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Aphids (order Hemiptera; suborder Sternorrhyncha) are fast becoming an excellent system for
studying molecular interactions between sap feeding insects and their host plants. This has been
facilitated, in part, by the recent completion of the pea aphid (Acyrthosiphon pisum) genome project
(IAGC, 2010) and the development of high throughput genomic resources such as preliminary
genomes and large-scale EST libraries for a number of other aphid species. Coupled with a strong
tradition as a model system for investigating insect—plant interactions more generally, the recent
increase in the number of studies involving aphids has lead to greater insights into the complex-
ity of plant—aphid interactions and has provided a tantalizing preview of the intricate molecular
mechanisms that govern this intimate association.

Aphids and other sap-feeding hemipterans (e.g., whiteflies) have evolved specialized mouthparts,
the stylets, which penetrate through plant tissues to feed directly from a single sieve element within
the phloem. The feeding pathway, mechanism of penetration, and insect behavior associated with
feeding have been well described (reviewed by Powell et al., 2006), but the role of the copious
amounts of saliva that is continuously secreted during feeding remains obscure. Two types of saliva
are recognized: a “gelling” saliva that constitutes the salivary sheath that is left in situ following
stylet withdrawal from plant tissues, and a “watery” saliva that is secreted intracellularly either when
the stylets briefly puncture cells during probing or immediately before and during sap ingestion
(Martin et al., 1997). The gelling saliva is thought to provide mechanical support to the delicate
stylets and to offer a degree of molecular concealment from plant defenses (Miles, 1999; Tjallingii,
2006; Will et al., 2007), although the assignment of function to the various types of saliva remains
speculative, largely because of difficulties with collection and analysis of aphid saliva in general.

Abbreviations: ACE, angiotensin converting enzyme; Avr, avirulence; EPG, electrical penetration graph; GMC, glucose-
methanol-choline oxidoreductase; NADH, nicotinamide adenine dinucleotide; NADPH, nicotinamide adenine dinucleotide
phosphate; NBS-LRR, nucleotide-binding site leucine-rich repeat; PI, protease inhibitor; PAMPs, pathogen associated
molecular patterns; PP1, phloem protein 1; PP2, phloem protein 2; PTI, PAMP-triggered immunity; Redox, reduction-
oxidation; RNAi, RNA interference; ROS, reactive oxygen species; SDS-PAGE, sodium dodecyl sulfate polyacrylamide
gel electrophoresis; SMP-30, senescence marker protein
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Nevertheless, several authors have suggested that aphid saliva mediates the insect—plant inter-
action by overcoming plant defenses before and after the sieve elements have been located (e.g.,
Miles, 1999; Tjallingii, 2006; Will et al., 2007). In contrast to the multitude of studies involving
leaf-chewing insects (reviewed by Wu and Baldwin, 2010) direct evidence of a role for individual
salivary proteins in the aphid—plant interaction is only slowly becoming available (Will et al., 2007;
Mutti et al., 2008; Bos et al., 2010).

This chapter will discuss the potential role of aphid saliva within the sieve element, focusing
largely on the watery saliva because this component is known to be actively secreted both prior to
and during ingestion of phloem sap. However, it should be noted that the division of aphid saliva into
gelling and watery components is based solely on physical properties, in particular the hardening of
the saliva during tissue penetration that is not observed within the sieve element. Although protein
profiles of the two types of saliva when analyzed by SDS-PAGE appear different (e.g., Cherqui and
Tjallingii, 2000; Harmel et al., 2008) the protein composition of the different types of saliva has not
been comprehensively compared, and the processes that govern the change in saliva conformation
remain unknown.

Aphid Saliva—Production, Secretion, and Composition

The primary components of aphid saliva originate in the salivary glands, a pair of organs located
in the dorsal metathorax (Ponsen, 1972). Each half of the salivary gland pair consists of two
components, a large principal gland that is often bilobed and a smaller accessory gland. The two
subunits join in a common duct that unites with the other partner to form the salivary canal that
leads to the stylet tips. The principal gland is innervated and includes eight secretory cells, whereas
the accessory gland has no nerve connections and the cells are not differentiated. The contribution
of the two subunits to the saliva has been suggested largely through plant virus transmission studies
(Gray and Gildow, 2003). Persistent and circulative viruses that infect the phloem are transferred
from the aphid hemolymph into saliva through the accessory gland, indicating that this structure
might be responsible for the production of some watery saliva. However, the relative contribution
of the accessory and principal glands to saliva production remains unclear.

The salivary gland tissue of the pea aphid has recently been investigated in detail using tran-
scriptomic and proteomic methodologies to generate a catalogue of putative effector proteins of
the salivary secretome (Carolan et al., 2011). Effectors are generally defined as proteins and small
molecules that alter host cell structure and function (Hogenhout et al., 2009). Over 300 proteins with
secretion signals (N-terminal peptide sequences) indicating extracellular localization and possible
association with saliva were identified from the salivary gland, approximately half of which had no
homolog outside the aphids and were of unknown function. A significant number of the candidate
effectors that could be assigned identity through homology were previously characterized in other
phytopathogenic organisms, particularly plant-parasitic nematodes, perhaps indicating the evolution
of common mechanisms to the plant-parasitic habit.

