responses to infestation will
depend on several factors such as plant cultivar, plant age,
degree of infestation, aphid species and biotype, and
infestation time. Anderson and Peters (1994) found that
different combinations of wheat genotype-greenbug bio-
types produced different amounts of ethylene.
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In contrast, Argandona et al. (2001) when investigating
whether ethylene is involved in the oxidative and defensive
responses of barley to the aphids Schizaphis graminum and
Rhopalophum padi, observed that under aphid infestation
the production of ethylene was higher in cultivar Frontera,
which was also more tolerant to aphids, than in Aramir, a
more aphid-susceptible cultivar. Ethylene production also
increases with the degree of infestation and Schizaphis
graminum aphids induced more ethylene evolution than
Rhopalophum padi. Infestation with S. graminum increased
hydrogen peroxide content as well as total soluble perox-
idase activity in cv. Frontera, with a maximum level of
H,0, observed after 20 min of infestation and a maximum
soluble peroxidase activity after 30 min of infestation.
When non-infested barley seedlings from cv. Frontera were
exposed to ethylene, an increase in hydrogen peroxide and
in total peroxidase activity was detected at levels similar to
those of infested plants of cv. Frontera. Ethylene also
increased the activity of cell wall-bound peroxidase types
(both ionic and covalent binding), which is comparable
with infestation.

A partial activation of groups of Arabidopsis genes
functioning in oxidative stress, calcium-dependent signal-
ing, PR responses, and defense compound synthesis was
noted in response to M. persicae feeding. At the same time
induction was observed of a gene encoding an ethylene
biosynthesis gene, 1-aminocyclopropane-1-carboxylic acid
(ACC) oxidase (ACOI), while a gene encoding an ACC
synthase (ACC2) showed no change (Moran et al. 2002).
In contrast to Arabidopsis, in aphid-susceptible celery,
ET-responsive EREBP-3 and ET-responsive elements (but
not any ACC genes) are up-regulated by M. persicae
feeding (Divol et al. 2005).

In a recent study, the expression of key ET-associated
genes was investigated in both resistant and susceptible
interactions in two model systems, namely the tomato-
Mi-Macrosiphum euphorbiae system and the melon-virus
aphid transmission (Vat) gene-Aphis gossypii system
(Anstead et al. 2010). When compared with the control
plants, plants infested with aphids showed marked differ-
ences in gene expression. ET signaling pathway genes and
downstream response genes were highly up-regulated in
the resistant interaction between A. gossypii and Var'
plants, indicating that ET may play a role in Vat-mediated
plant resistance. The Mi gene is not directly involved with
the plant defense response to M. euphorbiae feeding. The
Mi-1 gene, in tomato resistance to M. euphorbiae,
expressed similar effects (Mantelin et al. 2009). During the
early stages of both compatible and incompatible inter-
actions, aphid feeding induces the expression of ET
biosynthetic genes. However, impairing ET signaling or
biosynthesis did not compromise Mi-/-mediated resistance,
but did decrease susceptibility to potato aphids in a

compatible host. ET may not play a significant role in
Mi-1-mediated resistance to M. euphorbiae in the tomato,
but modulates the host basal defense, enhancing its sus-
ceptibility to the aphid.

ABA and GA act as signals in plant defense
response to aphid feeding

In contrast to the above-mentioned plant hormones, the role
of other hormones, such as abscisic acid (ABA) and gib-
berellic acid (GA), has been presented to a minor degree in
the context of plant resistance. An increasing body of
evidence has recently pointed to interesting and important
roles for these hormones in plant defense against biotic
stress (Robert-Seilaniantz et al. 2007). Flors et al. (2009)
revealed the role of ABA in basal and induced resistance
and in priming phenomena against biotic stress. Genetic
approaches have characterized several downstream com-
ponents of ABA signaling, but a receptor for ABA has
remained elusive. Recently, Nishimura et al. (2009)
reported that structures of pyrabactin resistance 1 (PYR1),
a prototypical PYR/PYRI1-like (PYL)/regulatory compo-
nent of the ABA receptor (RCAR) protein, functions in
early ABA signaling. Previously, Razem et al. (2006)
provided evidence that the RNA-binding protein FCA may
be an ABA receptor involved in a physiological process,
although not in plant defense reactions.

