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Myzus persicae (Sülzer), commonly known as green peach aphid (GPA), utilizes its 

slender stylet to penetrate the plant tissues intercellularly and consume copious amounts of 

photoassimilates present in the phloem sap causing extensive damage to host plants.  The 

compatible interaction between GPA and Arabidopsis thaliana enabled us to characterize plant 

response to aphid infestation.  Upon GPA infestation, Arabidopsis PAD4 (PHYTOALEXIN 

DEFICIENT4) gene modulates premature leaf senescence, which is involved in the programmed 

degradation of cellular components and the export of nutrients out of the senescing leaf.  

Senescence mechanism is utilized by plants to limit aphid growth.  In addition, PAD4 provides 

antixenosis (deters insect settling and feeding) and antibiosis (impair aphid fecundity) against 

GPA and adversely impact sieve element availability to GPA.  Basal expression of PAD4 

contributes to antibiosis, and the GPA-induced expression of PAD4 contributes to antixenosis. 

Mutation in the Arabidopsis stearoyl-ACP desaturase encoding SSI2 (suppressor of SALICYLIC 

ACID [SA] insensitivity2) gene that results in an accelerated cell death phenotype and dwarfing, 

also conferred heightened antibiosis to GPA.  Results of this study indicate that PAD4 is required 

for the ssi2-mediated enhanced antibiosis to GPA.  The PAD4 protein contains conserved Ser, 

Asp and His residues that form the catalytic triad of many α/β fold acyl hydrolases.  Arabidopsis 

plants expressing mutant versions of PAD4 [PAD4(S118A) and PAD4(D178A)] supported 

higher numbers of GPA as compared to wild type (WT) plants in no-choice tests.  Furthermore, 

Electrical Penetration Graph (EPG) studies revealed that S118 residue in PAD4 is essential to 

limit GPA feeding from the sieve elements.  However, the ability to deter insect settling in 



choice tests was not impacted by the PAD4(S118A) and PAD4(D178A) mutations, thus 

suggesting that PAD4s involvement in deterring insect settling and in antibiosis are determined 

by separate regions of PAD4.  The MPL1 (MYZUS PERSICAE INDUCED LIPASE1) gene is 

another critical component of Arabidopsis defense against GPA.  Like PAD4, MPL1 expression 

is induced in response to GPA infestation.  However, MPL1 is required only for antibiosis and is 

not essential for antixenosis against GPA.  EPG analysis suggests that the mpl1 mutant allele 

does not impact aphid feeding behavior.  Since, MPL1 exhibits lipase activity, and ssi2 petiole 

exudates contain elevated levels of antibiosis, we propose that antibiosis to GPA requires a 

lipid(s), or a product thereof. 
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 CHAPTER 1 

INTRODUCTION 

One of the major factors that limit food production is crop loss due to insect infestation, 

which accounts for 10-20% of major crops (Ferry et al., 2006).  Pest management strategy using 

conventional methods such as use of insecticides, biological control, integrated pest 

management, plant breeding to make resistant plants, etc poses certain limitations.  Development 

of insect-resistant crops through genetic engineering has been one of the major contributions of 

plant biotechnology to agriculture (Gatehouse, 2008).  Genetic engineering provides a means by 

which desirable genes can be introduced into plants, which otherwise may not be possible using 

conventional breeding methods.  For instance, Bacillus thuringienis (Bt), a widespread soil 

bacterium, is the major source of insecticidal toxin in commercial transgenic crops like cotton 

and maize (Gatehouse, 2008).  Bt produces a crystalline (Cry) protein containing potent 

insecticidal endotoxins that is toxic to insects.  Between 1996 and 2010, the global area of Bt 

crops has an increase from 1.7 million hectares to 148 million hectares, suggesting that biotech 

crops are the rapidly growing crop technology in the field of agriculture (James, 2010).  

However, Bt crops are not suitable against all groups of insects (Gatehouse, 2008).  The Bt 

endotoxins are highly effective against chewing group of insects, however, are not effective 

against phloem-feeding insects and pests of stored products (Raps et al., 2001; Gatehouse, 2008).   

Hence, more work has to be done to develop a suitable solution to control the phloem-feeding 

insects. 

Insects are broadly classified into two groups based on their feeding behavior – chewing 

and piercing-sucking group of insects.  Chewing insects (for example, caterpillars, loopers) have 

very strong mandibles which allows them to feed externally and cause extensive damage to 
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foliage (Karban and Baldwin, 1997; Kandoth et al., 2007).  On the other hand, insects with 

piercing-sucking mouthparts (for example aphids, white flies, leaf hoppers) feed on plant sap by 

piercing plant tissue and extracting plant fluids thereby causing minimum apparent physical 

damage to plant tissues (Walling, 2000).  However, some piercing-sucking insects like scale 

insects, thrips and spider mites feed on mesophyll cells or on both epidermal and mesophyll cells 

and are considered as cell-content feeders (Walling, 2000).  

  

 Aphids 

Aphids constitute the major group of piercing-sucking insects that utilize the slender 

stylet present in their mouthpart to feed on nutrients present in the phloem sap of the plant 

(Figure 1.1a; Pollard, 1973; Blackman and Eastop, 2000).  On their way to the vascular tissue, 

the aphid stylet follows an intercellular route which is less deleterious to plants as opposed to 

intracellular penetration, which rapidly turns on plant defense responses (Tjallingii, 1990; 

Walling, 2000).  Furthermore, it has been shown that stylet tip of piercing-sucking insects 

culminates in the phloem sap of plants (Stafford and Walker, 2009).  Phloem sap is very rich in 

sugars but relatively poor in amino acids, which are essential nutrients for aphids.  Hence, aphids 

need to ingest large amounts of phloem sap in order to acquire sufficient amount of nutrients 

(Dixon, 1998).  However, recent studies have shown that the obligate bacterial symbiont, 

Buchnera aphidicola, which lives inside the aphid in specialized cells called bacteriocytes, 

synthesize essential amino acids required by the aphids, that are scarce in the phloem sap  

(Baumann, 2005; Douglas, 2006).  Selective disruption of aphid symbionts using an antibiotic, 

chlortetracycline, severely affected aphid growth and development, suggesting that the bacterial 
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symbionts are essential for supplementing nutrients required by aphids (Prosser and Douglas, 

1991).  

           
 
Figure 1.1. Aphid mouth parts and colonization of GPA on Arabidopsis.  
 (a) Scanning electron microscopy (SEM) images showing aphid mouthpart.  Righ panel shows 
the close-up image of aphid stylet.  Aphids use their slender stylets to penetrate between the cells 
and finally reaching the pholem tissue to consume the copious amount of photoassimilates 
present in the phloem sap.  (b) Colonization by green peach aphids on the model plant 
Arabidopsis thaliana. 
 

In contrast to the aphid host, Buchnera lacks the non-essential amino acid biosynthetic pathway 

and thus depend on the host’s bacteriocyte cells for non-essential amino acids (Hansen and 

Moran, 2011).  Nevertheless, if the aphid is feeding on non-host or resistant plants, they ingest 

J Diaz-Montano J Diaz-Montano

(a)

(b)
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phloem sap initially at normal rates, but will subsequently stop feeding, withdraw their stylet and 

leave the plant (Kloft, 1977), suggesting that aphids tend to move away from the plant if the 

phloem sap is nutritionally unfavorable.  

Amongst the 4000 aphid species that have been described, approximately 250 species are 

considered as pests (Dixon, 1998; Blackman and Eastop, 2000).  Based on their host range, 

aphids are classified as specialist or generalists. Specialist aphids feed only on a restricted set of 

related plant species (Lankau, 2007).  For instance, Lipaphis erysimi (mustard aphid) or 

Brevicoryne brassicae (cabbage aphid) feeds only on cruciferous plants (Blackman and Eastop, 

2000).  On the other hand, generalist aphids feed on a wide array of plant species (Lankau, 2007) 

and are considered as polyphagous (Blackman and Eastop, 2000).  For example, Myzus persicae 

(green peach aphid; GPA) feeds on hundreds of host plants over several plant families 

(Blackman and Eastop, 2000).  It has been reported that generalist aphids make their host 

selection based on nutritional cues (Powell et al., 2006) whereas the specialist aphids have the 

ability to locate their host plant based on the presence of unique secondary metabolite that act as 

cue for host recognition, feeding and oviposition (Raybould and Moyes, 2001; Macel and 

Vrieling, 2003).  Furthermore, since generalist aphids have to make a host choice based on 

several of the same class of plant cues, it might lead to ‘neural constraints’ on the plant selection 

process (Powell et al., 2006).  Hence, in addition to the nutritional cues, it is suggested that 

generalist aphids might utilize a single ‘sign stimulus’ to select their host plant from many of the 

available cues (Tosh et al., 2003). 

 Aphid Saliva 

Salivary secretions of aphids’ have a vital role in plant-aphid interactions (Mutti et al., 

2008).  Aphids mainly secrete two types of saliva into the host plant – gelling and watery saliva 
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(Miles, 1999).  The proteinaceous gelling saliva forms a supportive sheath around the stylets 

during intercellular penetration.  Intracellular puncture by the stylet is followed by a rapid switch 

to secretion of non-gelling (watery) saliva and only this watery saliva enters the penetrated cell 

(Powell, 2005; Cherqui and Tjallingii, 2000).  Different studies have suggested the presence of 

pectinases, cellulases, polyphenoloxidases, peroxidases, and lipase activities in watery saliva 

(Campbell and Dreyer 1990; Miles, 1990, 1999).  The enzymes may perform vital roles in 

feeding, including lubrication of the stylets, maintaining favorable oxidative-reduction (redox) 

conditions and also help in detoxification of phenolics (Miles and Oertli, 1993).  Furthermore, 

once the aphid reaches the sieve elements (SE) of the plant, salivary secretions helps to limit 

phloem sealing and callose deposition, which enables the aphid to feed continuously for many 

hours or even days from a single sieve element (Will and van Bel, 2006; Will et al., 2007).  In 

plants, callose synthesis is Ca2+ -dependent (King and Zeevaart, 1974).  The Ca2+-binding 

proteins present in the aphid saliva are suggested to be involved in reverse phloem occlusion, 

which is triggered by a Ca2+ influx in response to aphid stylet penetration (Will et al., 2007).  

Recently, it was demonstrated that the C002 protein present in the salivary glands of pea aphid is 

required in feeding on a host plant; c002-knockdown pea aphids spend very little time in 

consuming phloem sap (Mutti et al., 2008).  Although the exact function of C002 protein is not 

known, it is suggested that it may be involved in facilitating aphid feeding on its host plant.  

Salivary components can also be recognized by the host plant to elicit defenses.  For example, 

defense responses in Arabidopsis thaliana, are induced by a proteinaceous salivary component 

from aphids, which falls in the range of 3–10 kD (De Vos and Jander, 2009).  
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 Green Peach Aphid [GPA; Myzus persicae (Sülzer)] 

Myzus persicae (Sülzer), commonly known as the green peach aphid (GPA) belongs to 

the family Aphididae within the order Hemiptera.  The adult apterous (wingless) GPAs are small 

to medium-sized with pale-yellowish-green in appearance.  Winged (alate) GPAs have a black 

central patch on the dorsal side of the abdomen.  GPA varies in size and is about 1.2 – 2.1 mm 

long (Blackman and Eastop, 2000).  GPA has a heteroecious holocyclic life cycle (i.e. has 

different unrelated hosts with sexual reproduction during portion of its cycle) between Prunus 

and secondary host plants in temperate parts of all continents.  When the primary host is not 

available, GPA follows an anholocyclic lifecycle on secondary hosts (Blackman and Eastop, 

2000).  GPAs reproduce both sexually and asexually.  Asexual reproduction is through 

parthenogenesis (offsprings produced without fertilization) which helps to build the aphid 

population very rapidly.  Peach (Prunus persicae) is the primary host for GPA.  In addition, 

Canadian plum (P. nigra), dwarf Russian almond (P. tenella), black cherry (P. serotina) and 

peach-almond hybrids can also serve as the primary hosts for GPA (Blackman and Eastop, 

2000).  Many economically important plants in over 50 different plant families serve as the 

secondary hosts for GPA.  It includes many vegetable crops like squash, cabbage, radish, 

mustard, tomato, eggplant, celery, lettuce, potato etc (Blackman and Eastop, 2000).  Hence, 

GPA, which has a large host range that exceeds 50 families of plants, is considered as one of the 

most polyphagous aphid (Baker, 1994; Cabrera y Poch et al., 1998; Blackman and Eastop, 2000).  

GPA also acts as a vector for over 100 economically important plant viruses (Kennedy et al., 

1962).  Some examples include Cauliflower mosaic virus and Turnip mosaic virus, Pea enation 

mosaic virus, Pea leaf roll virus, Potato leaf roll virus, Radish yellows virus, Tobacco vein 

distorting and yellow vein banding virus, Cucumber mosaic virus etc (Kennedy et al., 1962).  
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Thus, GPA is considered as one of the most damaging pests of many crop plants, potentially 

causing sharp decline in crop yields.  

 

 Categories of Plant Resistance against Insects 

Different pest management strategies like the use of insecticides and the use of natural 

enemies provide limited effectiveness in controlling insect population.  However, these 

insecticides also have a negative effect on the population of GPA’s natural enemies (Capinera, 

2008).  Furthermore, over the years, GPA has developed resistance against a variety of 

insecticides (Georghiou and Lagunes-Tejada, 1991). Hence, it has been suggested that targeting 

improvements in host plant resistance provides a prominent strategy for controlling insect 

infestation (Smith, 2005).  In the early 1950’s, Dr. R.H. Painter, a well renowned entomologist at 

Kansas State University, suggested plant resistance mechanisms into three categories: non-

preference, antibiosis and tolerance (Painter, 1951).  The term non-preference was then replaced 

to ‘antixenosis’ by Kogan and Ortman (1978).  Antibiosis is the category of the resistance in 

which the physiology of the insect is affected, resulting in adverse impacts on the growth, 

development, reproduction or survival of the insect (Smith, 2005).  Antibiosis may result from 

chemical and morphological plant defenses.  It could also result due to the absence of sufficient 

nutrients in the plant (Pedigo, 1999; Smith, 2005).  Antixenosis is the resistance mechanism, in 

which the plant fails to serve as a host for the insect pests and the insects prefer an alternate host 

plant (Smith, 2005).  Strong antixenosis may result in starvation even when no alternative is 

available.  However, the third resistance category only involves the plant characteristics.  

Tolerance is the ability of the plant to withstand or recover from damage caused by insect 

populations equal to those on a plant without any resistant characteristics (Pegido, 1999).  
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Tolerance is considered as the most durable kind of resistance against insects, because of the 

reduced selection pressure for new insect biotypes and also less deleterious effects on natural 

enemies (Flinn et al., 2001). 

 

 Plant Defense Responses against Aphids 

Plant defense against insects are broadly classified into constitutive (preformed) and 

inducible defenses (Chen, 2008).  Constitutive defenses include both physical and chemical 

barriers that are naturally present in the plant. Once the insect lands on the plant it utilizes the 

surface cues present on the plant to make a decision on feeding and/or oviposition (Walling, 

2008).  Leaf surface acts as the first layer of physical defense against insects.  In addition to the 

role of reducing transpiration from leaves, surface wax acts as a critical component in providing 

physical defense against biotic stress (Jenks et al., 1994).  Arabidopsis cer3 mutant, which has 

high levels of the C30 alcohol, triacontanol, supports reduced B. brassicae (cabbage aphid) 

population as compared to WT plants (Rashotte, 1999).  However, the GPA population size on 

cer3 mutant was comparable to that of WT plants (Rashotte, 1999).  

Insects also encounter trichomes present on the leaf surface as their first line of 

constitutive defense.  These trichomes could be glandular or non-glandular, depending on plant 

species (Wagner et al., 2004).  Studies have shown that exudates from glandular trichomes of 

transgenic tobacco have a negative effect on the aphid population (Wang et al., 2004; Jin et al., 

2011).  Glandular trichome exudates (chemical barrier) of transgenic tobacco contain elevated 

levels of sugar esters which severely affects the GPA population on the host plant (Jin et al., 

2011).  On the other hand, inducible defenses can be direct or indirect (Chen, 2008).  Direct 

defenses can be any kind of plant characteristic that might be activated upon insect infestation 
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and can be anti-nutritional or toxic in nature (Chen, 2008).  For instance, lectins and polyphenol 

oxidases were shown to have a negative impact on aphid population.  Plants having elevated 

levels of snowdrop lectin had a negative effect on the growth of GPA (Gatehouse et al., 1996).  

Similarly, accumualtion of phenolic metabolites was correlated with resistance to the bird 

cherry-oat aphid (Rhopalosiphum padi) and the cowpea aphid (Aphis craccivora) in resistant 

cultivars of wheat (Triticum aestivum) and cowpea (Vigna unguiculata), respectively (Lattanzio 

et al., 2000; Smith and Boyko, 2007).  Furthermore, cowpea phenolic flavonoids, when applied 

to leaves of faba bean (Vicia faba) resulted in reduced reproduction of the black bean aphid, 

Aphis fabae (Lattanzio et al., 2000).  