The composition of both the gelling and watery saliva has been investigated widely and is
summarized in Table 15.1. Early studies primarily used enzymatic assays to determine protein
activity of saliva and the salivary sheaths. The gelling process is thought to be mediated by an
oxidation/reduction reaction involving phenoloxidases (Cherqui and Tjallingii, 2000; Tjallingii,
2006; Will et al., in press). In addition, phospholipids and conjugated carbohydrates have been
detected in the sheath saliva (Miles, 1999). A candidate for the principal protein component of the
sheath has been identified by mass spectrometry (Carolan et al., 2009). The amino acid composition
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Table 15.1 Proteins identified from or associated with aphid saliva

Method of
Protein/enzyme type Protein determination  Species Fraction Putative functions References
Glucosidases
Cellulase SSA S. graminum WO Degrade cellulose Campbell and Dreyer, 1990
ND SSA S. graminum Saliva Degrade phenophilic glycosides ~ Urbanska et al., 1994;
Cherqui and Tjallingii,
2000
GMC-oxidoreductase ~ Glucose dehydrogenase MS, TP A. pisum, M. persicae Saliva, SGs  Disrupt JA-regulated defense Harmel et al., 2008;
family responses, secondary metabolite ~ Carolan et al., 2009, 2011
detoxification, salivary sheath
solidification
Glucose oxidase SSA M. persicae Saliva Disrupt JA-regulated defense Harmel et al., 2008
responses, secondary metabolite
detoxification, salivary sheath
solidification
Olfactory segment Mp10 (OS-D2-like) TP M. persicae SGs Chemosensory protein, potential ~ Bos et al., 2010
D2 family effector
Pectinases and ND SSA S. graminum Saliva Cell wall degradation during Ma et al., 1990;
pectinesterases probing and stylet penetration Madhusudhan and Miles,
1998; Cherqui and
Tjallingii, 2000
Polyphenoloxidases ND SSA S. graminum. S. avenae, Saliva, Phytochemical detoxification, Urbanska et al., 1994;
& peroxidases A. pisum, M. persicae Salivary ROS scavenging to maintain Madhusudhan and Miles,
Sheath redox potential 1998; Miles and Peng,

1988; Urbanska et al.,
1998; Cherqui and
Tjallingii, 2000

(Continued)
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Table 15.1 (Continued)
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Method of
Protein/enzyme type Protein determination ~ Species Fraction Putative functions References
Polygalacturonase ND SSA A. pisum, M. persicae Saliva Cell wall degradation Campbell and Dreyer, 1990
Metalloproteases M1 metalloprotease, MS A. pisum Saliva, SGs  Regulate or process signaling Carolan et al., 2009
M2 metalloprotease peptides through cleavage of
di- or tri- peptides
SMP-30 family Regucalcin MS A. pisum Saliva Calcium chelation, regulate sieve  Carolan et al., 2009
element occlusion
Proteins of unknown Protein C002 TP A. pisum SGs Unknown function. Mutti et al., 2006, 2008
function
s ACYPI009881 MS, TP A. pisum Saliva, SGs  Component of the salivary sheath Carolan et al., 2009, 2011
2
§ ACYPI008224 MS, TP A. pisum Saliva, SGs  Unknown function Carolan et al., 2009, 2011
o
' ACYPI006346 MS, TP A. pisum Saliva, SGs  Unknown function Carolan et al., 2009, 2011
40 and 43 kDa calcium 45Cag labeling M. viciae Saliva Calcium chelation, regulate sieve ~ Will et al., 2007
binding proteins element occlusion
Mp42 TP M. persicae SGs Potential effector Bos etal., 2010
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ND: not determined; SSA: substrate specific assay; MS: mass spectrometry; TP; transcript profiling; SGs: salivary glands; WO: whole organism (homogenates).
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of this “sheath protein,” a novel protein unique to aphids, suggests an abundance of disulfide bridges
can form between cysteine residues consistent with a gelling function. Disulfide bridge formation is
reversibly catalyzed by protein disulfide isomerases and several disulfide isomerases were identified
in the pea aphid salivary gland secretome (Carolan et al., 2011). Watery saliva appears to have a more
complex composition. Substrate-specific assays have demonstrated the presence of two pectinases,
pectin methylesterase, polygalacturonase, and oxidation/reduction enzymes such as phenoloxidases
and peroxidases (Urbanska et al., 1998; Madhusudhan and Miles, 1998; Miles, 1999). More recently,
mass spectrometry and proteomics of aphid salivary proteins secreted into artificial diets identified
metalloproteases, glucose dehydrogenases and oxidases, regucalcin, NADH dehydrogenase, and
several novel proteins with no homolog outside aphids (Harmel et al., 2008; Carolan et al., 2009).

In addition to structural and enzymatic functions, novel molecular roles for constituents of aphid
saliva are being recognized. For example, it is becoming increasingly evident that a gene-for-gene
interaction exists between the aphid and its plant host, analogous to the interactions that occur
between plants and phytopathogens such as nematodes, oomycetes, fungi, and bacteria. As with
these phytopathogenic organisms, it is expected that aphids secrete analogous pathogen-associated
molecular patterns (PAMPs) that are recognized by the plant, and subsequently salivary effectors
that in some way negate the response to such recognition. Recent functional genomic (Bos et al.,
2010) and RNA library prospecting (Mutti et al., 2006, 2008) approaches have yielded candidate
proteins (Table 15.1) that could potentially function at the molecular interface between aphid and
plant.