ABA and GA were earlier presented as having no effects
on aphid feeding (Miller et al. 1994). In extensive experi-
ments on barley, ABA and GA, applied to uninfested
leaves, failed to produce the D. noxia induced damage
symptoms of rolling or streaking. Furthermore, the appli-
cation of these regulators to plants infested by D. noxia had
no effect on the development of aphid-induced damage.

Recently, ABA has been shown to play an important
role during plant—insect interactions (Flors et al. 2009).
Investigations into the relationship between plant stress and
resistance to herbivory have led to the hypothesis that
herbivores should show improved performance on mildly
stressed plants (White 1974). ABA may be involved in
defense against insects after aphid infestation of celery
plants (aphid susceptible) or sorghum and wheat (aphid
resistant). During these interactions several genes, that
share sequences with those involved in the biosynthesis of,
or that are activated by, ABA, are upregulated (Park et al.
2006; Boyko et al. 2006). For example, the gene encoding
ABA-water stress-ripening-induced protein (ASR) in sor-
ghum showed a differential regulation in response to
greenbugs (Park et al. 2006). Induction of the ASR gene for
the protection of plant DNA under water-stressed condi-
tions is known to be controlled by the phytohormone ABA
(Riccardi et al. 1998). Moreover, as it was noted by Park
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et al. (2006), other genes, such as those encoding starch
synthase (SS), induced control from the 12th hour of
greenbug infestation, and gradually increased induction as
an extension of infestation. In turn, the GA-induced protein
(GIP) and seed maturation protein were either up or down-
regulated by greenbug feeding. The GIP gene was induced
from 72 h of greenbug infestation. Thus, it is plausible that
regulators such as abscisic acid and gibberellic acid were
involved in the mediation of defense responses against
greenbug phloem-feeding in sorghum.

Conversely, Voelckel et al. (2004) found that a sequence
encoding 3-hydroxy-3-methyl glutaryl coenzyme A
reductase, which is involved in ABA biosynthesis, is down-
regulated in Nicotiana attenuate infested by Myzus
nicotianae. In Schizaphis graminum-resistant sorghum
plants, Park et al. (2006) identified several highly upregu-
lated genes under ABA control that are involved in cell
wall strengthening (Smith and Boyko 2007). Additionally,
Zhu-Salzman et al. (2004) reported that, in sorghum, two
genes, the aldehyde oxidase (AOX) gene and the drought,
salt, and low-temperature responsive (DRT) gene, which
are known to be regulated by ABA, were profiled in
response to greenbugs. However, as with plant reactions
toward pathogens, ABA also has various regulatory func-
tions against insects. ABA levels are not altered during
corn infestation by the ear worm caterpillar; however, in
tomatoes ABA levels increase significantly after wounding
(Schmelz et al. 2003).

ABA has also been suggested to be a factor in the mix of
signals that modulate wound-induced gene activation in
Solanaceous plants (Bostock 1999). In ABA-deficient
tomato and potato mutants, the wound and systemin-
induced levels of proteinase inhibitor (PI) II in the leaves
are markedly reduced in comparison to wild-type plants.
ABA is known to operate upstream of the octadecanoid
pathway, possibly by affecting the release of linolenic acid,
a JA precursor. ABA modulation of wound-responsive
genes in the potato is complicated and provides evidence
for a JA-independent pathway for ABA induction of
wound-inducible genes in certain organs.

Under conditions of water stress, leaf moisture content
surrounding stomata is reduced. This situation can alter the
leaf environment for insects. Low humidity reduces
hatching of lepidopteran eggs (Godfrey and Holtzer 1991),
spider mite population growth (Perring et al. 1984), and the
growth of many species of insect larvae (Mattson and
Scriber 1987). Consequently, ABA-deficient tomato plants
have a reduced resistance to Spodoptera exigua (Thaler and
Bostock 2004). These results show that ABA differentially
regulates pathogenic or insect responses and is highly
dependent on the challenge and plant species.