A distinctive defense system against aphids is present in plants of Brassicaceae family, 

which includes many agriculturally important crops and the model plant, Arabidopsis thaliana.  

Plant secondary metabolites such as glucosinolate–myrosinase system play a major role in 

providing direct defense against GPA (Kim and Jander, 2007).  The expression level of the IQD1 

transcription factor, which is responsible for glucosinolate accumulation, affects host plant 

choice by GPA (Levy et al., 2005).  Aphid fecundity was negatively correlated with both indole 

and aliphatic glucosinolate content in defense-related Arabidopsis mutants (Kim and Jander, 

2007).  Apart from the direct defense, plant volatiles that are produced upon insect infestation 

constitute indirect defenses that involve a tritrophic interaction between the plant, the aphid and a 

predatory insect (De Vos and Jander, 2010).  Aphid feeding-induced plant volatiles attract 

several natural enemies including lacewings, hoverflies, parasitoid wasps and coccinellid beetles 

(Francis et al., 2004; Zhu et al., 2005; Hatano et al., 2008).  For instance, methyl salicylate 

(MeSA), a soybean aphid-induced plant volatile, attracts its predatory beetle, Coccinella 

septempunctata, to their host plant and this predatory insect helps to curtail the aphid population 
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(Zhu and Park, 2005).  (E)-β-Farnesene (EBF) is considered as the key component of the aphid 

alarm pheromone (Pickett et al., 1992).  Plants that overexpress EBF provided enhanced 

resistance by deterring aphids and also by attracting the aphid parasitoid, Diaeretiella rapae, to 

the infested plant which resulted in the reduction of aphid settlement on host plants (Gibson and 

Pickett, 1983; Beale et al., 2006; De Vos et al., 2010). 

  

 Role of Plant Hormones in Defense against Aphids 

Plant hormones have a critical role in the growth and development of plants.  In addition, 

these hormones also act as a signaling network in response to different biotic and abiotic stresses 

(Bari and Jones, 2009).  Plants produce a variety of hormones including auxins, gibberellins, 

abscisic acid, cytokinins, salicylic acid, jasmonic acid, ethylene, brassinosteroids and peptide 

hormones.   The most recently identified strigolactones are also classified as a plant hormone 

(Gomez-Roldan et al., 2008; Umehara et al., 2008).  Of these, salicylic acid (SA), jasmonic acid 

(JA) and ethylene (ET) are more widely studied for their signaling role in plant defense against 

various biotic stresses (Shah, 2003; Lorenzo and Solano, 2005; Broekaert et al., 2006; Bari and 

Jones, 2009).  

Several studies have shown that aphid feeding on host plant activates SA, JA and ET-

mediated defense pathways (Moran and Thompson, 2001; Mewis et al., 2005; Thompson and 

Goggin, 2006; Anstead et al., 2010).  GPA feeding on Arabidopsis activates genes that are 

involved in SA biosynthesis and signaling (Moran and Thompson, 2001; Pegadaraju, 2005).  

However, GPA population on SA biosynthesis mutant sid2 (salicylic acid deficiency2), SA 

insensitive mutant npr1 (non expressor of PR-1) and SA deficient nahG transgenic plant which 

encode a SA-degrading salicylate hydroxylase, were comparable to that of wild type (WT) 
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plants, suggesting that SA is not a key player in Arabidopsis defense against GPA (Moran and 

Thompson, 2001; Pegadaraju et al., 2005).  Quite to the contrary, Mewis et al., (2005) showed 

that aphid numbers on the npr1 mutant and the nahG plant were fewer as compared to the WT 

plant, suggesting that lack of NPR1 function and SA accumulation resulted in increased 

resistance.  They further suggested that this could possibly result from the activation of the JA 

signaling pathway in these plants.  Similarly, in the case of another sap-sucking insect, silverleaf 

whitefly (Bemesia tabaci), larval growth was reduced on npr1 and nahG plants, whereas the 

growth was higher on SA overexpressing cim10 plants as compared to the WT plants (Zarate et 

al., 2007).  Zarate et al., (2007) suggested that the insect evades host defenses by tricking the 

host plant into inappropriately activating SA signaling and thus depressing the activation of JA 

signaling.   

Indeed, other studies also have shown that resistance against a variety of aphids in a 

variety of hosts is mediated through the JA pathway (Ellis et al., 2002; Zhu-Salzman et al., 2004; 

Gao L-L et al., 2007).  For example, the GPA population was smaller on the Arabidopsis cev1 

mutant which has high JA content.  In contrast, GPA numbers were higher on JA-insensitive 

mutant coi1 mutant compared to the WT plant (Ellis et al., 2002).  In sorghum, methyl jasmonate 

(MeJA) treatment of seedlings resulted in fewer numbers of greenbug aphids (Schizaphis 

graminum) as compared to the untreated control plants, suggesting the importance of JA pathway 

mediated defense in sorghum against aphids (Zhu-Salzman et al., 2004).  In addition, it has been 

shown that AKR (Acyrthosiphon kondoi resistance) mediated resistance against Acyrthosiphon 

kondoi (Blue green aphid) in Medicago truncatula requires the octadecanoid pathway (JA 

pathway) (Gao et al., 2007).  Studies with resistant varieties of melon and tomato with Aphis 

gossypii (melon aphid) and Macrosiphum euphorbiae (potato aphid) respectively, have shown 
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that some of the ET pathway related genes were upregulated after aphid infestation (Anstead et 

al., 2010).  Aphid feeding also induces ERF1 (ET RESPONSE FACTOR1) transcription factor 

and ERF1 is considered as a key integrator of ET and JA pathways (Alonso and Stepanova, 

2004; Anstead et al., 2010).  Hence, further studies are required to tease apart the roles of JA/ET 

signaling in defense against phloem-feeding aphids.  

  

 R-gene Mediated Resistance against Aphids 

The gene-for-gene model in plant defense against pathogens describes how specific 

Resistance (R) genes in plants contribute to resistance against certain races of a pathogen by 

facilitating the recognition of specific pathogen-derived molecules or factors produced in 

response to the infection (Chisholm et al., 2006; Jones and Dangl, 2006).  For instance, a 

bacterial flagellin derived Pathogen Associated Molecular Pattern (PAMP) – is recognized by 

pattern reception receptors (PPR) in the plant resulting in the activation of PAMP-triggered 

immunity (PTI) (Chisholm et al., 2006; Schwessinger and Zipfel, 2008).  However, over the 

years, pathogens have evolved to release effector molecules that can suppress the PTI.  In 

comparison, plants have evolved additional R genes that recognize these pathogen-derived 

effector molecules leading to the activation of effector-triggered immunity (ETI) (Chisholm et 

al., 2006).  The ETI further restores resistance and efficiently protect plants from 

pathogens/pests.  Significant overlap exists between some of the downstream defenses activated 

in response to PTI and ETI.  A hall mark of the R gene mediated defense is the activation of 

hypersensitive response (HR), a kind of programmed cell death (PCD), occurs at the site of 

infection, thereby limiting the spread of pathogen (Chisholm et al., 2006; Watanabe and Lam, 

2006).  However, it has also been shown that several effector proteins from bacteria inhibit the 
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HR (Jamir et al., 2004).  Recent studies have suggested that R proteins directly interact with 

transcription factors (TF) (for example, WRKY TFs), and thereby activates the TFs associated 

with plant defense signaling (Chisholm et al., 2006; Shen et al., 2007).  

Only a very few examples of gene-for-gene resistance in plant-aphid interaction are 

known.  For example, the Mi-1.2 gene in tomato and the Vat gene in melon are involved in 

providing protection against certain isolates of potato aphid and melon aphid, respectively (Rossi 

et al., 1998; Dogimont et al., 2007).  Mi-1.2 was the first aphid resistance gene to be cloned.  

Both Mi-1.2 and Vat genes are members of plant R genes consisting of nucleotide binding site 

(NBS) and leucine-rich-repeat (LRR) motifs (Milligan et al., 1998, Dogimont et al., 2007).  In 

addition to potato aphids, Mi-1.2 also confers resistance against certain isolates of root-knot 

nematodes and biotypes of whitefly (B. tabaci), and the tomato psyllid (Bactericerca cockerelli) 

(Nombela et al., 2003; Casteel et al., 2006).  Mi-1.2 mediated resistance against root-knot 

nematodes functions through the activation of HR at the feeding site which results in the 

blockage of nematode feeding (Dropkin et al., 1969; Roberts and Thomason, 1986).  In contrast, 

the Mi-1.2-mediated resistance to potato aphid is independent of HR (de Illarduya et al., 2003).  

Presence of Mi-1.2 confers resistance to potato aphid by limiting the aphids ability to feed 

continuously from the phloem sap (Kaloshian et al., 2000; Palliparambil et al., 2010).  Bluegreen 

aphid resistant gene identified in M. truncatula, AKR (Acyrthosiphon kondoi resistance), also 

exhibit homology to NBS-LRR class of genes (Klingler et al., 2005).  In addition, Nr gene in 

lettuce, Sd1 gene in apple, RAG1 gene in soybean and RAP1 gene in M. truncatula have also 

been reported in conferring resistance against lettuce aphid, rosy-leaf curling aphid, soybean 

aphid and pea aphid, respectively (Helden et al., 1993; Roche et al., 1997; Hill et al., 2006; 
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Stewart et al., 2009).  Table 1.1 summarizes the list of different plant genes involved in 

providing defense against various aphids. 

 

 Gene Expression Studies with Aphid-Infested Plants 

Aphid feeding on host plants alters plant metabolism and gene expression. Advancements 

in the area of microarray technology have enabled several researchers to study the whole-

genome transcript profiling of Arabidopsis (Affymetrix ATH1 GeneChips; 

www.affymetrix.com) upon aphid infestation (Moran et al., 2002; De Vos et al., 2005; 

Couldridge et al., 2007; Kuśnierczyk et al., 2007, 2008; De Vos and Jander, 2009).  GPA feeding 

on Arabidopsis induces the expression of genes involved in oxidative stress, pathogenesis-related 

(PR) proteins and calcium-dependent signaling (Moran et al., 2002).  In addition, it has also been 

shown that GPA feeding induces the expression of both SA and JA responsive genes (Moran and 

Thompson, 2001).  Several genes involved in the biosynthesis pathway of primary and secondary 

metabolites were altered after 48 and 72 h post infestation of GPA, suggesting the 

reprogramming of plant metabolism (De Vos et al., 2005).  Microarray experiment with 48 h of 

GPA infestation on Arabidopsis identified 200 genes that were upregulated more than 2 fold and 

95 genes that were downregulated more than 3 fold (Pegadaraju, 2005).  Some of the activated 

genes include genes that are involved in SA biosynthesis/signaling, signal transduction, sugar 

metabolism, phytoalexin synthesis, shikimate pathway and calcium-binding proteins.  GPA 

repressed genes include glucose transport gene, trehalose-6-phosphate synthase (TPS) gene, 

myrosinase binding protein etc (Pegadaraju, 2005).

http://www.affymetrix.com/
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Table 1.1. Plant genes involved in providing resistance against various aphids 

Plant Aphid Gene Reference 

 Common name Scientific name   

Tomato Potato aphid Macrosiphum euphorbiae 

Mi-1 Rossi et al., 1998 

Hsp90 Bhattarai et al., 2007 

WRKY72 Bhattarai et al., 2010 

Barrel medic 

(Medicago) 

Bluegreen aphid Acyrthosiphon kondoi AKR Klingler et al., 2007 

Pea aphid Acyrthosiphon pisum RAP1 Stewart et al., 2009 

Spotted alfalfa aphid Therioaphis trifolii  

f. maculata 

TTR Klingler et al., 2007 

Soybean Soybean aphid Aphis glycines RAG1 Hill et al., 2006 

Cowpea Cowpea aphid Aphis craccivora Rac1, Rac2 Githiri et al., 1996 

Melon Melon aphid Aphis gossypii Vat Dogimont et al., 2007 

Lettuce 
Lettuce aphid Nasonovia ribisnigri Nr Helden et al., 1993 

Lettuce root aphid Pemphigus bursarius Ra Wroblewski et al., 2007 

Apple Rosy-leaf curling aphid Dysaphis devecta Sd-1 Roche et al., 1997 

Peach Green peach aphid Myzus persicae Rm1, Rm2 Pascal et al., 2002; Sauge et al., 2002 

Maize Corn leaf aphid Rhopalosiphum maidis Aph So et al., 2010 

Wheat Greenbug aphid Schizaphis graminum Gby Boyko et al., 2004 

Russian wheat aphid Diuraphis noxia Dn Marais and Du Toit, 1993; 

Castro et al., 2005 
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Apart from Arabidopsis, selected cDNA microarray analysis of tobacco (Nicotiana 

attenuata) infested with Myzus nicotianae, demonstrated that expression of genes, including 

defense-related and proteinase inhibitor genes, genes related to nitrogen assimilation and 

transport, lipoxygenases, xyloglucan endotransglycosylase are induced in response to infestation 

(Heidel and Baldwin, 2004; Voelckel and Baldwin, 2004).  Subtracted cDNA microarray with 

672 cDNA fragments of sorghum (Sorghum bicolor) with greenbug aphids (S. graminum) 

identified strong induction of SA-inducible PR genes and a weak induction of JA- related genes 

(Zhu-Salzman et al., 2004).  Greenbug aphid infestation on sorghum also caused changes in the 

expression of genes related to the biosynthesis of secondary metabolites, antioxidants, abiotic 

stress and cell maintenance. 

Sugars are also identified as messengers involved in plant defense mechanisms against 

aphids. GPA feeding on Arabidopsis induced the expression of STP4, which has monosaccharide 

transmembrane transporter activity that may be involved in transporting carbohydrates to the 

aphid-infested regions (Moran and Thompson, 2001; Moran et al., 2002).  Recently, the 

Arabidopsis TPS11 gene, which has both Trehalose-6-phosphate (T6P) synthase (TPS) and T6P 

phosphatase (TPP) activities that contribute to the increase in trehalose (a non-reducing glucose 

disaccharide) content in GPA-infested plants, was shown to be required for providing defense 

against GPA (Singh et al., 2011).  Genes involved in sugar metabolism were also induced in 

celery (Apium graveolens) infested with GPA (Divol et al., 2005).  Sugar metabolism and 

transport genes were also altered upon Russian wheat aphid infestation of a resistant wheat 

variety (Boyko et al., 2006).  

A recent microarray study conducted with RNA extracted from Arabidopsis leaves that 

were infiltrated with an artificial diet that contained GPA saliva resulted in the differential 
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expression of several genes related to signal transduction, response to stress, glucosinolate 

biosynthesis and genes that encode for WRKY transcription factors and F-box proteins (De Vos 

and Jander, 2009).  Furthermore, cDNA sequencing of the aphid salivary proteins has identified 

genes that are specifically expressed in the salivary glands with unknown functions (Ramsey et 

al., 2007). 

 

 Arabidopsis as a Model Plant to Study Plant-Insect Interaction 

Arabidopsis thaliana is used as a model organism by plant biologists for the past twenty 

five years, because of its usefulness in genetic studies and uniqueness in studying plant signaling 

pathways (Koornneef and Meinke, 2010).  Several characteristics that make Arabidopsis as the 

model plant include small size of the plant, short life cycle, genome which is completely 

sequenced and the ease of transformation (Meinke et al., 1998, Koornneef and Meinke, 2010).  

Furthermore, the effective use of ethylmethane sulphonate (EMS) to mutagenize Arabidopsis 

seeds, and the availability of a large collection of T-DNA insertion containing transgenic plants 

facilitated utilizing forward and reverse genetic approaches, with Arabidopsis.  In the last 

decade, several groups have successfully utilized Arabidopsis as a model organism to study the 

biochemical, genetic and molecular aspects of plant-herbivore interactions.  Table 1.2 

summarizes some examples of insects for which Arabidopsis has been used as a model system 

for studying plant-insect interaction.  In our lab, the interaction between Arabidopsis thaliana 

and Myzus persicae as a model system (Figure 1.1b) have been utilized to characterize plant 

response to aphids and to identify plant genes that contribute to defense.  The Arabidopsis-GPA 

system has also been utilized in several other studies to identify a number of plant genes (Table 

1.3) and mechanisms that contribute to plant defense against aphids. 
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 Arabidopsis PAD4-mediated Resistance against GPA 

In Arabidopsis, the PAD4 (PHYTOALEXIN DEFICIENT4) gene has been identified as a 

key component involved in promoting defense against GPA (Pegadaraju et al., 2005, 2007).  

PAD4 is also involved in the synthesis of the phytoalexin, camalexin, and in SA signaling in 

plant defense against pathogens (Glazebrook et al., 1997; Zhou et al., 1998; Jirage et al., 1999).  

However, genetic studies have suggested that the involvement of PAD4 in plant defense against 

GPA is not due to its involvement in SA and camalexin metabolism (Pegadaraju et al., 2005).  