Calcium chelating proteins have also been demonstrated in aphid saliva through calcium affinity
studies (Will et al., 2007) and mass spectrometry of proteins isolated from concentrated saliva
(Carolan et al., 2009). The presence of such proteins might explain the ability of aphids to contend
with calcium-regulated sieve element occlusion mechanisms and calcium-based defense signaling
pathways. Thus, it seems that aphid saliva is diverse both in protein composition and function.

Stylet Penetration toward the Sieve Elements: The Role of the Salivary Sheath

The route taken by the stylets as they penetrate plant tissues has been reconstructed from serial
sections of salivary sheaths viewed by both light and electron microscopy (Tjallingii and Esch,
1993). After initially secreting a salivary “flange” on the plant surface, the stylet tips penetrate
between cells and through airspaces and briefly puncture individual cells as they progress to the
sieve elements. The route can be circuitous, commonly involving dead-ends, direction reversal,
and aborted sieve-element punctures. Overall, it can take from 30 minutes to several hours for the
aphid to locate a suitable feeding site. Analysis by electrical penetration graph (EPG) (Mclean and
Kinsey, 1965; Prado and Tjallingii, 1994; Walker, 2000), a technique to observe aphid behavior
during plant probing and ingestion, has added considerable detail to these directly unobservable
events (see Chapter 16). Often the frequency of cell punctures increases immediately before the final
feeding site is attained, and salivary secretions seem to be important in the decision of the insect
to accept or reject a sieve element that could be mediated by gustatory receptors in the pharynx
(Hewer et al., 2010). However, the cell puncture that leads to sustained phloem ingestion appears
indistinguishable from other previous cell punctures.

The puncturing of plant cells, either in the mesophyll or the sieve elements, presents aphids with
a serious problem since loss of internal turgor pressure and the influx of calcium ions results in the
initiation of defensive cascades that could interrupt feeding behavior. In this regard, the salivary
sheath plays an important role since it can effectively seal puncture sites irrespective of the plant
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cell type. Nevertheless, the continuous secretion of gelling saliva during penetration to the sieve
element presents a considerable input of “foreign” material into the plant that has the potential
to activate plant defense responses. Early reports in the literature suggested that the gelling saliva
contained enzymes such as pectinases and cellulases that are capable of digesting plant cell walls
to aid penetration (Table 15.1). Although the stylets predominantly follow the secondary cell
walls and thus encounter cellulose fibers (Tjallingii and Esch, 1993) and a pectin layer, it has yet
to be determined whether the products of their digestion (pectin fragments for example) act as
elicitors of plant defense (Cherqui and Tjallingii, 2000). Obviously, teasing apart the seemingly
conflicting roles of cell wall digesting enzymes present in aphid saliva requires considerably
more attention.

Penetration of the Sieve Element: The Role of Watery Saliva

Upon puncturing the sieve element, the aphid initiates a period of sieve-element salivation that
involves the injection of watery saliva directly into the sieve element lumen (Tjallingii, 2006).
Secretion of saliva coincides with the closing of the precibarial valve in the food canal in the aphid
head, so that saliva remains in the mouthparts rather than being drawn through the stylet and into
the gut as occurs during ingestion (Figure 15.1). It is assumed that saliva is secreted into the lumen
of the sieve element and transported within the sieve tube by mass flow. It is unclear how far
the stylet tip progresses into the sieve element and it is feasible that saliva could accumulate in
the stationary mictoplasm at the inner periphery of the sieve element. However, early experiments
with 32P-labeled aphids detected radioactivity in unlabeled aphids (and plant roots) downstream
of the feeding site, indicating that saliva enters the sieve element lumen and is carried with the
mass flow within sieve tubes (Forrest and Noordink, 1971). The secretion of watery saliva prior to
ingestion has long been considered a significant factor in the conditioning of the sieve element prior
to ingestion. Such conditioning most likely involves secretion of effector molecules to overcome
or negate plant defenses such as protein occlusion mechanisms, although the identification of such
effectors is still at an early stage (Bos et al., 2010). Irregularities in sieve element salivation have
been observed in aphids feeding from resistant plant cultivars (van Helden and Tjallingii, 1993;
Garzo et al., 2002; Alvarez et al., 2006; Tjallingii, 2006) and in aphids experimentally deprived of an
endogenous supply of essential amino acids through elimination of their bacterial endosymbionts
(Wilkinson and Douglas, 1995). In both cases, incompatibilities between the sieve element and
protein composition of the saliva are thought to underlie the irregular feeding behavior exhibited by
the aphids.