It has previously been considered that GA acts as a
plasma membrane-bound receptor and plays a role in plant
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defense response signaling by regulating f3-1,3-glucanase
release from the aleurone cells of cereal grains (Matsuoka
2003). Ueguchi-Tanaka et al. (2007) postulated that plants
have two types of GA receptors, including soluble and
membrane-bound forms. Recently, it was determined that
the rice GIBBERELLIN INSENSITIVE DWARF 1 (GIDI)
gene encodes an unknown protein, similar to the hormone-
sensitive lipases, that has high affinity for biologically
active GAs. GA signaling is now understood to hinge on
DELLA proteins, which also promote transcription of the
GA receptor, GID1 and indirectly regulate GA biosynthesis
genes enhancing GA responsiveness and feedback control.
In several recent studies, genes putatively involved in
GA-associated signaling (Snakin2-GAST, GASTI) have
been shown to up-regulate in aphid-infested leaf tissues of
M. persicae-susceptible celery (Divol et al. 2005). Similar
results were noted by Park et al. (2006), as previously
mentioned, when genes encoding GA-induced protein
(GIP) was induced in sorghum infested with the greenbug
aphid.

ROS and NO involved in plant response
to aphid feeding

Reactive oxygen species (ROS), mainly hydrogen perox-
ide, H,0,, are molecules of defense signaling pathways
with known involvement in the activation of plant response
to aphid attack (de Ilarduya et al. 2003). H,O, is a rela-
tively stable ROS. Being only mildly reactive and electri-
cally neutral, H,O, is able to pass through cell membranes
and reach cell locations remote from the site of its for-
mation. Plant cells produce H,O, in response to various
biotic factors (Wojtaszek 1997), thus H,O, production is a
general response of plants to stress conditions and not
specific to plants infested by aphids. The H,O, released by
the plant in response to infestation by aphids is of signifi-
cant importance and concerns its involvement in signal
transmission, since it is easily transported over consider-
able distances. H,O, activates defense genes. For example,
peroxidases are involved in the stimulation of cell wall
reorganization and induce cross-linking of proline-rich
plant cell wall proteins. Additionally, a high H,O, level
could have a toxic action against aphids, causing damage.

Results reported by Kusnierczyk et al. (2008) indicated
the involvement of reactive oxygen species (ROS) and
calcium in early signaling in Arabidopsis thaliana after
infestation by aphids, Brevicoryne brassicae. Hydrogen
peroxide activates the protein phosphorylation cascade,
which modulates gene expression in response to external
stimuli. This cascade involves subsequent phosphorylation
events of MAPK, the last of which results in translocation to
the nucleus and activation of transcription factors. The
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expression of five genes coding for MAPKs (MKK1, MKK2,
MKK4, MKK9 and MKK11) was positively regulated in an
experiment conducted by Kusnierczyk et al., indicating the
possible activation of this signal transduction cascade in
response to B. brassicae attack. Expression levels of several
genes associated with oxidative stress, especially ROS
scavengers, were changed in response to B. brassicae
attack, suggesting that the redox status in the attacked plants
had been disturbed. Transcript levels of many genes coding
for proteins contributing to ROS detoxification were accu-
mulating by 6 hpi, and reached maximum expression at
24 hpi. Among the up-regulated genes, the following
groups were found: ascorbate reductases (MDAR [ and
MDAR 4); L-ascorbate oxidase; RESPONSIVE TO HIGH
LIGHT 41 (RHLA41), which is required for the expression of
cytosolic ascorbate peroxidase during oxidative stress;
copper homeostasis factor (CCH); blue copper protein
precursor (AtBCB); four glutaredoxin family proteins; thi-
oredoxin (TRXS); glutathione S-transferases (induced at
6 hpi: ATGST6, ATGST7 and ATGSTIO, and induced
strongly at 48 hpi: ATGSTU3, ATGSTUI10, ATGSTU11 and
At5g02780); glutathione S-conjugate transporters (MRP3
and MRP4); and peroxidase precursors (Atperox P34, P37,
P50, P52 and P71). Genes coding for hydrogen peroxide
(H>0,) generating copper amine oxidases (At4g12290 and
At1g62810) and NADPH oxidase (RBOHD) were moder-
ately induced at 24 and 48 hpi.