PAD4 was shown to be an important modulator of antixenosis and antibiosis mediated defenses 

against GPA (Pegadaraju et al., 2005, 2007).  PAD4 also promotes the expression of a sub-class 

of the SENESCENCE ASSOCIATED GENES (SAG) - SAG13, SAG21and SAG27, and premature 

leaf senescence in GPA infested leaves of Arabidopsis (Pegadaraju et al., 2005, 2007).  

Premature leaf senescence has been suggested to be a defense strategy to control aphid 

infestation in Arabidopsis (Pegadaraju et al., 2005).  A vital role for PAD4 in providing phloem-

based resistance against GPA was further provided by experiments involving the electrical 

penetration graph (EPG) technique (Pegadaraju et al., 2007).  The EPG technique is described 

later in this chapter. 

The PAD4 protein exhibits homology to the active site of lipases/acylhydrolases 

(Weirmer et al., 2005).  The presence of a conserved triad of amino acids (Ser118, Asp178 and 

His229) in PAD4 that are part of the catalytic triad in other acylhydrolases, suggests that PAD4 

may have lipase/acylhydrolase activity.  However, the biochemical function of PAD4 is not 

known.  At the molecular level, previous studies demonstrated that the PAD4 protein interacts 

with its signaling partner EDS1 (ENHANCED DISEASE SUSCEPTIBILITY1) thereby 

promoting defense against pathogens (Falk et al., 1999; Feys et al., 2005).  
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Table 1.2. Arabidopsis thaliana as a model system to study different plant-insect interactions 

Insect Order Reference 

Common name Scientific name   

Flea beetle Phyllotreta nemorum Coleoptera Nielsen et al., 2001 
Fungus gnat Bradysia impatiens Diptera McConn et al., 1997 
Drosophila  Scaptomyza flava Diptera Whiteman and Jander, 2010 

Cabbage aphid Brevicoryne brassicae Hemiptera Kuśnierczyk et al., 2008 

Green peach aphid Myzus persicae Hemiptera 
Pegadaraju et al., 2005, 2007;  

De Vos et al., 2005; Kim and Jander, 2007 
Louis et al., 2010a, 2010b; Singh et al., 2011 

Russian wheat aphid Diuraphis noxia Hemiptera Steeghs et al., 2004 
Turnip aphid Lipaphis erysimi Hemiptera Bruce et al., 2008 

Silverleaf whitefly Bemisia tabaci Hemiptera Kempema et al., 2007; Zarate et al., 2007 
Leafhopper Colladonus montanus Hemiptera Bressan and Purcell, 2005 

Small cabbage white butterfly Pieris rapae Lepidoptera De Vos et al., 2005, 2008; Little et al., 2007 
Large white butterfly Pieris brassicae Lepidoptera Little et al., 2007 

Cabbage looper Trichoplusia ni Lepidoptera Cui et al., 2005 
Corn ear worm Helicoverpa zea Lepidoptera Cardoza, 2011 
Beet armyworm Spodoptera exigua Lepidoptera Cipollini et al., 2004 
Fall armyworm Spodoptera frugiperda Lepidoptera Moreno et al., 2009 

Egyptian cotton worm Spodoptera littoralis Lepidoptera Stotz et al., 2000 
Cotton leafworm Spodoptera litura Lepidoptera Meur et al., 2008 

Diamondback moth Plutella xylostella Lepidoptera Stotz et al., 2000; Caputo et al., 2006 
Western flower thrips Franklineilla occidentalis Thysanoptera De Vos et al., 2005 
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Table 1.3. Arabidopsis genes involved in providing defense against green peach aphid and transgenic Arabidopsis exhibiting 
altered resistance to green peach aphid 
 

AtG # Gene Function/Annotation Reference 

At1g10550 XTH33 Endoxyloglucan transferase Divol et al., 2007 

At1g64280 NPR1 Non-expresser of PR genes1, transcription activator activity Mewis et al., 2005 

At1g66340 ETR1 Ethylene response1, binds ethylene Mewis et al., 2006 

At2g18700 TPS11 Trehalose-6-phosphate synthase11 Singh et al., 2011 

At2g39940 COI1 Coronatine-insensitive1; F-Box protein Ellis et al., 2002 

At2g43710 SSI2 Stearoyl-ACP desaturase Pegadaraju et al., 2005 

At3g09710 IQD1 Calmodulin-binding nuclear protein Levy et al., 2005 

At3g52430 PAD4 Putative acyl hydrolases/lipases Pegadaraju et al., 2005, 2007 

At4g19840 PP2-A1 Phloem protein 2 Zhang et al., 2011 

At5g05170 CEV1 Constitutive expression of VSP1; cellulose synthase activity Ellis et al., 2002 

At5g14180 MPL1 Acyl hydrolases/esterases Louis et al., 2010a 

At5g64930 CPR5 Constitutive expression of PR genes5 Pegadaraju et al., 2005 

Transgene 35S: EBF Overexpression of (E)-β-farnesene synthase Beale et al., 2006 

Transgene NahG Bacterial salicylate hydroxylase Mewis et al., 2005; 

Pegadaraju et al., 2005 
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EDS1, like PAD4, has homology to lipases/acylhydrolases and is also induced upon GPA 

infestation (Feys et al., 2005; Pegadaraju et al., 2007).  However, PAD4-mediated defense 

against GPA does not require EDS1 (Pegadaraju et al., 2007), suggesting that PAD4s 

involvement in Arabidopsis defense against aphids is distinct from its involvement in defense 

against pathogens.

The Arabidopsis SSI2 (SUPPRESSOR OF SA INSENSITIVITY 2) gene encodes a plastid-

localized stearoyl-ACP desaturase, which catalyzes the desaturation of stearic acid to oleic acid 

(Shah et al., 2001; Kachroo et al., 2001) and alters the Arabidopsis membrane lipid composition 

(Nandi et al., 2003).  The ssi2 mutant plants are dwarfs and constitutively accumulate high levels 

of SA, which promote resistance against various pathogens (Shah et al., 2001; Kachroo et al., 

2001).  In comparison to the WT plant, GPA reproduction was lower on the Arabidopsis ssi2 

mutant plant as compared to its WT plant (Pegadaraju et al., 2005).  However, GPA growth was 

comparable on the ssi2 single mutant and the ssi2 nahG (SA-deficient) plant, suggesting that the 

high levels of SA present in the ssi2 plants do not contribute to the ssi2-conferred resistance to 

GPA.  In addition, GPA counts on the suppressor of npr1-1, constitutive 1 (snc1) mutant, which 

accumulates high levels of SA and is a dwarf (Zhang et al., 2003), was comparable to those on 

the WT plant (Pegadaraju et al., 2005).  These results suggested that some other factors other 

than SA contribute to the ssi2-conferred hyper-resistance against GPA.  The SAG ‘s were not 

expressed constitutively in the snc1 mutant, suggesting that the hypersenescence phenotype of 

the ssi2 mutant may contribute to its heightened resistance to GPA, but not SA or dwarfing 

(Pegadaraju et al., 2005).  Furthermore, petiole exudates enriched in phloem sap collected from 

the ssi2 mutant contain elevated levels of an antibiosis factor than the WT plant, which has a 

negative effect on GPA fecundity (Chapter 2), which could possibly be a lipid/lipid-derived 
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product present in the phloem sap.  It has been shown that the phloem sap of canola contains 

lipids (Madey et al., 2002).  The salivary glands of phloem-feeding insects have also found to 

have putative lipases (Shukle et al., 2009), suggesting that these insects might encounter food 

source that have lipids.  However, the role of lipids present in the phloem sap in plant defense 

has not been well characterized. 

 

 Electrical Penetration Graph (EPG) Technique to Characterize the  
Feeding Behavior of Phloem-Feeding Insects 

 
Electrical penetration graph (EPG) technique is a potent technique that has been widely 

used to characterize the feeding behavior of sap-sucking insects (Walker, 2000).  This technique 

has been extensively used to investigate the details of plant resistance to phloem-feeding insects 

(Reese et al., 2000).  For instance, several studies using EPG technique have reported the feeding 

behavior of sap-sucking insects, which include aphids, whiteflies and leaf hoppers (Diaz-

Montano et al., 2007; Pegadaraju et al., 2007; Jiang et al., 2007; Stafford and Walker, 2009).  In 

the EPG system, both the insect and the plant become a part of a low-voltage electrical circuit 

(Figure 1.2a; Gabrys and Tjallingii, 2002; Tjallingii, 2006), and when the insect starts feeding on 

the plant, its feeding activities can be identified based on the characteristic EPG waveforms as 

previously described by van Helden and Tjallingii (2000).  The three different phases that 

constitute the EPG waveforms include pathway phase, sieve element (SE) or phloem phase and 

xylem phase (Reese et al., 2000; Tjallingii, 2006).  The pathway phase includes both the inter 

and/or intracellular stylet insertion or withdrawal during the brief sampling of cells, that results 

in an electrical potential drop (pd) (Tjallingii and Esch, 1993).  It also includes the periods of 

relatively no stylet movement, identified as the non-probing phase.  SE or phloem phase occurs 

when the stylet tips are in a phloem/sieve element, which is the primary site of ingestion of plant 
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material by the aphid.  During phloem phase, the insect ingests sap and/or secretes saliva into the 

SE (Prado and Tjallingii, 1994; Jiang et al., 2000).  Xylem phase occurs when the insect is 

ingesting the xylem sap and is related to water uptake (Spiller et al., 1990).  A representative 

EPG waveform of GPA feeding on Arabidopsis WT (Col) is shown in Figure 1.2b. 

 

 Significance 

USDA’s 10 year agriculture projections predict a decrease in the yield of grains and oil 

seeds at the rate of 1.2% per year between 2009 and 2017.  This decline in yield is projected to 

be due to several factors including increased demand for food, biofuels, feedstock and other 

adverse biotic and abiotic factors (Trostle, 2008).  Despite the increased use of insecticides in the 

latter half of last century, crop loss due to insect infestation remains as a great concern (Pan-UK, 

2003).  Given the situation, it is critical to develop plants that are naturally resistant to insect 

pests.  Progress has been made by integrating Bt (Bacillus thuringiensis) technology along with 

conventional crop cultural practices to provide resistance against chewing group of insects.  

However, the ability to develop resistant plants against phloem-sap sucking insect has been 

hampered by the lack of sufficient knowledge of how these insects evades/activates the plant 

defense responses.  The plant–aphid system consisting of the model plant Arabidopsis thaliana 

and the generalist aphid, Myzus persicae will help us to understand the complex interaction 

between plants and aphids, and thus provide important insights into the role of plant genes and 

mechanisms involved in controlling aphid infestation. 
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 Figure 1.2. Electrical penetration graph (EPG) setup to characterize the feeding behavior 
of aphids on its host plant. 
(a) Diagram depicting the components of EPG system (Tjallingii, 2006).  It basically has two 
components –insect and plant electrodes.  A very thin, gold wire is glued to the dorsum of the 
aphid using conductive silver paint. This thin wire (insect electrode), which helps in the free 
movement of aphid on the plant surface will be connected to the EPG probe.  A stiff copper wire 
is inserted into the soil of the pot, in which the plant is rooted (plant electrode).  It electrifies the 
plant with a low-voltage, low amperage current.  As the stylet of the aphid comes into contact 
with the electrified plant, the circuit is closed and current flows through the insect and the 
different signals (waveforms) are thus produced. 
 
(b) A representative EPG waveform of GPA feeding on Arabidopsis WT (Col) plant.  The 
different waveform patterns shown here represent different phases of aphid probing of the plant.  
The pathway phase (PP) represents the aphid probing of both the inter and/or intracellular stylet 
insertion or withdrawal, and also the phases of relatively no stylet movement identified as non-
probing phase (NP).  The sieve element phase (SEP) and the xylem phase (XP) represent the 
aphid feeding when the stylet is in a sieve element or a xylem tissue, respectively.   

(a)

(From Tjallingii, 2006)
Figure used with permission

(b)
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 Specific Objectives 

This research has utilized genetic, molecular, biochemical and electrophysiological 

approaches to tease apart the complex interaction of the green peach aphid on the plant host, 

Arabidopsis thaliana.  We had previously identified PAD4 as a critical component in providing 

defense against GPA (Pegadaraju et al., 2005, 2007).  The role of PAD4 in ssi2-conferred hyper-

resistance against GPA has been described in Chapter 2.  The ssi2 mutant exhibits enhanced 

resistance against GPA in no-choice assays as compared to WT plants (Pegadaraju et al., 2005).  

However, based on EPG and choice assays, SSI2 is not required for antixenosis (deterring insect 

settling and feeding) mediated resistance against GPA.  The no-choice and feeding trial 

bioassays with petiole exudates confirmed that PAD4 is required for the accumulation of an 

antibiotic activity in the ssi2-petiole exudates.  Furthermore, petiole exudates from plants 

overexpressing PAD4 did not contain elevated antibiosis activity against GPA as compared to 

the WT petiole exudates, suggesting that basal PAD4 contributes to antibiosis, whereas the GPA 

infestation-induced expression of PAD4 contributes to antixenosis. 

In Chapter 3, the role of the Ser118, Asp178 and His229 residues in PAD4-determined 

resistance against GPA was further evaluated.  These three residues are conserved amongst many 

α/β fold acyl hydrolases, and form part of the active site in these enzymes (Blow, 1990).  In no-

choice bioassays, the mutant versions of PAD4 [PAD4(S118A) and PAD4(D178A)] supported 

higher number of GPAs as compared to the WT plant, suggesting that these residues are critical 

for PAD4’s involvement in defense against GPA.  However, the PAD4(S118A) and the 

PAD4(D178A) mutations did not impact GPA settling on Arabidopsis as determined by choice 

test experiments.  Furthermore, the PAD4-modulated expression of SAGs in response to GPA 

infestation was also not impacted by these mutant alleles.  Feeding behavior analysis using EPG 
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technique revealed that the Ser118 residue is vital for limiting GPA’s feeding from phloem sap.  

These results suggest that Ser118 and Asp178 in PAD4 are required for its antibiosis function, 

but not for its involvement in antixenosis and premature senescence in GPA-infested plants.  In 

contrast to mutations in Ser118 and Asp178, missense mutation in His229 did not adversely 

impact PAD4 function in promoting resistance against GPA.  

In Chapter 4, the involvement of another Arabidopsis gene, MPL1 (MYZUS PERSICAE 

INDUCED LIPASE1), which like PAD4 is a critical component in Arabidopsis defense against 

GPA has been described. Like PAD4, MPL1 expression is induced in response to GPA 

infestation and the MPL1 protein contains the conserved Ser-Asp-His residues that are conserved 

in α/β fold acyl hydrolases and PAD4.  However, unlike PAD4, MPL1 is not required for 

antixenosis.  MPL1 is only required for antibiosis against GPA.  Since, MPL1 encodes a bona-

fide lipase we propose that a lipid(s), or a product thereof, is involved in Arabidopsis antibiosis 

to GPA. 
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 CHAPTER 2  

PAD4-DEPENDENT ANTIBIOSIS CONTRIBUTES TO THE ssi2-CONFERRED HYPER-

RESISTANCE TO THE GREEN PEACH APHID1  

 Abstract 

Myzus persicae, commonly known as green peach aphid (GPA) is a sap-sucking insect 

with a broad host range.  Arabidopsis thaliana responds to GPA infestation with elevated 

expression of the PAD4 (PHYTOALEXIN DEFICIENT4) gene.  Previously, we had 

demonstrated that the loss of PAD4 gene function compromises Arabidopsis resistance to GPA.  

In contrast, a mutation in the Arabidopsis SSI2 (SUPPRESSOR OF SALICYLIC ACID 

INSENSITIVITY2) gene, which encodes a desaturase involved in lipid metabolism, resulted in 

hyper-resistance to GPA.  Based on previous studies involving the electrical monitoring of insect 

behavior and bioassays in which the insect was given a choice between the wild type and the ssi2 

mutant, it was concluded that the ssi2-conferred resistance is not due to deterrence of insect 

settling and/or feeding from the phloem of the mutant.  Instead, here we show that hyper-

resistance in the ssi2 mutant results from heightened antibiosis that curtails insect reproduction.  

Petiole exudates collected from uninfested ssi2 plants contain elevated levels of an activity that 

interferes with aphid reproduction in artificial diets.  PAD4 was required for the accumulation of 

this antibiotic activity in petiole exudates, and for the ssi2-dependent heightened resistance to 

GPA, supporting the role of PAD4 in phloem-based resistance.  Since PAD4 expression is not 

elevated in the ssi2 mutant, we suggest that basal PAD4 expression contributes to this antibiosis 

activity.  

                                                 
1Results presented in this chapter have been published in Molecular Plant-Microbe Interactions.  Louis et al., 2010. 
23(5): 618–627. Used with permission from the American Phytopathological Society. 
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 Introduction 

Aphids are phloem-feeding insects that constrain crop yield due to removal of 

photoassimilates (Blackman and Eastop, 2000).  In addition, several aphids also vector plant 

viruses (Kennedy et al., 1962).  The high reproductive capacity of aphids resulting from their 

ability to reproduce asexually further accentuates their impact as agricultural pests. Aphids 

utilize their long and slender stylets to penetrate plant tissue via primarily an intercellular route 

leading to the sieve elements from which the insect ingests phloem sap.  Analyses of exudates 

collected from excised stylets have confirmed that an aphid’s diet represents pure phloem sap 

(Tjallingii and Esch, 1993; Unwin, 1978; Zhu et al., 2005).   