To initiate ingestion, the precibarial valve opens and the aphid imbibes sieve-tube sap passively
due to the positive pressure associated with mass flow. The opening of the salivary canal is situated
just behind the tip of the stylets (Figure 15.1) such that once ingestion starts, saliva is swept back
into the aphid with the stream of sieve-tube sap (e.g., Tjallingii, 2006). The functional implications
for the ingestion of saliva are unclear, but one likely explanation involves prevention of protein
plug formation in the narrow food canal or aphid gut. The intermittent secretion of watery saliva is
critical for sustained feeding, and the precibarial valve will close periodically to allow the emission
of watery saliva back into the sieve element. Severing of aphid stylets by stylectomy (Fisher and
Frame, 1984; van Helden et al., 1994) during ingestion interrupts the secretion of watery saliva into
the sieve element and in eudicots, sieve-tube sap eventually ceases to flow presumably due to the
plugging of the stylet tips or sieve element. It is clear that saliva plays a major role in the interaction
between the aphid and the sieve-tube from which it feeds.
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(A) Sieve element salivation (B) Passive phloem ingestion
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Figure 15.1 Schematic representation of the movement of saliva and sieve-tube sap during sieve element salivation and passive
phloem ingestion. (A) Sieve element salivation originates from saliva in the paired salivary glands (psg; each comprising a principal
and accessory gland) that is continually secreted via the common salivary duct (csd) from an opening in the stylet bundle distal
to the tip. During penetration of pathway tissues to the sieve element the saliva hardens to form an initial salivary flange (sfl)
and salivary sheath (ssh) surrounding the stylets. During penetration and brief intracellular punctures as well as initially entering
the sieve element, the precibarial valve (pcv) in the head remains closed and saliva exits from the tip of the stylet bundle. (B)
Passive phloem ingestion occurs if the stylet-sieve element interaction is compatible. The precibarial valve opens and sieve-tube
sap together with secreted saliva is imbibed passively due to the positive pressure in the sieve element. Small arrows indicate the
direction of saliva flow; large arrows indicate the direction of sieve tube sap flow.

Aphids Manipulate Sieve Element Occlusion
Sieve Element Occlusion Mechanisms

Sieve elements are particularly sensitive to injury and under extreme conditions will completely
collapse. More commonly, mechanical damage or feeding damage by herbivores leads to a blockage
or occlusion of the sieve elements to prevent leakage of the sieve tube contents (see Chapter 7).
Occlusion mechanisms can act relatively slowly (minute range) in case of callose deposition
or rapidly (second range) by plugging with proteins (Furch et al., 2007, 2010). Both occlusion
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mechanisms can act concurrently to effectively block mass flow through sieve pores between
adjacent phloem cells (see Chapter 7). Callose, a 1,3-B-glucan polymer (Aspinall and Kessler,
1957), is synthesized in the cell wall outside the plasma membrane by the enzyme callose synthase,
which is activated by increased levels of intracellular calcium. Because of the site of synthesis,
callose plugs are actually more like collars that constrict the sieve pores.

Protein-based sieve pore occlusion mechanisms can occur more rapidly and involve a wide
variety of putative protein structures (Evert, 1990). The types of protein plugging mechanisms that
are present depend upon the plant family but all mechanisms lead to blockage of the sieve plate by
formation of a plug. Sieve elements of plants in the Fabaceae contain forisomes, which are unique
protein structures with a spindle-like appearance that disperse in response to fluctuations in turgor
pressure or damage (Knoblauch et al., 2001). These physical changes to sieve elements also lead to
increased levels of intracellular calcium. Isolated forisomes in vitro can be induced to disperse by
the addition of calcium and contract by the addition of calcium chelators (Knoblauch et al., 2003)
or crude extracts of concentrated aphid saliva (Will et al., 2007). This rapid structural conversion of
forisomes suggests that an unidentified component of aphid saliva plays a vital role in mitigating
defense responses in this particular plant family.

How Aphids React to Sieve Element Occlusion

Secretion of watery saliva into sieve elements directly after penetration by the aphid stylets, but
prior to sieve-tube sap ingestion is a common behavior that has been observed for all aphid species
studied to date. Furthermore, detailed analysis of aphid feeding behavior has demonstrated that
aphids respond to artificial induction of sieve element occlusion with prolonged periods of watery
saliva secretion (Will et al., 2007, 2009). This observation was made for a number of different
aphid species on highly divergent plant taxa, suggesting that salivation into sieve tubes is a general
mechanism to suppress sieve element occlusion (Will et al., 2009).

Factors that can trigger the previously described occlusion mechanisms include calcium fluxes
(Knoblauch et al., 2001), turgor loss (Ehlers et al., 2000), and variations in redox potential
(Leineweber et al., 2000).

Occlusion Associated Factors: Calcium

Calcium plays a central role in the induction of sieve element occlusion, either as a trigger for
a variety of mechanisms (Furch et al., 2007) or as a second messenger in defense-associated
signal cascades (Lecourieux et al., 2006), leading to the hypothesis that proteins within the
watery saliva limit or modulate calcium influx (Will and van Bel, 2006). Such proteins appear
to be a key factor in the ability of aphids to imbibe phloem sap by preventing sieve element
occlusion (Caillaud and Niemeyer, 1996; Chen et al., 1997). Whether aphids prevent occlusion
of sieve elements as opposed to directly disintegrating the protein and callose plugs is as yet
undetermined.