The involvement of H,O, in the stimulation of cell wall
reorganization, with the participation of peroxidases, in
barley after infestation with Schizaphis graminum and
Rhopalophum padi aphids was shown by Argandona et al.
(2001). In infested barley plants the maximum level of
H,0, found was about 10 min before the maximum
accumulation of soluble peroxidase activity. This suggests
that the accumulation of soluble peroxidase activity is a
consequence of the H,O, burst and appears to indicate that
the accumulation of H,O, could mark the beginning of a
cascade of events that triggers physiological and molecular
plant responses intended to prevent or minimize insect
attack. Moloi and van der Westhuizen (2006) revealed that
the induced intercellular peroxidase activity, combined
with an elevated H,O, level, could be involved in cell wall
strengthening. Higher H,O, generation as a result of strong
NADPH oxidase activity in resistant wheat cultivars rather
than susceptible ones, may be involved in resistant
response to infestation with the Russian wheat aphid
(RWA) because H,O, acts as a signal for the activation of
downstream defense enzymes such as intracellular f-1,3-
glucanase and peroxidase.

Additionally, genes involved in oxidative signal trans-
duction through the control of cellular hydrogen peroxide
concentration, such as peroxidase (POX), NADH-dependent
glutamate synthase, catalase (CAT), and the mitochondrial

ATP/ADP carrier protein, are up-regulated in aphid-infes-
ted, resistant wheat plants (Boyko et al. 2006) and in M.
persicae-susceptible celery plants (Divol et al. 2005).

In contrast to the above, aphid feeding down-regulated
several H,O, concentration-dependent genes, for example,
POX and Fe-SOD (Fe-superoxide dismutase) in aphid-
susceptible Arabidopsis foliage (Moran et al. 2002), or the
cystein protein inhibitor in aphid-resistant sorghum leaves
(Park et al. 2006). It has been suggested that down-regu-
lation of enzyme catalase after aphid feeding may allow
plants to increase H,O, levels that can cause damage to the
aphid (Zhu-Salzman et al. 2004).

Moreover, Park et al. (2006) reported that the up and
down-regulation patterns of oxidative burst-related genes
imply that ROS accumulation and detoxification occurred
simultaneously during greenbug feeding. Microarray
analyses between a strongly resistant sorghum phenotype
(Mi) and a high susceptibility phenotype (Ti) showed an
overall down-regulation of the CAT, POX, and QR genes
with a concurrent down-regulation of several defense-
related genes. The reason for the down-regulation of
defense-related genes, in spite of the down-regulation of
oxidative burst-related genes, remains uncertain, but we
assume that an intense ROS burst occurred in Ti during the
early stages of greenbug feeding. Therefore, levels of ROS
remained high enough to induce defense-related genes
prior to harvesting of the Ti seedlings, even though scav-
enging of ROS had already begun. Strikingly, defense-
related genes were confirmed as being up-regulated in both
Mi and Ti. The question remained; what factors caused Mi
to possess a strong resistant phenotype to the greenbug, in
comparison to the high susceptibility of Ti. Considering the
results from both microarray analyses, reinforcement of
cell walls presumably played a crucial part in conferring
resistance to greenbugs in the M627 line.

Miles and Oertli (1993) suggested that a redox system
controls oxidation rates during the responses of plants to
attack by sucking insects, that soluble antioxidants, such as
ascorbate and glutathione, enhance the effectiveness of the
plant’s defensive system, and that oxidizing enzymes in the
saliva of aphids serve to counter it. Changes in the redox
system of plant cells in response to sucking insects, such as
aphids, caused mobilization and oxidization of phenolic
compounds. The initial phenolic monomers, and especially
monomeric o-quinones, many of which give rise to oxi-
dation, are generally deterrent to insects.

Nitric oxide (NO) is known to increase levels, often with
ROS, after pathogen attack. These molecules promote the
plant hypersensitive response, stimulate SA biosynthesis,
and induce some defense response genes (Walling 2000).
The basic involvement of NO in the plant—aphid interaction
has been mentioned in only one report on defense against
the Russian wheat aphid (Diuraphis noxia) feeding on
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wheat (Triticum aestivum) (Moloi and van der Westhuizen
2009). In two T. aestivum varieties, D. noxia, feeding
selectively, induced early production of NO to higher
levels in resistant plants than in susceptible ones. During
the aphid resistance responses, NO seems to act upstream
of SA (another important signal molecule) or interact with
ROS when the peroxynitrite (ONOO™) radical is found to
be induced to higher levels in infested resistant plants.
Other results from in vitro and in vivo studies denoted that
NO could be a signal molecule in the resistant responses of
wheat to D. noxia; however, the NO-related defense
mechanism is not clear yet. Further research to elucidate
the signal role played by NO in aphid—plant interactions
still needs to be conducted.