Host plant acceptance by aphids occurs as a sequence of behaviors at the plant surface 

and during penetration through host tissues (Klingauf, 1987; Powell et al., 2006).  It includes 

initial assessment of plant topology, sensation of gestation cues by the aphid antennae, probing 

of the epidermal, mesophyll and parenchyma cells by the stylet, sieve element puncture and 

salivation, and finally, phloem acceptance and sustained ingestion of sap (Powell et al., 2006; 

Walling, 2008). These different behavioral patterns of the aphid have been studied by the 

Electrical Penetration Graph (EPG) technique in which different patterns of electrical waveforms 

generated by a wired insect distinguish the activities of the insect (Tjallingii, 1988; Walker, 

2000).  Salivary secretions of the aphid facilitate feeding and avert activation of plant defenses.  

Two major types of saliva are secreted by aphids (Miles, 1999).  The proteinaceous sheath saliva, 

which is secreted prior to stylet insertion and thereafter continuously during stylet penetration, 

envelops the stylet thereby sealing wounds resulting from penetration and thus limiting the 

activation of wounding associated defenses (Tjallingii, 2006).  In contrast, the watery saliva, 

which is secreted continuously during feeding from the sieve elements, contains several proteins 
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that can modulate plant physiology and facilitate feeding and aphid performance on the host 

(Cherqui and Tjallingii, 2000).  For example, calcium-binding proteins present in the aphid 

saliva reverse phloem occlusion triggered by calcium flux in stylet penetrated sieve elements 

thus allowing the insect to continuously feed from a sieve element (Will et al., 2007).   The 

importance of salivary proteins to insect performance on the host is also evident from studies in 

pea aphid, where RNAi-mediated knockdown of the salivary protein C002 severely impacted 

aphid settling on the host plant (Mutti et al., 2008). 

Plants have evolved multiple strategies to control aphid infestation (Goggin, 2007; 

Pedigo, 1999; Powell et al., 2006; Smith, 2005; Walling, 2008).  These can be exerted at various 

stages of the interaction, contributing to antixenosis, which adversely impacts insect settling and 

feeding from a plant, and antibiosis, which curtails aphid reproduction.  For example, surface 

features as well as chemicals released from waxes and trichomes on the plant surface can deter 

insect settling on a plant (Walling, 2008), and callose deposition in the sieve elements can 

interfere with prolonged feeding by aphids (Will et al., 2007).  The sieve element is also a route 

via which antibiotic factors can be delivered to the aphid.  Lectins and protease inhibitors that 

accumulate in the sap have antibiotic effect on aphids (Ribeiro et al., 2006; Sylwia et al., 2006; 

Wu et al., 2006).  The phloem sap also accumulates secondary metabolites like glucosinolates, 

which serve as reservoirs for the release of toxic cyanates and nitriles in Brassica species 

(Halkier and Gershenzon, 2006).  Breakdown products of glucosinolates can also deter aphid 

feeding (Kim et al., 2008).  Antibiosis could also result from absence of sufficient nutrients for 

the aphid in the host plant (Smith, 2005). 

Green peach aphid (GPA; Myzus persicae Sülzer) is considered as the most polyphagous 

of all aphids (Blackman and Eastop, 2000) having a host range that spans > 50 families of plants 
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(Baker, 1994; Cabrera y Poch et al., 1998).  It is also the most common pest of Arabidopsis 

thaliana (Bush et al., 2006).  The interaction between Arabidopsis thaliana and GPA has been 

utilized in recent years to unravel the molecular and physiological basis of host defense against 

aphids (De Vos et al., 2007; Goggin, 2007).  The Arabidopsis PHYTOALEXIN DEFICIENT4 

(PAD4) gene, which is an important component of plant disease resistance, was demonstrated to 

be an important regulator of Arabidopsis defenses against GPA, as well (Pegadaraju et al., 2005, 

2007).  PAD4 expression was induced in GPA-infested plants (Couldridge et al., 2007; 

Pegadaraju et al., 2005, 2007).  Furthermore, genetic studies with the pad4 mutant and transgenic 

plants constitutively over-expressing PAD4 indicated that a PAD4-dependent antixenotic activity 

was required for deterring aphid settling on the host plant and feeding from the sieve elements.  

In addition, because the GPA population was significantly larger on the pad4 mutant and lower 

on PAD4 (OE) plants than the wild type (WT) plant, it was suggested that PAD4 also contributes 

to antibiosis (Pegadaraju et al., 2007).  PAD4-conferred resistance to GPA was accompanied by 

the activation of premature leaf senescence and elevated expression of the SENESCENCE 

ASSOCIATED GENES SAG13, SAG21 and SAG27 (Pegadaraju et al., 2005).  This observation, 

in conjunction with the GPA hyper-resistance phenotype of the hyper-senescent ssi2 (suppressor 

of SA insensitivity2) and cpr5 (constitutive expression of PR genes5) mutants, led to the 

suggestion that premature leaf senescence may be a defense mechanism utilized by Arabidopsis 

to control GPA infestation (Pegadaraju et al., 2005).   

The SSI2 gene encodes a plastid-localized fatty acid desaturase that is involved in the 

synthesis of oleic acid (18:1) from stearic acid (18:0) (Kachroo et al., 2001).  Lipid composition 

is altered and salicylic acid (SA) content is elevated in the ssi2 mutant, which is a dwarf and 

exhibits heightened resistance to a number of pathogens (Kachroo et al., 2001; Sekine et al., 
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2004; Shah et al., 2001).  Although elevated SA content was required for the ssi2-conferred 

heightened resistance to pathogens (Sekine et al., 2004; Shah et al., 2001), studies with the ssi2 

nahG plant, which expresses the bacterial nahG-encoded SA degrading salicylate hydroxylase 

and thus does not accumulate SA at elevated levels, indicated that SA was not essential for the 

ssi2-conferred hyper-resistance to GPA (Pegadaraju et al., 2005).  Experiments with the SA 

biosynthesis mutant, sid2 and the SA-insensitive npr1 mutants confirmed that SA signaling was 

not required for Arabidopsis defense against GPA (Pegadaraju et al., 2005).  Quite to the 

contrary, it has been suggested that NPR1 may repress the timely activation of jasmonic acid 

signaling and thus function as a susceptibility factor in Arabidopsis interaction with GPA 

(Mewis et al., 2006). 

Previous studies involving the electrical monitoring of insect behavior and bioassays in 

which the insect was given a choice between the wild type and the ssi2 mutant indicated that the 

ssi2-conferred resistance is not due to deterrence of insect settling and/or feeding from the 

phloem of the mutant.  In this study, evidence is provided indicating that PAD4 is required for 

the ssi2-determined hyper-resistance to GPA, which results from elevated antibiosis activity that 

can be recovered in phloem-sap enriched petiole exudates.  Furthermore, evidence presented here 

indicates that basal expression of PAD4 is required for the accumulation of this antibiotic activity 

in petiole exudates from uninfested WT and ssi2 plants, confirming that PAD4 is required for 

phloem-localized antibiosis, in addition to antixenotic defenses against GPA. 

 

 Results 

 PAD4 is Required for the ssi2-conferred Enhanced Resistance to the GPA 

Previously, it was shown that constitutive over-expression of PAD4 from the Cauliflower 
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mosaic virus 35S promoter enhanced GPA resistance in Arabidopsis (Pegadaraju et al., 2007).  

To determine if ssi2-conferred enhanced resistance was accompanied by constitutive over-

expression of PAD4, reverse transcription-polymerase chain reaction (RT-PCR) was used to 

compare PAD4 transcript level in leaves of uninfested ssi2 mutant and the wild type (WT) plant.  

Expression of the Actin ACT8 gene provided the control for RT-PCR.  As shown in Figure 2.1a, 

in comparison to the WT, PAD4 expression was not elevated in leaves of the ssi2 mutant, 

suggesting that ssi2-conferred resistance is not due to constitutive over-expression of PAD4.  

Furthermore, the temporal pattern of induction of PAD4 expression in response to GPA-

infestation was comparable between the WT and the ssi2 mutant plant.  To establish if PAD4 is 

required for the ssi2 conferred heightened resistance, a no-choice bioassay was performed with 

the ssi2 pad4 double mutant plant.  Twenty GPA were released on each ssi2 and pad4 single 

mutant, and the ssi2 pad4 double mutant plant.  The WT plants served as the control. Aphid 

numbers on each plant were determined 48 h later.  In F3 progeny of two independent ssi2 pad4 

double mutant lines, presence of the pad4 mutant allele attenuated the ssi2-conferred enhanced 

GPA resistance (Figure 2.1b).  Aphid numbers on the ssi2 pad4 line#2 were comparable to that 

on the pad4 single mutant in accession Columbia (Col), while aphid numbers on line#4 were 

comparable to that on the WT accession Col and Nössen (Nö).  Since the recessive pad4 and ssi2 

alleles are in the Col and Nö accessions, respectively, GPA numbers were also determined on 

individual plants of a segregating F2 population derived from a ssi2/+ pad4/+ hybrid F1 plant 

(Figure 2.1c and Table 2.1).  Insect numbers on all F2 plants that contained at least one copy of 

the WT PAD4 and SSI2 allele were similar to those observed on the WT accession Col and Nö 

plants.  Transgressive segregation for aphid resistance was not observed in the F2 population.   
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Figure 2.1. PAD4 is required for the ssi2-determined hyper-resistance to GPA.  
(a) Reverse-transcription (RT-PCR) analysis of PAD4 expression in uninfested (-GPA) and 
GPA-infested (+GPA) leaves of the WT accession Nö and the ssi2 mutant plant.  RNA for RT-
PCR analysis was harvested at the indicated hours post infestation (hpi).  Expression of the ACT8 
gene served as a control for RNA quality and RT-PCR.  
 
(b) No-Choice assay: Comparison of GPA numbers on WT accession Col and Nö, the pad4 and 
ssi2 mutant, and two independently derived lines of the ssi2 pad4 double mutant plants.  All 
values are mean from a minimum of 12 plants + SE.  
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(c) No-Choice assay: Comparison of GPA numbers on F2 progeny derived from a ssi2/+ pad4/+ 
F1 hybrid.  WT accession Col and Nö, and pad4 (in accession Col) and ssi2 (in accession Nö) 
mutant plants were used as controls.  Top panels: Average count of aphids + SE per plant.  
Lower panel: GPA numbers on individual plants of indicated genotype.   

In b and c, 20 aphids were released on each plant.  The total number of aphids (adults +nymphs) 
on each plant was determined at 2 dpi.  ANOVA of GPA populations on different plant 
genotypes were conducted using PROC GLM (SAS Institute).  Means, when significant, were 
separated using least significant difference (LSD) procedure.  Different letters above the bars 
indicate values that are significantly different (P<0.05) from each other.  The experiments in (a) 
and (b) were repeated thrice.   

 

Table 2.1. No choice assay: Epistatic interaction between pad4 and ssi2  

Plant Genotype # plants # aphidsc 

WT (Col)a SSI2 PAD4 12 51.8 ± 1.4 

WT (Nö)a SSI2 PAD4 12 46.9 ± 1.7 

pad4a SSI2 pad4 12 80.0 ± 1.7 

ssi2a ssi2 PAD4 12 27.4 ± 1.0 

    

F1 hybrid (ssi2 x pad4)b  SSI2 PAD4 66 47.2 ± 0.5 

 SSI2 pad4 24 75.8 ± 0.9 

 ssi2 PAD4 25 28.2 ± 0.5 

 ssi2 pad4 6 74.2 ± 1.4 

 
aWT (Col), WT (Nö), and the pad4-1 (in accession Col) and ssi2 (in accession Nö) mutants were 

used as controls. 
bSeeds from a F1 hybrid (ssi2/+ pad4/+) that was generated by crossing ssi2 with pad4-1 were 

sowed and the F2 progeny used in a no-choice assay.  Individual F2 plants were genotyped for 
the allele combinations at the PAD4 and SSI2 loci by PCR-based CAPS and dCAPS markers, 
respectively. 

c20 adult aphids were released on each 4 week old plant.  The # of aphids (adults +progeny) 
present on each individual plant at 48 hpi was recorded.  Counts presented are the average # of 
aphids + SE present on each genotype.  
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In contrast to the WT plants, insect numbers on F2 progeny homozygous for the pad4 allele and 

containing at least one copy of the SSI2 allele, were comparable to that on the pad4 mutant in 

accession Col, while comparably low insect numbers were observed on the ssi2 mutant in the 

accession Nö and F2 progeny that were homozygous for the ssi2 allele and contained at least one 

copy of the WT PAD4 allele.  However, in F2 segregants that were doubly homozygous for the 

ssi2 and pad4 alleles, insect numbers were comparable to that in the pad4 single mutant.  Taken 

together, these results confirm that PAD4 is required for the ssi2-determined heightened GPA 

resistance.   

 

PAD4 is Required for the ssi2-determined Constitutive Over-expression of SAG13, SAG21 and 
SAG27 
 

In comparison to the WT plant, SAG13, SAG21 and SAG27 transcript levels were 

constitutively elevated in leaves of the ssi2 mutant (Pegadaraju et al., 2005).  PAD4-modulates 

the GPA-feeding induced accumulation of these SAG transcripts in Arabidopsis leaves 

(Pegadaraju et al., 2005).  To test the role of PAD4 in ssi2-conferred constitutive expression of 

SAG genes, SAG13, SAG21 and SAG27 expression was characterized in two independently 

derived ssi2 pad4 double mutant lines, and the ssi2 and pad4 single mutant plants.  WT Col and 

Nö plants were used as controls.  As shown in Figure 2.2, compared to the ssi2 single mutant, 

constitutive over-expression of SAG13, SAG21 and SAG27 was not observed in the uninfested 

ssi2 pad4 double mutant lines, indicating that PAD4 is required for the ssi2-determined 

constitutive over-expression of SAG13, SAG21 and SAG27.  The temporal pattern of induction of 

SAG13, SAG21and SAG27 expression in response to GPA infestation varied between the two 
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ssi2 pad4 double mutant lines; it was comparable to the WTs in the ssi2 pad4 line #4 and 

intermediate to the WT and pad4 single mutant in line #2.   

                                      

 

Figure 2.2. PAD4 is required for the ssi2-determined constitutive expression of SAG13, 
SAG21 and SAG27.   RT-PCR analysis of SAG13, SAG21 and SAG27 expression in uninfested 
(-GPA) and GPA-infested (+GPA) leaves of the WT accession Col and Nö, the pad4 and ssi2 
mutant, and two independently derived lines of the ssi2 pad4 double mutant plants.  RNA for 
RT-PCR analysis was harvested at the indicated hours post infestation (hpi).  Expression of the 
ACT8 gene served as a control for RNA quality and RT-PCR.  This experiment was repeated 
thrice. 
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These results confirm our previous observation (Pegadaraju et al., 2005, 2007) that mutations in 

PAD4 do not abolish SAG gene expression, but rather affect the temporal pattern of SAG gene 

expression in GPA-infested plants. 

  

PAD4 is Required for the Elevated Antibiosis Activity in ssi2 Petiole Exudates  

Petiole exudates, which are enriched in phloem sap, collected from uninfested 

Arabidopsis leaves contain an antibiosis activity that adversely affects GPA reproduction when 

added to a synthetic diet.  As shown in Figure 2.3a, in comparison to the synthetic diet (Diet 

alone) or diet containing the buffer that was used to collect petiole exudates, population size of 

GPA was significantly lower when reared for four days on diet supplemented with petiole 

exudates collected from WT-Col and WT-Nö leaves.  As previously demonstrated (Louis, 2006), 

a further reduction in population size was observed when GPA was reared on diet supplemented 

with petiole exudate collected from leaves of the ssi2 mutant.  Based on these results we had 

previously concluded that elevated level of an antibiosis factor(s) in the petiole exudate 

contributes to ssi2-determined heightened resistance to the GPA (Louis, 2006). 

To determine if PAD4 contributes to the ssi2-determined antibiosis activity that is present 

in petiole exudates, we compared the antibiosis activity of petiole exudates collected from the 

ssi2 pad4 double mutant with those in the ssi2 and pad4 mutant plant.  GPA population was 

larger on diet supplemented with petiole exudates collected from the two ssi2 pad4 double 

mutant lines than the ssi2 single mutant (Figure 2.3a), confirming that PAD4 is required for the 

elevated accumulation of antibiosis activity in ssi2 petiole exudates.  Figure 2.3a also indicates 

that petiole exudate collected from the pad4 mutant lacks antibiosis activity.  Since petiole 

exudates used in the above experiments were collected from uninfested plants, and PAD4 is not 
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constitutively overexpressed in the ssi2 mutant, we suggest that basal level of the PAD4 

transcript is required for the accumulation of an antibiosis factor in petiole exudates of the WT 

and the ssi2 mutant.  The absence of enhanced antibiosis activity in petiole exudate of transgenic 

plants constitutively over-expressing the PAD4 transcript from the Cauliflower mosaic virus 35S 

promoter (Figure 2.3b), supports this hypothesis.  