Occlusion Associated Factors: Hydrostatic Pressure

Mass flow inside the sieve tubes is driven by a hydrostatic pressure difference between source and
sink (Miunch, 1930; Gould et al., 2005). The high turgor pressure of sieve tubes results in passive
ingestion of sieve-tube sap (Prado and Tjallingii, 1994; Tjallingii and Cherqui, 1999; Miles, 1999),
and the flow of ingesta is regulated by the preciberial valve that opens and closes the food canal
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(McLean and Kinsey, 1984). Loss of turgor in sieve tubes would therefore lead to a reduction in the
rate of ingestion or cessation of feeding altogether.

Sieve tube occlusion leads to a decrease of pressure downstream of the occlusion-inducing
stiumulus (Gould et al., 2004) and a reduction in flow velocity inside the sieve tubes (Peuke
et al., 2006). Using a flow chamber system in which a single aphid penetrates a stretched parafilm
membrane with its stylet and feeds on artificial diet, it was demonstrated that aphid behavior
changes from ingestion to secretion of watery saliva after a rapid decrease of system pressure (Will
et al., 2008), while an increase of calcium had no effect. This suggests that aphids respond to a
drop in hydrostatic pressure following sieve element occlusion rather than calcium influx (Will
et al., 2008).

Occlusion Associated Factors: Redox State

The redox state represents the sum of the reducing and oxidizing potentials of the molecules in
plant cells (Potters et al., 2010) and is involved in plant stress biology and pathogen responses
(Foyer and Noctor, 2005). In addition to calcium, the redox state inside sieve tubes represents
a further trigger factor for protein based occlusion mechanisms in cucurbits. Solubilized phloem
protein monomers (PP1) together with phloem lectin (PP2) form filaments due to oxidation (Read
and Northcote, 1983; Leineweber et al., 2000) leading to sieve-tube occlusion. Furthermore vari-
ation of the redox state has been implicated in conferring disease resistance in plants (Van Camp
et al., 1998).

The redox state of a cell is influenced by phenolic compounds and antioxidants, such as ascorbate,
glutathione, and NADH/NADPH (Queval and Noctor, 2007; Potters et al., 2010). Reactive oxygen
species (ROS) are toxic byproducts of aerobic metabolism, which in addition to contributing to
cellular redox state (Potters et al., 2010) can adversely affect plant cell health leading to programmed
cell death (de Pinto et al., 2002). ROS are suspected to play an integrative role in aphid—plant
interactions. For example, sieve element feeding by aphids results in the production of the ROS
hydrogen peroxide in the apoplast of aphid resistant plants (van der Westhuizen et al., 1998),
indicating that aphids directly induce or trigger plant defenses under certain circumstances. Thus,
aphids are confronted with antioxidant-based defense systems localized in the sieve tubes (Walz
et al., 2002). It is likely that aphids and other phytophagous insects secrete a suite of scavenging
proteins that contend with the ROS associated with biotic attack or cellular damage.

One potential strategy aphids can use to influence ROS levels in the plant is to secrete oxi-
doreductase enzymes in the saliva. Many oxidoreductases have been identified in or are associated
with saliva from different aphid species (reviewed by Miles, 1999). This group of enzymes include
copper-dependent oxidoreductases (Madhusudhan and Miles, 1998), phenoloxidases (Cherqui and
Tjallingii, 2000; Ma et al., 2010), glucose oxidase (Harmel et al., 2008), glucose dehydrogenase
(Carolan et al., 2009) and peroxidase (Urbanska et al., 1998; Cherqui and Tjallingii, 2000).

With respect to ROS scavenging the identification of glucose—methanol-choline (GMC) oxidore-
ductases in the saliva of the pea aphid and green peach aphid (Harmel et al., 2008; Carolan et al.,
2009) is particularly contradictory, as GMC-oxidoreductases convert glucose, a component of sieve
element sap (van Bel and Hess, 2008) to gluconic acid and hydrogen peroxide both of which are
ROS. Therefore, salivary enzymes may actually result in an increase in ROS content.

Besides functioning in plant defense responses, ROS are increasingly implicated as key signaling
molecules involved in cell-to-cell communication (reviewed by Suzuki et al., 2012). It is therefore
not unreasonable to assume that aphid modulation of ROS and ROS scavengers could confer an
ability to control ROS-based signaling pathways.
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Suppression of Sieve Element Occlusion by Calcium-Binding Saliva Components

An in vitro approach to investigate whether components of aphid watery saliva suppress sieve
element occlusion mechanisms was conducted using isolated forisomes from broad bean (Vicia
faba) and concentrated aphid saliva from the vetch aphid (Megoura viciae). In translocating sieve
elements of Fabaceae, forisomes exist in a contracted spindle-like shape that permits free mass flow
through the sieve element lumen. Physical disruption or membrane depolarization of sieve elements
(effected by electropotential waves) result in a calcium influx that induces forisome transition from
the fusiform into a larger, dispersed globular conformation that prohibits mass flow through sieve-
plate occlusion (Knoblauch and van Bel, 1998). Aphid saliva changes forisomes from their dispersed
state back into their contracted state. The absence of forisome transformation in the presence of
proteolytically digested salivary proteins indicates an active role for salivary proteins in sequestering
calcium to prevent occlusion. Seven proteins of different molecular weights with putative roles in
calcium binding were obtained from watery saliva collected from several thousand individuals of
the vetch aphid feeding from artificial diets (Will et al., 2007). Large volumes of artificial diets
were also used for the mass spectrometry-based identification of other putative calcium-binding
candidates (Carolan et al., 2009).