Cross-talk between signaling pathways in plant
response to aphid feeding

To defend themselves against aphids plants develop effi-
cacious defense systems via the cross-talk amongst
endogenous signal molecules, such as phytohormones
including salicylic acid (SA), jasmonic acid (JA), ethylene
(ET), abscisic acid (ABA), gibberellic acid (GA) and free
radicals such as hydrogen peroxide (H,O,) and nitric oxide
(NO). Signaling pathways do not function independently,
but are involved in a complex network, in which different
pathways influence each other through positive and nega-
tive regulatory interactions. Cross-talk between signaling
pathways may allow plants to choose an optimum defense
strategy, depending on the type of herbivore feeding
stimuli signaling the attack. Cross-talk between signal
transduction pathways plays an important role in fine-tun-
ing complex defense responses.

As shown by Dicke and Van Poecke (2002), the
emerging picture of signal transduction in direct defense is
that different signal transduction pathways interact. For
example, SA blocks the biosynthesis of JA and the sub-
sequent induction of gene expression, and consequently
affects the defense of plants against herbivores (Thaler
et al. 1999). For instance, treatment of plants with an SA
mimic (benzothiodiazole-7-carbothioic acid S-methyl ester,
BTH) alleviates the effect of JA treatment of tomato plants
on the induction of polyphenol oxidase activity and her-
bivory. Conversely, JA can inhibit the effect of SA or the
synthetic mimic BTH. Additionally, SA inhibits the enzy-
matic action of 13S-hydroperoxide dehydrogenase, leading
to the blockage of conversion from 13S-hydroperoxylino-
lenic acid to 12-oxo-phytodienoic acid (OPDA), which is a
precursor of JA biosynthesis (Pena-Cortes et al. 1993).
Inhibition of proteinase inhibitors elicited by JA and MeJA
occurs after SA and acetyl-SA treatment (Doares et al.
1995).
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In the light of antagonistic cross-talk between the SA
and JA-signaling pathways, Kusnierczyk et al. (2008)
hypothesized that Brevicoryne brassicae aphids can
manipulate plant-induced resistance and are able to sup-
press effective JA defenses by the induction of the less
efficient SA signaling-based responses. This regulatory
mechanism seems to be activated in Arabidopsis after 6 h
of B. brassicae attack. The early induction of genes coding
for JAZ proteins during B. brassicae attack could explain
the negative feedback loop which causes a slight regression
of JA-associated responses at 12 h, and the observed down-
regulation of the JA-inducible VSP1 and VSP2 transcripts,
together with a slight decrease in the induction of PDF1
gene over time. Comparable models were proposed for
plant—aphid interactions by Zhu-Salzman et al. (2005) and
by De Vos et al. (2007), but lack experimental support.

Similarly, Giordanengo et al. (2010) reported that
aphids such as S. graminum, Macrosiphum euphorbiae
and M. persicae strongly induced up-regulation of the
SA-dependent pathway and reduced the expression of
JA-dependent genes. Apparently, aphids inhibit an efficient
plant defense conferred by JA-regulated genes, while
allowing the SA-regulated pathway to propagate. This
could be a decoy strategy, rerouting plant response towards
an inefficient defense against feeding aphids. Additionally,
one hypothesis, put forward by Klessig and co-workers,
suggests that plants contain regulatory switches to control
the temporal expression and/or the amplitude of multiple
pathways (Creelman and Mulpuri 2002).

When plants are attacked by phloem-feeding aphids JA
and SA-dependent pathways coordinately regulate the
expression of defense genes. An analysis of gene expression
profiling upon aphid infestation has shown up-regulation of
both SA and JA-responsive genes, as well as induction of
other types of aphid-responsive genes. Both the SA-depen-
dent (PR-1 and BGL- f-1,3-glucanase) and JA/ET-depen-
dent (PDF and LOX) signaling pathways were induced in
Arabidopsis by feeding cabbage aphids (Brevicoryne
brassicae) and cotton aphids (Aphis gossypii) (Moran and
Thompson 2001). Similarly, levels of LOX and PR-1 RNAs
in infested tomato leaves increased after infestation by the
potato aphid (Macrosiphum euphorbiae) and the green
peach aphid (M. persicae) (Fidantsef et al. 1999).