In both, the artificial diet and the no-choice assays (Figures 2.1a and 2.3a) differences 

were observed in the overall strength of suppression of the ssi2-conferred resistance between the 

two ssi2 pad4 double mutant lines.  Since the ssi2 (accession Nö) and pad4 (accession Col) 

mutant alleles are in different genetic backgrounds, this suggests that other loci influence the 

overall severity of insect susceptibility in the ssi2 pad4 double mutant plants. 

 

ssi2-conferred Hyper-resistance does not Result from a Direct Impact of Stearic Acid on GPA 
Fecundity  
 

In comparison to the WT, leaves of the ssi2 mutant contain 10-fold higher levels of 

stearic acid (Kachroo et al., 2001).  To determine if the reduced fecundity on the ssi2 mutant was 

a direct result of increased consumption of stearic acid, by GPA, GPA was reared for four days 

on synthetic diet supplemented with stearic acid (18:0).  GPA reared on diet alone, diet 

containing methanol that was used as a solvent for the fatty acids, and on diet supplemented with 

oleic acid (18:1), provided the negative controls.  As shown in Figure 2.4a, presence of 18:0 and 

18:1 in the artificial diet did not adversely affect the GPA population.  Furthermore, infiltration 

of 18:0 and 18:1 into leaves of WT Arabidopsis did not curtail GPA fecundity (Figure 2.4b), 

supporting the conclusion that the heightened antibiosis activity in the ssi2 mutant plant is not 

due a direct antibiosis effect of 18:0.   
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Figure 2.3. ssi2 petiole exudate contains elevated levels of a PAD4-dependent antibiosis 
activity.  
(a) Artificial diet assay: Comparison of GPA numbers on artificial diet, artificial diet containing 
the buffer used to collect petiole exudates, and artificial diet containing petiole exudates from 
WT accession Col and Nö plants, and the pad4, ssi2, and the two ssi2 pad4 double mutant lines 
#2 and #4.   

(b) Comparison of GPA numbers on artificial diet, artificial diet containing the buffer used to 
collect petiole exudates, and artificial diet containing petiole exudates from WT accession 
Wassileskija (Ws) and a transgenic plant constitutively expressing PAD4 [PAD4 (OE)].   

In (a) and (b), three adult apterous aphids were introduced into each feeding chamber and 
allowed to feed on the exudates mixed with artificial diet.  The total numbers of aphids (adults + 
nymphs) in each feeding chamber were determined four days later.  ANOVA of GPA 
populations on different plant petiole exudates was conducted using PROC GLM (SAS 
Institute).  Means, when significant, were separated using least significant difference (LSD) 
procedure.  Different letters above the bars indicate values that are significantly different 
(P<0.05) from each other.  The experiments in (a) and (b) were replicated three and two times, 
respectively.  
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Figure 2.4. Effect of fatty acids on aphid population size. 

(a) Artificial diet assay: Comparison of GPA numbers on artificial diet supplemented with 
different concentrations of stearic acid and oleic acid.  Diet alone and diet supplemented with 
methanol (MeOH), which was used as a solvent for the fatty acids, provided the negative 
controls.  Three adult aphids were introduced into each feeding chamber and allowed to feed on 
the diet.  The total number of aphids (adults + nymphs) in each feeding chamber was determined 
four days later.  Values are means + SE of three replicates for each treatment.  ANOVA of GPA 
populations on different treatments was conducted using PROC GLM (SAS Institute).  The 
experiment was replicated twice.   
 
(b) No-Choice assay: comparison of GPA numbers on WT accession Col plants infiltrated with 
different concentrations of stearic and oleic acid, and as a negative control, with methanol.   
Twenty aphids were released on each plant.  The total numbers of aphids (adults + nymphs) on 
each plant were determined at 2 dpi.  All values are mean from a minimum of 12 plants + SE. 
ANOVA of GPA populations on different plant genotypes were conducted using PROC GLM 
(SAS Institute).  This experiment was repeated twice.  In (a) and (b), none of the treatments 
yielded aphid counts that were significantly different from each other at P<0.05. 
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Salicylic Acid and an Additional Factor Contribute to the Antibiosis Activity in ssi2 Petiole 
Exudate 
 
In comparison to the WT, leaves of the ssi2 mutant constitutively accumulate 7-fold higher 

levels of SA (Shah et al., 2001), which is equivalent to an in planta concentration of ~15 µM.  

Similarly, SA-glucoside (SAG) content of the ssi2 leaf, which is equivalent to ~210 µM SA, 

represents a 100-fold increase over SAG content in WT leaves.  Furthermore, SA included in an 

artificial diet at 10 and 25 µM resulted in 30% and 60% reduction, respectively, in GPA 

numbers, compared to diet lacking SA (Figure 2.5a).  Taken together, this result suggests that SA 

at elevated levels can adversely impact GPA reproduction.  To determine SA’s contribution to 

the antibiosis activity present in ssi2 petiole exudate, feeding trials were conducted with petiole 

exudate collected from the ssi2 nahG plant in which, unlike the ssi2 single mutant, SA content 

was not elevated (Shah et al., 2001).  The synthetic diet, diet containing the buffer used to collect 

petiole exudates, and petiole exudate collected from WT-Nö plant provided the controls.  As 

shown in Figure 2.5b, presence of nahG in the ssi2 nahG plant only partially attenuated the ssi2-

dependent antibiosis activity, suggesting that SA and an additional unknown factor present in the 

petiole exudate of the ssi2 mutant contribute to antibiosis.  However, since ssi2-conferred hyper-

resistance and constitutive SAG13 expression are retained in the ssi2 nahG plant (Pegadaraju et 

al., 2005) we suggest that in planta SA’s toxic effect on GPA is not a major contributor to the 

ssi2-conferred hyper-resistance. 
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Figure 2.5. Effect of salicylic acid on aphid population size. 
(a) Artificial diet assay: Comparison of GPA numbers on artificial diet supplemented with 
different concentrations of salicylic acid.  Diet alone provided the negative controls.  Three adult 
aphids were introduced into each feeding chamber and allowed to feed on the diet.  The total 
numbers of aphids (adults + nymphs) in each chamber was determined four days later.  
 
(b) Artificial diet assay: Comparison of GPA numbers on artificial diet, diet supplemented with 
buffer used to collect petiole exudates, and diet supplemented with petiole exudates collected 
from WT-Nö, nahG, ssi2 and ssi2 nahG plants.  Three adult aphids were introduced into each 
feeding chamber and allowed to feed on the diet.  The total numbers of aphids (adult + nymphs) 
in each chamber was determined four days later.  The experiment was replicated thrice.  

In (a) and (b), all values are means + SE of three replicates for each treatment.  Each experiment 
contained three replicates for each treatment.  ANOVA of GPA populations on different plant 
petiole exudates was conducted using PROC GLM (SAS Institute).  Means, when significant, 
were separated using least significant difference (LSD) procedure (P<0.05).  In (a) and (b), 
different letters above the bars indicate values that are significantly different (P<0.05) from each 
other. 
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 Discussion 

Resistant plants counter aphids by adopting a variety of defense strategies that impair the 

ability of the insect to select and settle, feed, develop and reproduce on the plant (Pedigo, 1999).  

Choice assays in which GPA was given the option between the WT and ssi2 mutant plants 

indicated that plant choice by GPA and insect settling were not adversely affected on the ssi2 

mutant (Louis, 2006).  Furthermore, no irregularities in GPA behavior and feeding ability were 

observed by EPG analysis on the ssi2 mutant (Louis, 2006).  Based on these results we conclude 

that the ssi2-conferred hyper-resistance is not due to heightened antixenosis activity.  Instead, we 

propose that the ssi2-conferred hyper-resistance is as a result of increased antibiosis activity in 

the mutant compared to the WT plant.   

EPG analysis did not uncover significant differences in the time to first probe, the time to 

first SEP, and durations of the pathway and non-probing phases when GPA was feeding on the 

ssi2 mutant compared to the WT plant, suggesting that the ssi2-mediated antibiosis is unlikely to 

be exerted at the surface or during stages outside of the SEP (Louis, 2006).  Antibiosis can result 

from poor availability in the phloem sap of nutrients required by the aphid or due to presence of 

a metabolite that adversely impacts insect reproduction (Pedigo, 1999; Smith, 2005).  Feeding 

trials on artificial diet indicate that inclusion of petiole exudate collected from ssi2 plants in the 

artificial diet, curtailed aphid reproduction (Figure 2.3a), suggesting that ssi2-conferred 

antibiosis is unlikely due to nutrient deficiency, but instead is due to presence of a factor(s) that 

adversely affects insect reproduction.  Since ssi2 petiole exudate was more effective in curtailing 

GPA reproduction than WT petiole exudates we suggest that ssi2 petiole exudate contains 

elevated levels of a factor that curtails GPA reproduction.  Furthermore, since aphids consume 

large amounts of phloem sap from the sieve elements of the host plant, and petiole exudates is 
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enriched in phloem sap, we suggest that GPA comes in contact with this antibiosis factor when it 

taps into the sieve elements.   

Lack of the SSI2-encoded desaturase activity results in the accumulation of stearic acid in 

the ssi2 mutant plant (Kachroo et al., 2001; Nandi et al., 2003).  However, feeding trials in which 

stearic acid was included in the artificial diet indicated that presence of stearic acid in the diet did 

not curtail GPA reproduction (Figure 2.4a).  Infiltration of stearic acid into leaves of the WT 

plant also did not curtail GPA reproduction (Figure 2.4b).  Together, these results suggest that 

elevated stearate content of the ssi2 mutant is unlikely to directly contribute to antibiosis against 

GPA.  Instead, the impact of the ssi2 mutant on antibiosis could result from the lower oleic acid 

content, which may influence defense signaling.  It has been suggested that the ratio of glycerol-

3-phosphate to oleic acid is a factor that modulates plant defenses (Kachroo et al., 2004).  Oleic 

acid also has been shown to bind and modulate activity of a phospholipase involved in signaling 

associated with plant stress response (Wang and Wang, 2001).  Indeed, defense signaling is 

altered in the ssi2 mutant (Shah et al., 2001) and this may stimulate hyper-accumulation of the 

antibiosis factor in ssi2 petiole exudate.   

Several studies have suggested an important role for phenols in plant defense against 

aphids.  For example, accumulation of phenolic metabolites has been correlated with resistance 

to the bird cherry-oat aphid (Rhopalosiphum padi) and the cowpea aphid (Aphis craccivora 

Koch) in resistant cultivars of wheat (Triticum aestivum) and cowpea (Vigna unguiculata L. 

Walp.) (Lattanzio et al., 2000; Smith and Boyko, 2007).  In addition, phenolic flavonoids 

collected from cowpea, when applied to leaves of faba bean (Vicia faba) curtailed reproduction 

of the black bean aphid, Aphis fabae (Scopoli) (Lattanzio et al., 2000).  In sorghum, in response 

to feeding by greenbug (Schizaphis graminum Rodani), expression of a gene encoding a 
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polyphenol oxidase (PPO), which facilitates dimerization of phenolic compounds, was down 

regulated (Park et al., 2005).  In contrast, the sheath and watery saliva’s of aphids contain PPOs, 

which act on a range of phenolic compounds that occur naturally in plants, suggesting that aphids 

may utilize PPOs to detoxify phenolics in the host plant (Urbanska et al., 1998).  SA is also a 

phenolic compound.  SA added to an artificial diet at concentrations comparable to that in ssi2 

leaves adversely impacted GPA reproduction (Figure 2.5a), suggesting that SA at levels present 

in leaves of the ssi2 mutant does have an antibiosis effect on GPA.  However, feeding trials on 

artificial diet supplemented with petiole exudates collected from the ssi2 nahG plant, which lacks 

the ssi2-determined high SA content (Shah et al., 2001) indicated that SA, or a product thereof, 

at best partly contributes to the elevated antibiosis activity in ssi2 petiole exudate (Figure 2.5b).  

Furthermore, we had previously demonstrated that in no-choice assays that the presence of nahG 

did not attenuate the ssi2-conferred resistance to GPA in the ssi2 nahG plant (Pegadaraju et al., 

2005).  Thus in planta SA may not be the major contributor to the ssi2-conferred antibiosis.  

Since petiole exudate from ssi2 nahG leaves contained higher antibiosis activity than petiole 

exudates from the WT and the nahG plant, we suggest that ssi2 petiole exudate contains an 

additional unknown factor that contributes to antibiosis.  Although it is plausible that catechol, a 

phenolic produced as a result of the nahG-encoded salicylate hydroxylase action on SA, could 

impact antibiosis, this is less likely, considering the results of Kim and Jander (2007), who 

observed no significant effect of catechol added to artificial diet on GPA reproduction.    

Arabidopsis, like other Brassicaceae, contains glucosinolates, which accumulate in the 

vasculature, and are taken up by GPA when feeding on Arabidopsis (Kim and Jander, 2007).  In 

a previous study, elevated glucosinolate content in transgenic Arabidopsis that over-expressed 

the IQD1 gene was correlated with increased deterrence of GPA settling.  In contrast, iqd1 
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mutant plants, which contained less glucosinolates than WT, were preferred by GPA over WT 

plants (Levy et al., 2005).  Amongst the glucosinolates, 4-methoxyindol-3-ylmethylglucosinolate 

(4MI3M), when added to artificial diets was found to be detrimental to GPA (Kim and Jander, 

2007).  It is plausible that 4MI3M or another glucosinolate is responsible for the antibiosis 

activity present in WT petiole exudates (Figures 2.3 and 2.5b).  4MI3M levels were reported to 

be higher in Arabidopsis treated with SA analogs, and in the cpr1 and mpk4 mutants 

(Kliebenstein et al., 2002; Mikkelsen et al., 2003, 2004), which like ssi2 have a high SA content.  

Whether elevated SA content contributes to the ssi2-determined antibiosis by stimulating 

4MI3M accumulation is not known.  However, considering that the pad4 mutation, which 

suppresses ssi2-conferred antibiosis and resistance to GPA (Figures 2.1b, 2.1c, 2.3a; Table 2.1), 

was previously shown to have WT levels of 4MI3M and other indole glucosinolates (Kim and 

Jander, 2007), this possibility seems less likely.   

Considering that SSI2 is involved in lipid metabolism, it is plausible that that a lipid-

derived factor is responsible for the heightened antibiotic activity in the ssi2 mutant.  MPL1 

(At5g14180), which encodes a lipase, was identified as a gene that is expressed at elevated levels 

in GPA-infested Arabidopsis (Pegadaraju, 2005; Chapter 4).  Furthermore, MPL1 is 

constitutively overexpressed in the ssi2 mutant.  Since T-DNA insertions in the MPL1 gene 

result in reduced antibiosis to GPA (Chapter 4), it is possible that this MPL1-derived lipid 

product contributes to the heightened antibiosis activity present in petiole exudate of the ssi2 

mutant.   

Feeding trial experiments presented here (Figure 2.3a) indicate that PAD4 is required for 

antibiosis, in addition to the previously demonstrated antixenotic activity (Pegadaraju et al. 2005, 

2007).  We have demonstrated that PAD4 is required for the ssi2-conferred resistance and for 
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accumulation of the antibiotic activity in ssi2 petiole exudate (Figure 2.3a).  PAD4 transcript 

accumulation in GPA-infested and uninfested plants was not impacted by presence of the ssi2 

mutation (Figure 2.1a), suggesting that in the ssi2 mutant background the PAD4-modulated arm 

contributing to antibiosis is stimulated at a step downstream of PAD4 (Figure 2.6).  

Alternatively, the PAD4 protein is hyper-active in the ssi2 mutant.  However, in this scenario, 

since PAD4-dependent antixenosis is not enhanced in the ssi2 mutant, it is anticipated that the 

PAD4 protein has a domain that contributes to the antibiosis pathway, but not the antixenosis 

pathway, and it is the activity of this domain that is hyper-active in the ssi2 mutant.  A third 

possibility is that PAD4 and the ssi2-determined antibiosis result from two parallel mechanisms.  

However, considering that in one of the ssi2 pad4 double mutant line #2 the ssi2-determined 

resistance and antibiosis activity was comparable to that in the pad4 single mutant (Figures 2.1b 

and 2.3a), this third possibility seems the least likely.  In the future, identification of the 

metabolite that contributes to the ssi2-determined antibiosis will help address these alternative 

hypotheses.   

Petiole exudates from uninfested WT plants contain the PAD4-determined antibiosis 

activity (Figure 2.3a), suggesting that basal PAD4 expression contributes to the accumulation of 

this antibiosis activity in petiole exudates.  Further support for this hypothesis is obtained from 

the observation that PAD4 is not over-expressed in the ssi2 mutant (Figure 2.1a) and transgenic 

plants that constitutively over-express PAD4 from the Cauliflower mosaic virus 35S promoter do 

not accumulate elevated antibiosis activity (Figure 2.3b).  However, previously we had 

demonstrated that constitutive over-expression of PAD4 resulted in heightened antixenosis 

(Pegadaraju et al., 2007).  Therefore, we hypothesize that, althogh the GPA-infestation induced 

expression of PAD4 contributes to the antixenosis activity observed in WT Arabidopsis, basal 
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PAD4 expression is sufficient for the accumulation of the antibiosis activity in petiole exudates 

of the WT and ssi2 mutant plants.  Increasing PAD4 transcript abundance beyond this point does 

not increase the antibiosis activity, presumably because another step/factor (for example, 

availability of a precursor metabolite/factor) may be the rate-limiting step. 