Stabilization of Sieve Element Calcium-Homeostasis by a Secreted Regucalcin-Like Protein?

Proteomic characterization of secreted saliva from pea aphids identified a regucalcin-like protein,
a candidate calcium-binding protein (Carolan et al., 2009). This salivary protein has a molecular
mass of 43 kDa, which is comparable in size to a calcium-binding protein that was previously
detected in aphid saliva (Will et al., 2007). Regucalcin is a member of the senescence marker
protein-30 (SMP-30) family that functions by sequestering signaling molecules such as calcium
(Fujita et al., 1992; Shimokawa and Yamaguchi, 1993). In addition, regucalcin plays a pivotal
role in maintaining intracellular calcium homeostasis by activating calcium-pumps in the plasma
membrane, endoplasmic reticulum, and mitochondria of many animal cell types (Yamaguchi, 2000).
Moreover, regucalcin has an inhibitory effect on the activation of calcium/calmodulin-dependent
enzymes and protein kinase C and has been demonstrated to regulate nuclear function in liver cells
through the inhibition of calcium-activated DNA fragmentation, DNA and RNA synthesis, protein
kinase, and protein phosphatase activities in the nuclei (Yamaguchi, 2005). However, since sieve
elements do not possess nuclei, the secreted regucalcin might not be particularly relevant for DNA-
and RNA-associated functions. Plant homologs of the SMP-30 protein have not been described so
far, which adds to the mystery of how aphid SMP-30 proteins function. However, it is evident from
the ever-expanding list of aphid saliva proteins that a specific function within the aphid does not
necessarily equate to the same function when secreted into the plant (Carolan et al., 2011).

Salivary Proteins: Modifiers of Ingestion and the Sieve Element Environment
The C002 Salivary Protein Is a Relevant Effector for Ingestion
C002, a salivary protein localized to the principal salivary glands of pea aphid, plays a significant role

in successful aphid feeding (Mutti et al., 2008). Suppression of C002 transcripts by RNA interference
(RNAI) in pea aphids led to a reduction in aphid life span and the ability of the aphid to locate or
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reach the sieve elements during probing (Mutti et al., 2006). In the few successful penetrations to the
sieve element, the aphids were unable to sustain sieve-tube sap ingestion for longer than 30 minutes
(Mutti et al., 2008). The fecundity of the green peach aphid (Myzus persicae) increased when reared
on Nicotiana benthamiana with ectopically expressed C002, suggesting that the protein functions
as an effector that is integral to promoting aphid infestation (Bos et al., 2010). Interestingly, pea
aphid and green peach aphid C002 are divergent in amino acid sequence (Mutti et al., 2006; Bos
et al., 2010), but no biological significance for the divergence has as yet been attributed.

Influence of Salivary Proteins on Ingested Sieve-Tube Sap Content

At the onset of ingestion, secreted saliva is drawn into the gut with the flow of sieve-tube sap
(Figure 15.1). Prevention of sieve-element protein coagulation in the digestive track by calcium-
binding is most likely one important function of saliva to prevent occlusion of the narrow food canal
of the stylet (Tjallingii, 2006). The presence of specialized cells that accumulate calcium in the
form of calcium sulfate and calcium carbonate in the midgut (Ehrhardt, 1965) could indicate that
reingested calcium binding salivary proteins are less relevant. Ingested saliva could also function to
detoxify sieve-tube sap components that are harmful to aphids including protease inhibitors (PIs),
which are known constituents of the sieve-tube sap. Sieve tube PIs could potentially target proteases
within the insect midgut and thus, prevent digestion of nutritive proteins and consequently restrict
insect growth and development by limiting nitrogen supply. Cysteine and trypsin PIs have been
shown to reduce aphid performance (Casaretto and Corcuera, 1998; Rahbé et al., 2003; Pyati et al.,
2011), but the response is often species-specific, and in some host plants, accumulation of the PI is
induced by aphid infestation.

A long-held assumption argues against a role for PIs in the gut because of the belief that aphids
were incapable of digesting protein, relying instead on free amino acids in the sieve-tube sap as
the primary source of nitrogen-based nutrition (e.g., Sandstrom, 2000). However, active proteases
have been found in the midgut of the pea aphid (Cristofoletti et al., 2006), and two proteases were
identified in pea aphid saliva (Carolan et al., 2009). Taken together with evidence of PI activity
against a variety of aphid species, some proteolytic activity must be present in the aphid gut (Pyati
et al., 2011). Plant PIs could potentially cross the midgut epithelium into the hemolymph and
negatively influence aphid metabolism or processes related to reproduction (Rhabé et al., 2003).