As demonstrated by Kusnierczyk et al. (2008), the
activation of signaling pathways is integrated and tempo-
rally controlled. Although a wide range of Arabidopsis
defense responses depend on SA signaling; genes coding
for important enzymes of JA synthesis (PLD gamma 1,
PLD gamma 2, and PLD gamma 3, LOX3-like, AOC2,
OPR3) and coronatine-inducible genes (CORI3, PDF1.2,
PDF1.2b, PDF1.2c and PDF1.3) were generally already
induced at 6 h of infestation. Genes coding for ZIM-
domain proteins (JAZI, JAZS, JAZ9 and JAZ10), which are
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negative feedback regulators of jasmonate signaling, were
also induced from the first time point. Also highly
up-regulated were genes coding for the ET-responsive
transcription factors 11 (ERF11) and ERF1-like at all time
points after infestation, although the expression profiles of
genes associated with ET signaling were not changed.

In potatoes fed on by M. euphorbiae, the expression of
defense genes encoding the PR proteins, LOX, PI-I and
PI-II was increased in both compatible and incompatible
potato—aphid feeding interactions. Although transcripts for
PR-1 were detected earlier and accumulated to higher
levels in the incompatible rather than compatible interac-
tion, aphid feeding activities were shown to induce both JA
and SA-dependent signaling pathways (de Ilarduya et al.
2003). Infestation of susceptible Arabidopsis by the green
peach aphid M. persicae and susceptible sorghum with the
greenbug aphid S. graminum resulted in strong up-regula-
tion of SA responsive genes, but only a weak induction
of JA-regulated genes (Moran and Thompson 2001;
Zhu-Salzman et al. 2004). In defense reactions to aphid
feeding, MeJA and SA coordinately induced the expression
of defense genes (e.g. LOX, cytochrome P450, BBPII:
Bowman—Birk protease inhibitor 11) and down-regulated
other genes (e.g. chitinase 3, DRP: defense-related protein,
DBP: DNA binding protein).

An important role in SA and JA-mediated pathway
responses to aphid feeding is played by a WRKY tran-
scription factor family, as was mentioned in the previous
section. For example, tobacco WRKY2 is found to be
up-regulated by M. nicotianae feeding, but the signal
modulation roles of WRKY2 are unknown (Voelckel et al.
2004). As mentioned in previous sections, in Arabidopsis
responses to attack by Brevicoryne brassicae, the induc-
tion of transcription factors such as WRKY15, WRKY?26,
WRKY30, WRKY38, WRKY46, WRKY50, WRKY51
and WRKY54 may be observed (Kusnierczyk et al. 2008).
Besides this, a role in the cross-talk between SA and JA
signaling has also been suggested for transcription factor
WRKY70 (Bostock 1999). Expression of WRKY70 is
induced by SA and repressed by JA, and the transgenic
over-expression of this factor in Arabidopsis leads to the
constitutive expression of PR genes. WRKY70 may serve
as a point for cross-talk—an activator of SA-mediated
gene expression and a repressor of JA-induced genes.
However, Li et al. (2004) reported that WRKY70 is a
common component in SA and JA-mediated signal path-
ways and modulation of WRKY70 transcript levels by
constitutive over-expression is only known to increase
resistance to virulent pathogens and results in the consti-
tutive expression of PR genes, though not in plant
responses to aphids. A small number of reports have dis-
cussed transcription factors that function in the cross-talk
between signaling pathways induced in plant responses to

aphid feeding. A vital role in the JA-signaling pathway in
plants can also be played by the basic helix—loop—helix
transcription factor ATMYC2, which positively regulates
JA-mediated resistance to insect herbivores and plays a
role in SA, ET ABA, and light-signaling pathways in
Arabidopsis (Fujita et al. 2009).