                                               

                                                 

 

Figure 2.6. Model depicting the impact of the ssi2 mutation on PAD4s involvement in plant 
defense against GPA.   
PAD4 is required for antixenosis and antibiosis against GPA.  According to this model, basal 
expression of PAD4 in WT plants contributes to antibiosis, and the GPA-infestation induced 
expression of PAD4 contributes to antixenosis.  These suggestions are based on the fact that 
petiole exudate collected from uninfested pad4 mutant lacks this antibiosis activity and 
constitutive over-expression of PAD4 transcript does not result in any increase in antibiosis 
activity, although it does enhance antixenosis (Pegadaraju et al., 2007).  In the ssi2 mutant, the 
PAD4-determined antibiosis activity is elevated.  However, antixenotic defenses are not affected 
in the ssi2 mutant.  Basal and GPA-induced expression of PAD4 is comparable between the ssi2 
mutant and WT.  Hence, the ssi2 mutation is depicted to stimulate a step downstream of PAD4 
transcript accumulation, specifically affecting PAD4 protein’s participation in the antibiosis 
mechanism, but not antixenosis. 
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 Materials and Methods 

Insects and Plants 

Green peach aphid (GPA) was reared at 22˚C in a growth chamber programmed for 14 h 

light (100 µE m–2 s–1) and 10 h of darkness on an equal combination of commercially available 

radish (Early scarlet globe) and mustard (Florida broadleaf).  Arabidopsis plants were cultivated 

at 22˚C in a growth chamber programmed for a cycle of 14 h of light (100 µE m–2 s–1) and 10 h 

of darkness. 

The ssi2 mutant (Shah et al., 2001) and NahG transgenic (Shah et al., 1999) plants are in 

the Arabidopsis accession Nössen, the pad4-1 mutant (TAIR seed stock CS3806) is in the 

accession Columbia, and the PAD4 (OE) line, in which the PAD4 cDNA is expressed from the 

Cauliflower mosaic virus 35S gene promoter (Pegadaraju et al., 2007), is in the accession 

Wassileskija.  The ssi2 nahG plant has been previously described (Shah et al., 2001).  To 

generate the ssi2 pad4 double mutant plant, pollen from the ssi2 plant was used to pollinate 

pad4-1 flowers.  F2 progeny derived from the F1 hybrids were genotyped with a cleaved 

amplified polymorphic sequence (CAPS) marker that distinguishes the WT from the pad4-1 

allele, and a dCAPS marker that distinguishes the WT from the ssi2 allele (see below).  F3 

progeny derived from two lines doubly homozygous for the ssi2 and pad4-1 mutant alleles were 

used in this study.  These F3 plants exhibit spontaneous cell death and are dwarfs compared to 

the WT.  However, they are marginally larger than the ssi2 mutant plant.  Phenotypic 

characterization of a similar ssi2 pad4 double mutant line was previously described (Nandi et al., 

2005).  For the experiment outlined in Figure 2.1c, F2 progeny derived from an F1 hybrid (ssi2/+ 

pad4-1/+) were genotyped for the allele configuration at the PAD4 and SSI2 loci after 

completion of the no-choice bioassay.  These aphid-infested plants were subsequently destroyed. 
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No-choice Assay 

All bioassays were conducted at 22ºC in a growth chamber programmed for 14 h light 

(100 µE m–2 s–1) and 10 h of darkness.  For the no-choice bioassays, each genotype was planted 

in separate pots, two plants per pot.  These pots were randomly arranged in the growth chamber.  

Twenty mature apterous (wingless) aphids were introduced on each approximately four week old 

Arabidopsis plant and the numbers of aphids (adults + nymphs) on each plant were counted 

2 days after release.  The rim of each pot was wrapped in a tape, with the sticky side facing 

towards the plants to prevent pot-to-pot migration of insects. 

  

Petiole Exudate Collection 

The collection of petiole exudates, enriched in phloem exudates from Arabidopsis leaves, 

was done using a previously described method (Chaturvedi et al., 2008).  For each replication, a 

minimum of 80–120 leaves from 26–32 plants (each of WT or mutant) were used to collect the 

petiole exudates.       

     

Feeding Trials 

All feeding trial bioassays were conducted at 22ºC in a growth chamber programmed for 

a cycle of 14 h of light (100 µE m–2 s–1) and 10 h of darkness.  The aphids were placed on an 

artificial diet (Mittler and Dadd, 1965) mixed with either WT or mutant plant petiole exudates, 

obtained using the technique described by Chaturvedi and associates (2008) or chemicals.  Three 

adult GPAs were transferred with a fine paintbrush onto a feeding chamber (Falcon, Primaria, 

NJ, USA).  A layer of stretched parafilm (Parafilm “M”, American National Can, Greenwich, 

CT, USA) was placed over the chamber.  Then, 500 μl of aphid diet with or without 
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supplementation by petiole exudates or chemicals was added and a second layer of stretched 

parafilm was placed to form a feeding sachet through which the aphids could feed on the diet.  

Aphids were allowed to feed on the diet and the aphid population size determined four days later.  

In each experiment, three repeats were included for treatment.  

In the synthetic diet bioassays, which were initiated with three insects per feeding 

chamber, by 4 dpi there was a significant increase in GPA population, without over-crowding, 

thus allowing quantitative differences in insect numbers on diets containing petiole exudates 

from plants of different genotypes to be reproducibly measured.  In contrast, in the no-choice 

bioassays, which were initiated with 20 insects per plant, at 4 dpi a large number of insects had 

migrated away from the plant as determined by the number of insects found trapped on the tape 

at the rim of the pots.  Hence, the no-choice bioassays were terminated at 2 dpi, when a 

significant increase in GPA population was observed on the WT plants thus permitting 

quantitative differences in insect numbers on plants of two genotypes to be reproducibly 

measured. 

 

FA and SA Treatment for Synthetic Diet Bioassay 

Fatty acids and sodium salicylate dissolved in 0.1% methanol (MeOH) were diluted in 

water or the aphid diet to give the requisite concentrations for feeding trials.  

 

FA Application to Plants 

Fatty acid solutions in 0.1% MeOH were infiltrated into the abaxial surface of 

Arabidopsis leaves with a needle-less syringe.  Control plants were treated with 0.1% MeOH.  6h 
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after treatment 20 adult apterous aphids were released on each plant and no-choice tests were 

performed with these plants as previously described (Pegadaraju et al., 2005). 

 

DNA Extraction and PCR Analysis 

Genomic DNA from Arabidopsis leaf tissue was isolated as previously described 

(Konieczny and Ausubel, 1993).  A previously described PCR-based dCAPS was used to 

distinguish between the SSI2 and ssi2 alleles (Chaturvedi et al., 2008).  The primers SSI2-

dCAPS-F (5'-TTGTTTTGGTGGGGGACATGATCACAGAAGGTGCA-3') and SSI2-dCAPS-R 

(5'-TCGATCTGCCTCATGTCAACACG-3') were used for the PCR.  PCR conditions were 

95°C for 5 min followed by 35 cycles of 95°C for 30 sec, 62°C for 45 sec, 72°C for 45 sec, with 

final extension at 72°C for 5 min.  The resulting 200 bp PCR product was treated with ApaL1 

(New England Biolabs, www.neb.com).  Restriction of the WT SSI2 amplicon by ApaL1 yielded 

a characteristic 175 bp fragment.  In contrast, the ssi2 amplicon was not cleaved by ApaL1.  

CAPS analysis was similarly used to distinguish the WT PAD4 and the pad4-1 allele as 

described previously (Heck et al., 2003).  The primers PAD4-CAPS-F (5'-

GCGATGCATCAGAAGAG-3') and PAD4-CAPS-R (5'-TTAGCCCAAAAGCAAGTATC-3') 

were used for PCR to yield an approx 391 bp product.  PCR conditions were as follows: 95°C for 

5 min, followed by 30 cycles of 95°C for 30 sec, 55°C for 45 sec, and 72°C for 45 sec, with a 

final extension at 72°C for 5 min.  Restriction of the WT PAD4 amplicon by BsmF1 (New 

England Biolabs, www.neb.com) yielded a characteristic 110 bp product.  The pad4-1 mutant 

amplicon was not cleaved by BsmF1.   

 

http://www.neb.com/
http://www.neb.com/


70 

RNA Extraction and RT-PCR Analysis 

RNA for RT-PCR analysis was extracted from Arabidopsis leaves as previously 

described (Pegadaraju et al., 2005).  Gene-specific PCR primers (Table 2.2) for ACT8 

(At1g49240), PAD4 (At3g52430), SAG13 (At2g29350), SAG21 (At4g02380) and SAG27 

(At3g44300) were used.  A two-step RT-PCR was performed on RNA samples as previously 

described (Pegadaraju et al., 2007).  PCR conditions for Figure 2.1a were as follows: 95°C for 

5 min, followed by 25 cycles of 95°C for 30 sec, 55°C for 45 sec, and 72°C for 1 min, with a 

final extension at 72°C for 5 min.  PCR conditions for Figure 2.2 were as follows: 95°C for 

5 min, followed by 30 cycles of 95°C for 30 sec, 55°C for 45 sec, and 72°C for 1 min, with a 

final extension at 72°C for 7 min.  

 
Table 2.2. Gene-specific primers used for RT-PCR 

Gene AtG # Primer 

ACT8 At1g49240 F- 5'-ATGAAGATTAAGGTCGTGGCA-3' 

R- 5'-TCCGAGTTTGAAGAGGCTAC-3' 

PAD4 At3g52430 F- 5'-ACCGAGGAACATCAGAGGTAC-3' 

R- 5'-AAATTCGCAATGTCGAGTGGC-3' 

SAG13 At2g29350 F- 5’-GCTGTGGTGGAGGAACTAGC-3’ 

R- 5’-CCACATTGTTGACGAGGATG-3’ 

SAG21 At4g02380 F- 5'-TTCGAGCGGTGGAAGAAGT-3' 

R- 5'-CATACATCCAACGATCCTTTTG-3' 

SAG27 At3g44300 F- 5'-CAAGGAGACGGATCAACCAT-3' 

R- 5'-AATGTCCAACCGAATCGAAG-3' 
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 CHAPTER 3 

DISTINCT ROLES FOR THE Arabidopsis thaliana PHYTOALEXIN DEFICIENT4 GENE IN 

DEFENSE AGAINST INSECT AND PATHOGEN  

 Abstract 

Aphids are important pests of plants that cause substantial loss in plant productivity.  In 

contrast to the chewing herbivorous insects, aphids utilize their incredibly slender stylet to feed 

continuously from the sieve element of plants for extended periods of time.  We have utilized the 

interaction between the model plant Arabidopsis thaliana and the green peach aphid (GPA; 

Myzus persicae Sülzer) to study plant defenses against aphids.  Previously, it has been 

demonstrated that PAD4 is required for antixenosis (feeding deterrence) and antibiosis (affect 

aphid fecundity) mediated resistance against GPA.  The PAD4 protein sequence contains the 

Serine, Aspartic Acid and Histidine (Ser-Asp-His) catalytic triad, which is found in many α/β 

fold acyl hydrolases. The Arabidopsis plants expressing mutant versions of PAD4 

[PAD4(S118A) and PAD4(D178A)] supported higher numbers of GPA as compared to wild type 

(WT) in no-choice tests.  However, these mutations did not impact antixenosis activity of PAD4 

as determined by choice test experiments.  Furthermore, the PAD4-modulated expression of 

SENESCENCE ASSOCIATED GENES in response to GPA infestation was not impacted by these 

mutant alleles.  The PAD4(H229A) mutation did not adversely impact PAD4 function.  

Furthermore, Electrical penetration graph (EPG) technique revealed that S118 residue of PAD4 

is critical in limiting GPA feeding from its sieve element.  Finally, the redundancy of EDS1 and 

SA mechanisms is not required for limiting GPA infestation on Arabidopsis, which further 

supports previous suggestions that PAD4 functions independent of its signaling partner EDS1, in 

mediating defense against GPA. 
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 Introduction 

Plants are exposed to a wide range of environmental conditions, including both biotic and 

abiotic stresses.  As a counter-measure plants have developed complex defense mechanisms 

against pathogens and insects.  Different levels of plants defenses including the physical barriers 

by the cell wall and cuticle and the chemical defense such as the release of stored allelochemicals 

(Dixon, 1998).  Moreover, plants possess many genes encoding defense-related proteins, 

including resistance genes involved in gene-for-gene interactions against pathogens and insects, 

genes encoding signal transduction proteins, and downstream effector genes encoding proteins 

that protect plants against pathogen and insects (Farmer and Ryan, 1992; McGurl et al., 1994; 

Bogre et al., 1997; Koiwa et al., 1998; Rossi et al., 1998; Vos et al., 1998; Walling, 2000; de 

Bruxelles and Roberts, 2001; Kessler and Baldwin, 2002; Moran et al., 2002).   

The Arabidopsis PAD4 gene has an important role in plant defense against aphids 

(Pegadaraju et al., 2005, 2007; Louis et al., 2010b; Singh et al., 2011).  Aphid population size 

was larger on plants lacking a functional copy of the PAD4 gene.  In contrast, constitutive 

overexpression of PAD4 resulted in enhanced resistance against GPA.  PAD4 was required for 

antixenosis and antibiosis against GPA (Pegadaraju et al., 2005, 2007).  PAD4 was also required 

for the timely activation of a senescence-like mechanism, which is accompanied by the 

expression of a subset of SAG (SENESCENCE ASSOCIATED GENES) genes in the GPA 

infested leaves.  The GPA infestation-induced expression of SAG13, SAG21 and SAG27 genes, 

and chlorophyll loss was slower in the pad4 mutant compared to the WT.  PAD4 is also required 

for the ssi2 mutant determined enhanced antibiosis against GPA and for the hyper-accumulation 

of an antibiosis activity in the petiole exudates of uninfested ssi2 mutant plants.  However, since 

PAD4 expression was not elevated in the uninfested ssi2 mutant, it was suggested that basal 
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PAD4 expression contributes to antibiosis against GPA (Pegadaraju et al., 2007; Louis et al., 

2010a).   

The PAD4 protein, which exhibits limited homology to lipase and esterase group of α/β-

fold acyl hydrolases, is also involved in providing plant defense against pathogens (Zhou et al., 

1998; Jirage et al., 1999).  In Arabidopsis defense against pathogens, all signaling activities of 

PAD4 require its interacting partner, EDS1 (ENHANCED DISEASE SUSCEPTIBILITY1), 

which like PAD4 encodes a protein with homology to lipases/acyl hydrolases (Falk et al., 1999; 

Feys et al., 2005).  EDS1 promotes PAD4 protein accumulation (Feys et al., 2001, 2005).  It has 

been suggested that the EDS1 protein functions as an adaptor for PAD4 in defense signal relay 

(Wiermer et al., 2005).  EDS1 was previously shown to be required for a subset of R-gene 

mediated defense signaling.  However, a recent study indicated that EDS1 also functions in a 

pathway that is redundant with a salicylic acid-dependent pathway in defense (Venugopal et al., 

2009).  However, previous studies indicated that EDS1 is not required for PAD4’s involvement 

in defense against GPA (Pegadaraju et al., 2007).  

PAD4 contains a triad of Ser (S), Asp (D) and His (H) residues at amino acid positions 

118, 178 and 229, respectively (Figure 3.1a), that are conserved with some other eukaryotic 

lipases (Figure 3.1b) (Jirage et al., 2001).  These triad of residues have been shown to be part of 

the active site in some lipases (Brady et al., 1990; Blow, 1990; Winkler et al., 1990).  S118 in 

PAD4 is embedded within the GHSTG sequence that resembles the GXSXG motif found in 

several of these lipases.  The amino acid sequence flanking S118 in PAD4 is also conserved in 

other fungal lipases (Figure 3.1b).  However, despite undertaking a variety of biochemical 

approaches, we have been unable to demonstrate lipase activity for PAD4.  
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Figure 3.1. Amino acid sequence of PAD4 and homology to key regions of fungal lipases.   
(a) Amino acid sequence of PAD4. Residues S118, D178 and H229 that are conserved in fungal 
lipases are marked in bold. Underlined sequence GHSTG corresponds to the GXSXG motif, 
containing the S118.  
 