The two proteases identified in the saliva of the pea aphid are a M1 zinc metalloprotease and an-
giotensin converting enzyme-like enzyme (ACE-like), which is a member of the M2 metalloprotease
family (Carolan et al., 2009). The ACE homolog was previously described in insect hemolymph,
but its association with saliva and the salivary glands has recently been confirmed (Carolan et al.,
2011). Both M1 and M2 zinc metalloproteases are involved in the digestion of small peptides and
similar proteases are present in the saliva of other fluid-feeding insects such as mosquitoes (Arca
et al., 2005) and ticks (Decrem et al., 2008). In addition to a putative role in the digestion of proteins
within the sieve elements (Carolan et al., 2009), these salivary metalloproteases could also function
within the insect gut to deactivate plant PIs in the diet. M1 and M2 metalloproteases cleave one
or two amino acids from the C- and N-terminal ends, respectively, from short peptides such as
hormones or neuropeptides indicating a potentially direct role in negating or modulating various
defensive signaling mechanisms.

Phytochemicals in the ingested sieve element sap such as phenolic compounds would have to
be detoxified by the aphid either in the plant or in the aphid midgut. This could be achieved by
oxidoreductases (Miles and Oertli, 1993) such as those identified in the saliva of green peach
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aphid and pea aphid (Harmel et al., 2008; Carolan et al., 2009). Salivary GMC-oxidoreductases
could fulfill a potential function within the aphid if reingested. However, further identification and
characterization of the salivary components along with functional assays are clearly necessary before
the role of salivary proteins in pre- and postingestion events is fully understood.

Potential Recognition of Salivary Proteins by Intracellular Receptors

There is a growing appreciation that the relationship between sap-feeders and their host plants
is much more intricate than the relatively indiscriminate feeding of many polyphagous-chewing
insects. The mouthparts of an aphid locate and penetrate a single sieve element from which they
can feed for days, often without causing significant damage to the plant. By doing so, aphids and
whiteflies induce plant defense signaling pathways that are also activated by bacterial or fungal
pathogens (de Vos et al., 2005; Kempema et al., 2007), indicating remarkable functional analogy
among these phylogenetically diverse phytopathogenic organisms (Walling, 2000; Goggin, 2007).
As discussed in Chapter 16, the only cloned aphid resistance genes, Mi-/.2 in tomato (Solanum
lycopersicum) (Martinez de Ilarduya et al., 2003) and Vat in melon (Cucumis melo) (Dogimont
etal., 2008), are members of the NBS-LRR superfamily of resistance proteins that confer resistance
to both eukaryotic and prokaryotic pathogens (Staal and Dixelius, 2007). As with the secretions of
other plant pathogens, aphid saliva most likely comprises pathogen-associated molecular patterns
(PAMPs) and proteins that result in plant-derived products that are analogous to pathogen-induced
molecular patterns. Whether or not the plant mounts a successful defense, resulting in pathogen-
triggered immunity (PTI), for example, depends on the presence of additional salivary agents such
as avirulence (Avr) gene products that function as effectors that essentially interfere with PTI.

Recent results suggest that the expression of Mi-/.2 and VAT is not restricted to sieve elements
(Sarria-Villada et al., 2009; Pallipparambil et al., 2010) and, since both gene products are located
in the cytoplasm in common with most plant NBS-LRR proteins (McHale et al., 2006), plants are
likely to recognize aphid infestation at an early stage of probing before sieve element penetration.
A potential candidate protein that is detected by the plant is MP42 from the saliva of green peach
aphid, whose overexpression in Nicotiana benthamiana leads to reduction in aphid performance,
indicating an induced defense response against aphids (Bos et al., 2010).

Microscopic hypersensitive-like responses have been observed in mesophyll tissues of melon
plants possessing the VAT gene in response to cotton-melon aphid (Aphis gossypii) probing (Sarria-
Villada et al., 2009). In contrast, a hypersensitive response was absent in tomatoes with the Mi-1.2
gene (Martinez de Ilarduya et al., 2003), suggesting that alternative defense mechanisms are mediated
by NBS-LRR proteins. Interestingly, the microscopic hypersensitive-like responses in melon plants
that express VAT is a rapidly induced host response when probed by cotton-melon aphids whereas a
significant temporal lag of similar responses occurs after green peach aphid probing (i.e., a nonhost
response). It is not unreasonable to postulate that the rapid response is based upon a direct detection
of an Avr gene product in cotton-melon aphid saliva while the delayed response can be assigned to
innate immunity.

Salivary Proteins Influence Metabolic Pathways in the Phloem

Aphid feeding changes resource allocation within the host plant by altering sink—source relationships
(Girousse et al., 2003). Nutrients are suggested to be preferentially allocated toward insect-infested
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tissue due to the creation of strong sinks as sieve-tube sap is ingested by the aphids (Girousse
et al., 2003). The demand for nutrients in response to a dense infestation of aphids imposes such a
strongly competitive sink that normal sink tissues such as primary growth zones have been suggested
to convert to source tissues (Mittler and Sylvester, 1961; Dixon, 1998; Girousse et al., 2005). This
assumption is questionable because of the need for substantial structural changes involved in a
switch from sink to source tissues.