The molecular mechanisms underlying the cross-talk
between JA and ET signaling pathways are poorly under-
stood. In plant defense against diseases, the JA and ET
pathways together converge in the transcriptional activa-
tion of ERF1 (ethylene response factor 1), which encodes a
transcription factor regulating the expression of pathogen
response genes (Lorenzo et al. 2003). In the case of plant—
insect interaction, JA and ET-dependent pathways have
frequently been demonstrated to synergistically or antag-
onistically induce plant defense responses to herbivory
(Bostock 1999; Walling 2000; Stotz et al. 2002). For
example, JA and ET showed a synergistic relationship in
the production of proteinase inhibitors and defensins
in Arabidopsis (Penninckx et al. 1998). This positive
co-regulation, JA-ET synergism, has been observed in the
induction of foliar defense responses in squash—Cucurbita
moschata, in response to feeding by the silver leaf white-
fly—Bemisia argentifolii (van de Ven et al. 2000). Dif-
ferences in the local and systemic expression of squash
genes (SLWI and SLW3) after whitefly feeding showed that
SLWI RNAs accumulated in response to MeJA and ET.
Otherwise, resistance to M. persicae in Arabidopsis plants
has been shown to develop with increased ET levels and
that the expression of several genes essential for the ET
signaling pathway was found to be in negative relation with
JA (Dong et al. 2004). The harpin protein, which activates
the ET signal in Arabidopsis and leads to M. persicae
resistance, does not elicit the involvement of JA in aphid
resistance. Stimulation of plants by harpin separates the
roles of ET and JA in aphid defense. In harpin treated
plants, ET no longer synergizes JA, as it does in plants
under attack by aphids.

Similarly, JA, SA, ET, ABA, and GA have been dem-
onstrated to induce the accumulation of ROS/H,0; in plant
responses to aphid feeding (Smith and Boyko 2007), but
the molecular mechanism underlying these interactions is
not clear. Reactive oxygen species are elicitors of defense
signaling pathways and are known to be involved in the
elicitation of plant responses to aphid attack. As reported
by Kusnierczyk et al. (2008), little is known about the time-
dependent aspects of induced changes. Results have poin-
ted to the involvement of ROS and calcium in early
signaling, and SA and JA in the regulation of defense
responses. Similarly, it has been suggested that activation
of NADPH oxidase by wounding results in ROS bursting,
including hydrogen peroxide. Hydrogen peroxide accu-
mulation induces the subsequent biosynthesis of JA,
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leading to the expression of defense genes against insect
feeding (Orozco-Cardenas et al. 2001; Turner et al. 2002).
Signal transduction pathways can, however, be specific for
the plant species and the tissue within a plant (Dicke and
Van Poecke 2002).

Conclusions and future directions

Based on numerous presented reports concerning plant—
aphid interactions, the recognition of aphid feeding probes
by plant receptors, and the ensuing plant defense responses
are followed by the transmission of defense response
signal cascades that involve various signaling molecules.
Plant signaling pathways driven by jasmonic acid, sali-
cylic acid, ethylene, abscisic acid, gibberellic acid, reac-
tive oxygen species (ROS), and nitric oxide induce
changes in the expression of defense genes, which lead to
metabolic changes enhancing plant defenses in response to
attack by aphids. Furthermore, the activation of tran-
scription factors often enables a cross-talk between
antagonistic and synergistic relationships between the
pathways, and defines gene expression profiles of induced
resistance. Additionally, it has been demonstrated that
activation of signaling pathways is integrated and tempo-
rally controlled. Interactions between plants and insects
are extremely complex. More studies are required to elu-
cidate a detailed mechanism for the induction of plant
defense responses to phloem-feeding insects such as
aphids. More efforts to interpret the complex interactions
among molecular regulators will pave the way to under-
standing the control mechanisms of defense events in
plants.

A better understanding of the molecular mechanisms
involved in the activation of plant signaling pathways,
perception of signaling molecules, cross-talk relationships
of these molecules in the plant defense signaling network
and the main regulatory points such as transcription factors
will supply new information for contemporary plant biol-
ogy and may provide valuable data useful in the future
generation of specific genetic modifications. Signaling
events which mediate these different responses are of
interest to plant scientists, not only because they are
intrinsically biologically interesting, but because they are
important from an agricultural perspective. An under-
standing of the interplay between the different defense
pathways targeted towards different aphids is essential for
the development of optimized crop protection strategies.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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