(b) Conservation of amino acid sequences around the S118, D178 and H229 residues between 
PAD4 and other putative fungal lipases.  The S, D and H corresponding to PAD4 S118, D178 and 
H229 residues are underlined, invariant residues are in bold and asterisks (*) identify positions 
with conserved amino acids. RhTGL, triacylglcyerol lipase precursor 1 from Rhizomucor miehei; 
FhTHL, triacylgylcerol lipase from Fusarium heterosporum; Thlip: lipase from Thermomyces 
lanuginosus  
 

 

 

1 MDDCRFETSE LQASVMISTP LFTDSWSSCN TANCNGSIKI HDIAGITYVA
51 IPAVSMIQLG NLVGLPVTGD VLFPGLSSDE PLPMVDAAIL KLFLQLKIKE

101 GLELELLGKK LVVITGHSTG GALAAFTALW LLSQSSPPSF RVFCITFGSP
151 LLGNQSLSTS ISRSRLAHNF CHVVSIHDLV PRSSNEQFWP FGTYLFCSDK
201 GGVCLDNAGS VRLMFNILNT TATQNTEEHQ RYGHYVFTLS HMFLKSRSFL
251 GGSIPDNSYQ AGVALAVEAL GFSNDDTSGV LVKECIETAT RIVRAPILRS
301 AELANELASV LPARLEIQWY KDRCDASEEQ LGYYDFFKRY SLKRDFKVNM
351 SRIRLAKFWD TVIKMVETNE LPFDFHLGKK WIYASQFYQL LAEPLDIANF
401 YKNRDIKTGG HYLEGNRPKR YEVIDKWQKG VKVPEECVRS RYASTTQDTC
451 FWAKLEQAKE WLDEARKESS DPQRRSLLRE KIVPFESYAN TLVTKKEVSL
501 DVKAKNSSYS VWEANLKEFK CKMGYENEIE MVVDESDAME T 

(a)

PAD4:
RhTGL:
FhTGL:
TlLIP:

VITGHSTGGALAA VVSIHDLVPRS NTEEHQRYGH
AVTGHSLGGATAL TNNERDIVPHL SVLDHLSYFG
VVTGHSLGGAVAT VTHGDDPVPRL DILAHITYFQ
VFTGHSLGGALAT ITHTNDIVPRL DIPAHLWYFG
**        *     *     *  *   

(b)
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To determine the importance of the S118, D178 and H229 residues of PAD4 in PAD4 

defense against GPA, this study evaluated resistance against GPA in transgenic plants that 

express mutant versions of PAD4, in which S118, D178 and H229 were replaced by alanine.  

Ala substitution at these three locations does not compromise plant defense against Pseudomonas 

syringae and Hyaloperonospora arabidopsidis (B Feys and J Parker, unpublished data).  

However, Ala substitution at S118 and D178 adversely impacted Arabidopsis defense against 

GPA.  In particular, in comparison to plants expressing the wild type (WT) PAD4, antibiosis and 

feeding deterrence were compromised in plants expressing PAD4(S118A).  These results 

highlight the differential involvement of this amino acid in plant defense against pathogen and 

insects.  In light of the new evidence of an EDS1 function in plant defense against pathogens that 

is redundant with salicylic acid, the role of EDS1 and salicylic acid in plant defense against GPA 

was also reevaluated.  No-choice bioassays were conducted with eds1 sid2 double mutant plants, 

which lack EDS1 function and are simultaneously compromised in salicylic acid synthesis, 

indicated that GPA performance was not impacted by the combined deficiency in EDS1 and SA.  

These results further support  the hypothesis that EDS1 and salicylic acid do not have a major 

contribution to Arabdidopsis defense agaisnt GPA. 

 

 Results 

S118 is Required for PAD4s Involvement in Controlling Aphid Infestation   

To determine if the S118, D178 and H229 residues of PAD4 have a role in plant defense 

against GPA, recombinant PAD4 constructs were made in which the codons for Ser, Asp and His 

at these positions were mutated such that in the resultant PAD4(S118A), PAD4(D178A) and 

PAD4(H229A) proteins these amino acids were substituted with the amino acid Ala (A).  These 
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three constructs, which also contained the PAD4 promoter for in planta expression of the 

recombinant PAD4s, were transformed into the pad4-5 null mutant, which is in the accession 

Wassilewskija (Ws).  As a control, we also generated transgenic plants that expressed the wild-

type (WT) PAD4 under control of the PAD4 promoter [hereafter referred to as PAD4(WT)] in 

the pad4-5 genetic background.  A c-Myc epitope incorporated at their N-terminus in these 

recombinant constructs was used to monitor accumulation of the recombinant PAD4 protein in 

leaves of the transgenic plants (B Feys and J Parker, unpublished data).  Western blot analysis 

with anti-c-Myc antibodies revealed that the recombinant PAD4 protein accumulated in leaves of 

these transgenic lines, but not in non-transgenic WT and pad4-5 mutant plants (Figure 3.2a).   

Since pad4-5 is a null allele (Feys et al., 2001), any PAD4 protein that accumulates in 

these transgenic plants is expected to be derived from the corresponding recombinant construct.  

Thus, if the recombinant PAD4 protein that is expressed in these transgenic plants is functional, 

then it is expected to complement the pad4-5 defect in plant defense.  To determine if the S118, 

D178 and H229 residues of PAD4 have a role in defense against GPA, a no-choice assay was 

conducted with the PAD4(S118A), PAD4(D178A) and PAD4(H229A) expressing transgenic 

plants, and as positive and negative controls the PAD4(WT) and WT Ws, and pad4-5 mutant 

plants, respectively.  As previously shown (Pegadaraju et al., 2007), GPA population size was 

larger on the pad4-5 mutant plant compared to the WT plant (Figure 3.2b).  Expression of the 

PAD4(WT) construct complemented the pad4-5 defect.  Insect numbers on the PAD4(WT) plant 

were comparable to that on the WT Ws plant.  In comparison to the PAD4(WT) lines and the 

WT Ws, insect numbers on two independent PAD4(S118A) lines were higher and comparable to 

that on the pad4-5 mutant.  These results suggest that S118 is a key residue in PAD4s function in 

Arabidopsis defense against GPA.  Although lower than that on the pad4-5 mutant, insect 
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numbers were also reproducibly and significantly higher on the PAD4(D178A) lines compared to 

the PAD4(WT) and WT Ws plants.  In contrast, to PAD4(S118A) and PAD4(D178A), the 

PAD4(H229A) construct efficiently complemented the pad4-5 defect in controlling insect 

infestation.   

 

PAD4-dependent Antibiosis Against GPA Requires S118  

Vascular sap-enriched petiole exudates (Pet-ex) from the WT plant contain an antibiosis 

activity, which when added to a synthetic diet adversely impacted insect fecundity compared to 

that observed on the synthetic diet alone (Figure 3.2c; Louis et al., 2010a, 2010b).  Previously we 

had shown that Pet-ex collected from the pad4-1 mutant lack this antibiosis activity (Louis et al., 

2010b).  Similarly Pet-ex collected from the pad4-5 mutant also lacks this antibiosis activity 

(Figure 3.2c).  To determine if amino acid S118 is required for PAD4’s involvement in 

accumulation of this antibiosis activity, insects were reared on the synthetic diet supplemented 

with Pet-ex collected from the PAD4(S118A) transgenic plant.  In comparison to insect numbers 

on diet supplemented with WT Pet-ex, insect numbers on the PAD4(S118A) Pet-ex-

supplemented diet were significantly higher and comparable to that on the pad4-5 Pet-ex- 

supplemented diet, and the control diet, indicating that S118 is required for PAD4s involvement 

in accumulation of an antibiosis activity in the vascular sap.   
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Figure 3.2. PAD4-dependent antibiosis against GPA requires S118.   
(a) Western blot analysis of total protein extracts from 4-week old Arabidopsis plants shows the 
accumulation of Myc-PAD4 in GPA-infested (+GPA) and GPA-uninfested (-GPA) leaves of the 
c-Myc-tagged PAD4 driven by its native promoter in pad4-5 background [(PAD4(WT)] and also 
in mutated versions of c-Myc-tagged PAD4 expressed under the influence of its native promoter 
in pad4-5 null background [PAD4(S118A), PAD4(D178A) and PAD4(H229A)]. WT Ws and 
pad4-5 plants were used as the control.  
 
(b) No-Choice assay: comparison of GPA numbers on WT Ws, pad4-5, two independently 
derived PAD4(WT) lines and two independently derived mutated versions of PAD4 
[PAD4(S118A), PAD4(D178A) and PAD4(H229A)].  Twenty aphids were released on each 
plant. Aphid population size on each plant was determined at 2 dpi.  All values are mean from a 
minimum of 12 plants.  Error bar represents SE.  ANOVA of GPA populations on different plant 
genotypes were conducted using PROC GLM (SAS Institute). Means, when significant, were 
separated using least significant difference (LSD) procedure.  Different letters above the bars 
indicate values that are significantly different (P<0.05) from each other.  
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(c) Artificial diet assay: Comparison of GPA numbers on artificial diet, artificial diet containing 
the buffer used to collect PE, and artificial diet containing PE from WT Ws, and the pad4-5, 
PAD4(WT) and PAD4(S118A) plants.  Three adult aphids were introduced into each feeding 
chamber and allowed to feed on the exudates mixed with artificial diet.  The total numbers of 
aphids in each feeding chamber were determined four days later.  Each experiment contained 
three replicates for each treatment.  ANOVA of GPA populations on different Pet-ex was 
conducted using PROC GLM (SAS Institute).  Means, when significant, were separated using 
least significant difference (LSD) procedure.  Different letters above the bars indicate values that 
are significantly different (P<0.05) from each other. The experiments in (b) and (c) were 
replicated thrice.  
 
 
 
S118 is Essential for PAD4 to Limit GPA Feeding from Sieve Elements 

The Electrical penetration graph (EPG) technique provides a sensitive tool to monitor 

insect feeding behavior on plants (van Helden and Tjallingii, 2000).  In EPG, a wired insect, 

which is part of a low voltage circuit is allowed to feed on a plant.  The different 

waveformsgenerated by the wired insect provide insights into the amount of time spent by the 

insect in different behavioral stages, including the time required to reach first sieve element 

phase (f-SEP), the total time spent feeding from sieve elements (sieve element phase; SEP), the 

time the insect spends drinking from the xylem (xylem phase; XP), the non-probing phase (NP) 

when the insect stylet is not inserted into the plant tissue, and the pathway phase (PP) when the 

insect stylet is inserted in the plant tissue, but outside the vasculature.  EPG comparison of GPA 

feeding behavior between the WT and the pad4 mutant plant had demonstrated that GPA spent 

more time in the SEP on the pad4 mutant than the WT plant (Pegadaraju et al., 2007).  To 

determine if S118 was required for PAD4s involvement in deterring GPA feeding from the sieve 

elements, we compared GPA behavior between the PAD4(WT) and another the PAD4(S118A) 

transgenic plants, both of which are in the pad4-5 genetic background.  Representative EPG 

waveforms resulting from GPA activity on these genotypes are shown in Figure 3.3a.  In 
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comparison to the PAD4(WT) expressing plant, GPA spent significantly longer time in the SEP 

(s-SEP) on the PAD4(S118A) line (P<0.05) (Figure 3.3b and Table 3.1), confirming that S118 in 

PAD4 is required for controlling insect feeding from the sieve element.  The %SEP, which is the 

percentage of available SEP (a-SEP) actually spent in SEP, was also greater in the 

PAD4(S118A) plants as compared to the PAD4(WT) plant (Table 3.1), further indicating that 

S118A is required for PAD4’s involvement in limiting the time spent by the insect feeding from 

the sieve elements. A corresponding reduction in the total duration of the pathway phase (PP), 

during which the insect attempts to locate the sieve element, was also observed on the 

PAD4(S118A) plant compared to the PAD4(WT) plant (0.05<P<0.1).  In contrast to the s-SEP, 

%SEP and PP, no differences were observed between PAD4(WT) and PAD4(S118A) in the time 

it took GPA to first probe the plants (FP) and to reach the first SEP (f-SEP), and the time spent 

by the insect in the xylem phase (XP) and the non-probing phase (NP).  We thus conclude that 

S118 residue in PAD4 is essential for Arabidopsis to limit GPA feeding from the sieve elements. 

 

PAD4s Ability to Limit Insect Settling on Arabidopsis does not Require S118  

Besides promoting antibiosis and limiting GPA feeding from sieve elements, presence of 

PAD4 also deters insect settling on Arabidopsis (Pegadaraju et al., 2007).  A choice-assay was 

therefore conducted to determine if Ala substitution at S118 promoted insect settling on the 

PAD4(S118A) plant.  Twenty adult apterous aphids were released at the center of each pot 

containing one PAD4(WT) and one PAD4(S118A) plant.  As a control, the choice assay was 

simultaneously conducted with the following pairs of genotypes: WT Ws and pad4-5 mutant, 

PAD4(WT) and  pad4-5 mutant, and WT Ws and PAD4(WT).  The number of adult aphids that 

had settled on each plant was counted 48h of release.   
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Figure 3.3. EPG analysis of GPA feeding behavior on Arabidopsis PAD4(S118A) mutant. 
(a) Representative waveform patterns over a 4 h period of a GPA feeding on a leaf of a 
PAD4(WT) and the PAD4(S118A).  The plant and insect were held inside a Faraday cage during 
the recording at an ambient temperature of ~22˚C. The different patterns obtained during GPA 
feeding on Arabidopsis were characterized by as described previously (van Helden and 
Tjallingii, 2000). 
 
(b) Percentage of time spent by GPA for various activities on PAD4(WT) and PAD4(S118A) 
plants in 8 h of recording time. Each value is the average of 10 replications. Error bar represents 
SE. The % time spent by GPAs on various activities was analyzed by the non-parametric 
Kruskal–Wallis test. An asterisk (*) and (**) indicates values that are significantly different at 
P<0.05 and P<0.1, respectively. 
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Table 3.1. Mean time (h) ± SE spent by GPA for various activities on Arabidopsis 
PAD4(WT) and PAD4(S118A) plant in an 8 h of recording time 
 

Activity PAD4(WT) PAD4(S118A) 

Time to first probe (FP) 0.19 ± 0.02 0.2 ± 0.04 

Total duration of pathway phase (PP) 3.96 ± 0.12 3.47 ± 0.14 

Total duration of non-probing phase (NP) 2.55 ± 0.23 2.34 ± 0.29 

Time to first Sieve Element Phase (f-SEP)  1.99 ± 0.3 1.71 ± 0.13 

Sum of SEP duration time in a total of 8 h  
recording time (s-SEP) 1.07 ± 0.09 1.94 ± 0.22* 

Total duration of xylem phase (XP) 0.42 ± 0.1 0.25 ± 0.07 

Available SEP from the beginning of the first 
SEP until the end of recording time (a-SEP) 5.69 ± 0.19 6.11 ± 0.13 

Percentage of available SEP actually spent in 
SEP (%SEP) 20.25 ± 2.5 29.66 ± 3.15* 

 
An asterisk (*) represents significant difference in the time spent by GPA in the indicated activity on the PAD4(WT) 
and the PAD4(S118A) mutant (P<0.05, Kruskal–Wallis test) 
 

As expected, the average number of GPA that had settled on the pad4-5 mutant was higher than 

that on the WT Ws and PAD4(WT) plants (Figures 3.4a and 3.4b), and insect numbers were 

comparable between the WT Ws and PAD4(WT) plants (Figure 3.4c), thus confirming that 

expression of the recombinant PAD4(WT) protein complemented the pad4-5 defect.  Similarly, 

when given the option of choosing between the PAD4(WT) and the PAD4(S118) plants, the 

insects did not discriminate between these genotypes (Figure 3.4d).  Comparable numbers were 

found on both genotypes, indicating that unlike antibiosis and feeding deterrence, the S118A 

residue is not required for PAD4s involvement in deterring insect settling on Arabidopsis.  This 
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was further confirmed in choice assays involving the pad4-5 mutant and the PAD4(S118A) 

plant, in which the insects were found to prefer the pad4-5 mutant over the PAD4(S118A) plant 

(Supplementary Information (SI) Figure 3.8).  Like S118A, Ala substitution at D178 and H229 

also did not adversely impact PAD4s involvement in deterring GPA settling on Arabidopsis 

(Figures 3.4e, 3.4f and SI 3.8). 