Aphid feeding can also alter the biochemical composition of sieve-tube sap to enhance the nutri-
tional quality of the aphid’s diet. Infestation of wheat (Triticum aestivum) by greenbug (Schizaphis
graminum) and Russian wheat aphid (Diuraphis noxia), induced an increase in both total amino
acid content and the relative amount of essential amino acids in the sieve element sap (Sandstrom,
2000). The increased amino acid content could be caused by degradation of sieve element sap
proteins due to secreted salivary proteases. Similar results were obtained following feeding by the
bird cherry-oat aphid (Rhopalosiphum padi) on maize (Zea mays) and barley (Hordeum vulgare)
(Eleftherianos et al., 2006), but in this study there was no effect on the amino acid composition in
response to feeding by greenbugs.

Systemic activation of metabolic genes was observed in the phloem of celery (Apium graveolens)
in response to feeding by green peach aphid (Divol et al., 2005). In contrast, premature leaf
senescence in Arabidopsis following feeding by green peach aphid is thought to be a resistance
mechanism that limits aphid growth by exporting nutrients from the leaf (Pegadaraju et al., 2005).
Irrespective of the final outcome, it seems clear that aphid feeding can alter phloem biochemistry
to influence aphid fitness. The involvement of aphid salivary proteins in this process remains
speculative, but the secretion of saliva into the sieve element represents a plausible recognition
mechanism. However, the plant receptors and signaling mechanisms that ultimately determine
phloem composition remain obscure.

Future Directions

The continued identification and characterization of aphid salivary proteins is central to understand-
ing interactions between sapfeeding insects and their host plants. The availability of the pea aphid
genome and the imminent completion of genomic projects for other aphid species will result in a
greater level of insight into these interactions at the molecular level. The continued collaborative
efforts of the IAGC and the dedicated curation of aphid bioinformatic resources have resulted in
the availability of extensive genomic resources and databases to the wider scientific community.
In addition, methods such as next generation sequencing to investigate the aphid transcriptome,
in planta expression of aphid salivary proteins, RNA interference, and mass spectrometry-based
proteomics are all contributing to a greater understanding of the composition and function of aphid
salivary proteins.

The continued identification of salivary proteins will lead to two main areas of research. The
first of these will involve assessing the variability within the salivary proteome itself. For example,
it is unknown whether there are differences between the principal and accessory gland proteome
or whether the watery and gelling saliva differ in protein composition. Wide-scale interspecific
and intraspecific comparisons are required to determine the effect of host plant and phylogeny
on the salivary proteome. Such studies will involve investigating salivary proteome variability
among specialist and generalist aphid species or monocot and eudicot feeders, leading to a better
understanding of the evolution of the plant-aphid interaction. It is also important that attempts
are made to attribute the different levels of plant resistance or susceptibility and aphid virulence
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or avirulence to variability within the salivary proteome or within the individual salivary proteins
themselves.

Although proteomic, functional genomic, and comparative pathogenomic approaches will result
in the generation of lists of candidate proteins involved in the various levels of the plant—aphid
interaction, considerably more effort will be required to deduce their actual function within the
plant. This second and probably most important area of research will employ methods such as
in planta expression of salivary proteins or other salivary protein delivery methods to determine
changes in the plant proteome and transcriptome, in the levels of susceptibility and resistance,
and in plant physiological responses such as hypersensitive response or chlorosis. The functional
characterization of individual salivary proteins will benefit from the continued use of plant near-
isogenic lines and plant cultivars (some of which are transgenic) that demonstrate a given phenotype
in response to specific functional activities of the foreign protein under study. For many of the plant
cultivars used in reporter bioassay experiments, the molecular pathways and cascades that result
in a given phenotype are known and thus, the potential to couch the plant—aphid salivary protein
interaction in molecular terms is achievable.

Finally, in addition to the continued characterization of the plant—aphid interaction at the molecular
level, it is essential that the tradition of excellent plant physiology experiments involving aphids
continue. For example, additional in vivo and in vitro sieve element occlusion experiments are
required to further characterize the events that occur within the sieve element itself. Stalwart
methods such as the remarkably illuminating EPG technique and aphid stylectomy will undoubtedly
remain integral to understanding the mechanisms of feeding before and after the sieve element is
located. Future studies intent at measuring changes in plant cell microenvironment in response
to aphid feeding or stylet penetration have been used in the past but require significantly more
attention. Such experiments measure pH, ROS, and calcium levels of individual cells and tissues
before and after aphid feeding and will yield insights into the plant—aphid interaction at the cellular
and biochemical levels. Immunodetection studies using antibodies obtained for individual salivary
proteins will validate the in planta delivery of salivary proteins and can potentially be used to
visualize salivary proteins at the cellular level. And finally plant microscopy will continue to
provide the direct observation of physical interaction between the stylets (and salivary sheath) and
the cells and sieve elements they encounter during the feeding process.

In conclusion, the mechanistic role of individual salivary proteins in processes such as calcium
chelation, ROS modulation, structural modification, nutrient enhancement, phytochemical detox-
ification, avirulence, effector, and PAMP functions is slowly emerging. The postgenomic era for
aphids and many of the plants on which they feed is encouraging renewed interest in aphid—plant
interactions and will undoubtedly lead to a deeper understanding of this intimate and fascinating
relationship.
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