            
 
Figure 3.4. The triad of PAD4 does not deter GPA settling.  
GPA was given the choice of selecting between: 
(a) WT vs pad4  (b) PAD4(WT) vs pad4  (c) WT vs PAD4(WT)  (d) PAD4(WT) vs 
PAD4(S118A)  (e) PAD4(WT) vs PAD4(D178A)  (f) PAD4(WT) vs PAD4(H229A)      
 
Twenty adult apterous aphids were released at the center of a pot equidistant from the two plants.  
The number of adult GPAs that had settled on each plant was determined after 48h of initial 
release.  Values are the average of aphid counts on a minimum of eight plants of each genotype 
for each time point.  Error bars represent SE.  The means were separated using paired t-test.  An 
asterisk (*) indicates values that are significantly different (P<0.05) from each other.  This 
experiment was replicated thrice. 
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The Triad of S118, D178 and H228 are not Required for PAD4-promoted Premature Leaf 
Senescence 
 

PAD4-determined restriction of GPA infestation was accompanied by the elevated 

expression of a subset of SAG genes, including SAG13 and the activation of premature leaf 

senescence (Pegadaraju et al., 2005, 2007; Louis et al., 2010b).  We therefore examined 

chlorophyll content and the expression of SAG13 in the GPA infested leaves of the 

PAD4(S118A), PAD4(D178A) and PAD4(H229A) plants, compared the PAD4(WT), WT Ws 

and pad4-5 plants, to determine if Ala substitution at S118, D178A and H229 impacted SAG13 

expression and attenuated chlorophyll loss in the GPA-infested leaves.  As shown in Figures 3.5a 

and 3.5b, in comparison to the uninfested plants, GPA infestation resulted in chlorosis in the WT 

Ws and PAD4(WT).  However, as previously shown with the pad4-1 mutant (Pegadaraju et al., 

2005), the GPA infestation-induced chlorosis was weaker in the pad4-5 mutant.  Similarly, the 

induction of SAG13 expression was delayed in the GPA infested pad4-5 mutant compared to the 

WT Ws and PAD4(WT) plants (Figure 3.5c).  In comparison to the pad4-5 mutant, the chlorosis 

phenotype, chlorophyll loss and SAG13 expression pattern were comparable between the 

PAD4(S118A), PAD4(D178A) and PAD4(H229A), and the WT Ws and PAD4(WT) plants, 

indicating that the triad of S118, D178A and H229 residues are not essential for the PAD4 

promoted expression of SAG13 and premature leaf senescence.  PAD4 also contributes to GPA-

feeding induced cell death in Arabidopsis (Pegadaraju et al., 2005, 2007).  There was a delay in 

the activation of cell death in GPA-infested leaves of pad4-5 plants as compared to WT plants 

(SI Figure 3.9; Pegadaraju et al., 2005).  However, PAD4-modulated GPA-feeding induced cell 

death in PAD4(S118A), PAD4(D178A), PAD4(H229A), WT Ws and PAD4(WT) were 

comparable after 48 h post-infestation (SI Figure 3.9), suggesting that triad of S118, D178A and 

H229 residues are not required for  GPA-feeding induced cell death.  
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Figure 3.5. PAD4-modulated activation of senescence in GPA-infested leaves is independent 
of triad residues of PAD4.  
 
(a) Picture of WT Ws, pad4-5, PAD4(WT) and mutated versions of PAD4 [PAD4(S118A), 
PAD4(D178A) and PAD4(H229A)] before and after 5 days after release of 20 GPA per plant.  
 
(b) Relative chlorophyll content in GPA-infested leaves of WT Ws, pad4-5, PAD4(WT) and 
mutated versions of PAD4 [PAD4(S118A), PAD4(D178A) and PAD4(H229A)], 2 days after 
release of 20 aphids/plant. An asterisk (*) indicates values that are significantly different at 
P<0.1. 
 
(c) RT-PCR analysis of PAD4 and SAG13 expression in uninfested (-GPA) and GPA-infested 
(+GPA) leaves of the WT Ws, pad4-5, PAD4(WT) and mutated versions of PAD4 
[PAD4(S118A), PAD4(D178A) and PAD4(H229A)].  RNA for RT-PCR analysis was harvested 
at the indicated hours post infestation (hpi).  Expression of the ACT8 gene served as a control for 
RNA quality and the RT-PCR.  The experiments in (a), (b) and (c) were replicated twice. 
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PAD4-mediated Resistance Against GPA is Independent of Camalexin, an Antimicrobial 
Phytoalexin 
 

PAD3 catalyzes the final step in the biosynthesis of the antimicrobial phytoalexin, 

camalexin and the expression of PAD3 is induced in response to GPA feeding in Arabidopsis 

(Pegadaraju, 2005; Schuhegger et al., 2006).  However, the GPA numbers were comparable 

between the WT and pad3-1 mutant, a camalexin biosynthesis mutant (Pegadaraju et al., 2005).  

In addition, it has also been shown that PAD4 modulates the biosynthesis of camalexin (Tsuji et 

al., 1992; Rogers et al., 1996).  We then examined whether mutations in PAD4 or PAD4(S118A) 

results in altered accumulation of camalexin.  We measured the camalexin accumulation prior to 

and 24 hpi of GPA on WT, pad4-5, PAD4(WT) and PAD4(S118A) plants.  Camalexin levels 

were undetectable on GPA uninfested plants.  Camalexin accumulations were detected after 24 h 

of GPA infestation on all genotypes.  As shown in Figure 3.6, however, there were no significant 

differences in the camalexin accumulation before or after GPA infestation as compared to the 

WT and pad4-5 mutant plants or PAD4(WT) and PAD4(S118A) plants.  This data further 

supports our hypothesis that PAD4-mediated resistance against GPA is independent of camalexin 

biosynthesis and accumulation (Pegadaraju et al., 2005). 

 

A Proposed Redundancy Between EDS1 and SA is not Essential for Curtailing GPA Infestation 

It was previously shown that PAD4s involvement in curtailing GPA infestation was 

independent of its interacting partner EDS1.  This was based on the observation that mutations in 

EDS1 did not compromise Arabidopsis defense against GPA (Pegadaraju et al., 2007).  

However, when EDS1 was constitutively overexpressed (OE) from the Cauliflower mosaic virus 

35S gene promoter in the EDS1(OE) plants it enhanced resistance against GPA compared to the 

WT Ws and the eds1-1 mutant plant (Figure 3.7a).   
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Figure 3.6. PAD4-mediated resistance against GPA is independent of camalexin 
accumulation. Camalexin levels were determined in WT, pad4-5, PAD4(WT) and 
PAD4(S118A) plants before and after (24 h) GPA infestation.  The camalexin levels are averages 
of four sets of samples. Error bar represent SE.  ANOVA of camalexin levels on different plant 
genotypes were conducted using PROC GLM (SAS Institute).  The means were separated using 
least significant difference (LSD) procedure.  There were no significant differences between the 
camalexin accumulation before and after GPA infestation as compared to the WT or pad4-5 and 
PAD4(WT) or PAD4(S118A) plants (P˃0.05).  
 

A recent study indicated that in some cases of R-gene mediated resistance against pathogens, 

EDS1 and SA have a redundant function, which is uncovered only when both pathways are 

disabled, for example in the eds1 sid2 double mutant (Venugopal et al., 2009).  It is plausible 

that our inability to see any effects of the eds1 alleles and SA biosynthesis and signaling mutants 

on Arabidopsis defense against GPA (Pegadaraju et al., 2005, 2007) is due to a similar 

redundancy between the EDS1 and SA pathways.  This would also explain why overexpression 

of EDS1 results in enhanced resistance against GPA in the EDS1(OE) plants.  To determine if 

EDS1 and SA have a redundant function in Arabidopsis defense against GPA, a no-choice assay 

was conducted with the eds1-1 sid2 and the eds1-22 sid2 double mutants, and the corresponding 

single mutants and WT plants.  As shown in Figure 3.7b, GPA numbers on the eds1-1 sid2 and 

the eds1-22 sid2 double mutants were comparable to that on the WT and the corresponding 

single mutant plants.  In contrast, GPA numbers were higher on the pad4-1 and pad4-5 mutant 
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plants that were used as controls in these experiments.  These results indicated that unlike in 

plant-pathogen interaction, EDS1 and SA do not have a redundant function in Arabidopsis 

defense against GPA.  Furthermore, these results further supports our previous conclusions that 

resistance against GPA is independent of PAD4’s signaling partner EDS1 and also SA signaling 

(Pegadaraju et al., 2005; 2007, Louis et al., 2010b). 

             
 
Figure 3.7. Redundant function of EDS1 and SA is not involved in mediating resistance 
against GPA. 
(a) No-Choice assay: comparison of GPA numbers on WT Ws, eds1-1, pad4-5, eds1-1 pad4-5, 
EDS1(OE) and EDS1 PAD4 double (OE).   

(b) No-Choice assay: comparison of GPA numbers on WT (Ws), WT (Col-0), pad4-5, eds1-1, 
sid2 and eds1-1 sid2 and comparison of GPA numbers on WT (Col-0), pad4-1, eds1-22, sid2 and 
eds1-22 sid2.  

Twenty aphids were released on each plant. Aphid population size on each plant was determined 
at 2 dpi.  All values are mean from a minimum of 12 plants.  Error bar represents SE.  ANOVA 
of GPA populations on different plant genotypes were conducted using PROC GLM (SAS 
Institute).  Means, when significant, were separated using least significant difference (LSD) 
procedure.  Different letters above the bars indicate values that are significantly different 
(P<0.05) from each other.  The experiments in (a) and (b) were replicated twice. 
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 Discussion 

This study provides evidence indicating a novel role of the S118 residue in PAD4 in 

providing antibiotic mediated defense against GPA.  Studies of the Ala-substitution mutant 

protein has permitted the dissecting of the role of this residue in contributing to the various 

activities of PAD4 in Arabidopsis defense against GPA.  Previously studies had shown that 

PAD4 is a critical modulator of antixenotic and antibiotic mediated resistance against GPA and 

also in restricting GPA in feeding from phloem sap (Pegadaraju et al., 2005, 2007; Louis et al., 

2010a).  Experimental evidence presented here demonstrates that antibiosis against GPA is 

controlled through the S118 residue, which is part of a conserved triad of amino acids that are 

part of the catalytic site of various acyl hydrolases/lipases.  Feeding trial experiments with 

PAD4(S118A) petiole exudates revealed that PAD4(S118A) petiole exudates, like pad4-5 petiole 

exudates, lacks the antibiosis factor as compared to the WT Ws and PAD4(WT) Pet-ex (Figure 

3.2c).  Furthermore, this study also shows that GPA’s ability to feed from PAD4(S118A) sieve 

element is significantly increased as compared to its WT plant (Figures 3.3a and 3.3b), 

suggesting that S118 in PAD4 is also critical in affecting GPA’s feeding behavior.  Taken-

together these results support the hypothesis that the putative lipase/acyl hydrolase domain of 

PAD4 has an important function in Arabidopsis defense against GPA.  Unlike antibiosis and 

feeding deterrence, choice assays demonstrated that this domain of PAD4 is not required for 

PAD4s involvement in deterring insect settling on Arabidopsis (Figures 3.4 and SI 3.8) and is 

also not required for PAD4s regulation of SAG gene expression and cell death (Figures 3.5c and 

SI 3.9).  Thus, we suggest that different regions of PAD4 are involved in controlling different 

aspects of Arabidopsis defense against GPA. 
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Several studies have shown the role of lipases in plant defense against pathogens.  For 

instance, Arabidopsis GLIP2 (GDSL lipase 2), like GLIP1, plays an critical role in providing 

resistance against necrotropic bacteria Erwinina carotovora by negatively regulating auxin 

signaling pathway (Kwon et al., 2009; Lee et al., 2009).  It has been identified that the 

Arabidopsis SUPPRESSOR OF FATTY ACID DESATURASE DEFICIENCY1 (SFD1) and SFD2 

genes, which are involved in galactolipid metabolism, are required for the activation of SAR 

(Chaturvedi et al., 2008).  These mutants are defective in the accumulation of a phloem-mobile 

factor that is required for the activation of SAR.  GPA feeds from the phloem sap.  Our feeding 

trial bioassays with PAD4(S118A) petiole exudates lacks the phloem-localized antibiosis factor 

and also the GPA spends more time in the SEP of mutant version of PAD4 as compared to its 

WT plant.  PAD4 protein has a homology to the active site of lipases (Wiermer et al., 2005).  

The presence of Ser118, Asp178 and His229 that are part of the catalytic triad in other 

acylhydrolases, suggests that PAD4 may have lipase activity and this lipase activity might 

contribute to the antibiosis mediated defense mechanism against GPA.  In addition, the 

Arabidopsis MPL1 gene, which has lipase activity against a variety of glycerolipids and has 

homology to other lipases, also contributes to antibiosis mediated resistance against GPA, but 

not involved in antixenotic mediated resistance (Chapter 4; Louis et al., 2010a).  It has also been 

shown that both PAD4 and MPL1 are required for providing enhanced antibiotic mediated 

resistance against GPA in the ssi2 mutant as compared to its WT plant (Chapter 4; Louis et al., 

2010a, 2010b).  It is highly likely that a lipid-derived product is contributing to elevated levels of 

anitbiosis in ssi2 plants, which further requires the presence of both PAD4 and MPL1.  Upon 

aphid infestation, plants produce secondary metabolites such as glucosinolates which acts as a 

critical component in providing defense against GPA (Kim and Jander, 2007).  Elevated levels of 
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glucosinolates negatively affects aphid fecundity and settling on the host plant (Levy et al., 

2005).  However, it has been shown that both WT and pad4 mutant plants have comparable 

levels of glucosinolate content (Kim and Jander, 2007), suggesting that the impact of PAD4 on 

antibiosis is not mediated through glucosinolates.  PAD4 also contributes to salicylic acid (SA) 

signaling in plant defense against pathogens (Zhou et al., 1998; Jirage et al., 1999).  However, 

previously it was shown that PAD4-mediated resistance against GPA is independent of SA 

signaling and biosynthesis (Moran and Thompson, 2001; Pegadaraju et al., 2005; Louis et al., 

2010b).  Additional data provided here also rules out any role for redundancy between EDS1 and 

SA in defense against GPA.   

GPA feeding on Arabidopsis promotes premature leaf senescence which acts a defense 

mechanism against phloem-feeding aphids (Pegadaraju et al., 2005, 2007).  Furthermore, PAD4-

dependent resistance against GPA was also accompanied by elevated expression of 

SENESCENCE ASSOCIATED GENES (SAG) (Pegadaraju et al., 2005, 2007; Louis et al., 

2010b).  However, data presented here suggests that PAD4-modulated expression of SAG13 and 

chlorophyll loss in GPA-infested leaves is independent of the lipase domain of PAD4.  The 

premature leaf senescence mechanism upon GPA infestation might be possibly mediating 

through other PAD4-interacting proteins.  Calcium-binding EF-hand family protein 

(At5g39670), was identified as a gene that is expressed at elevated levels upon GPA-infestation, 

which is dependent on PAD4 (J Louis and J Shah, unpublished data).  Furthermore, T-DNA 

insertions in the At5g39670 gene resulted in reduced antibiosis and antixenotic mediated 

defenses against GPA as compared to its WT (J Louis and J Shah, unpublished data).  It is highly 

plausible that antixenosis and premature leaf senescence mediated defense against GPA mediates 

through this PAD4-interacting protein. 
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Several studies have identified that EDS1 interacts with PAD4 to carry out the defense 

signaling functions upon pathogen attack (Falk et al., 1999; Feys et al., 2005).  Furthermore, 

EDS1 is required for the accumulation of PAD4 (Feys et al., 2001, 2005).  However, it was 

previously shown that PAD4-mediated resistance to GPA does not require EDS1 as its signaling 

partner (Pegadaraju et al., 2007), and as indicated in this study (Figure 3.7b), EDS1 and SA do 

not have a redundant function in defense against GPA.  However, in no-choice bioassays with 

EDS1(OE), we found that GPA population was significantly lower on the EDS1(OE) plants as 

compared to its WT plant (Figure 3.7a).  This result was rather surprising, since no-choice assay 

with WT and eds1-1 plants had comparable numbers of GPAs (Pegadaraju et al., 2007).  

Previously, it has been shown that the stability of PAD4 is severely reduced in the absence of 

EDS1 and the PAD4 was always found associated with the EDS1 protein (Feys et al., 2005).  

Overexpression of EDS1 did not increase the basal levels of the PAD4 transcript (SI Figure 

3.10a).  It is plausible that overexpression of EDS1 stabilizes the PAD4 protein, thus resulting in 

enhanced resistance to GPA.  However, it should be noted that resistance against GPA in 

EDS1(OE) plants is not comparable to the PAD4(OE) plants, which exhibits enhanced resistance 

against GPA.  Insect numbers on the EDS1(OE) plants although lower than on the WT plant, 

were still lower than on the PAD4(OE) plants.  This result further supports the suggestion that 

the effect of EDS1(OE) on limiting the insect population size is likely due to stabilization of the 

PAD4 protein.  Furthermore, there were no difference in the settling of GPAs on EDS1(OE) or 

eds1-1 plants as compared to WT plant, suggesting that EDS1 does not have a role in antixenosis 

mediated defense against GPA (SI Figure 3.10b).    

Although PAD4 expression is induced in response to GPA infestation, no increase in 

PAD4 protein content was observed in the GPA infested plants, suggesting that transcriptional 
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increase of PAD4 does not result in a corresponding increase in PAD4 protein content.  A likely 

explanation is that GPA infestation may be targeting PAD4 protein for turnover, and by 

increasing PAD4 expression, the plant is attempting to compensate for the increased turnover of 

PAD4.  This would also explain why overexpression of EDS1 enhances resistance against GPA, 

presumably by stabilizing PAD4.   

In conclusion, this work has identified a novel role for S118 in the PAD4 protein in 

providing resistance against the polyphagous GPA.  S118 is required for a subset of PAD4 

functions in defense against GPA.  This residue may either be part of the catalytic site of any 

hydrolases activity that PAD4 might possess, which promotes antibiosis and feeding deterrence.  

Alternatively, it may be involved in PAD4 interacting with other factors that result in antibiosis 

and feeding deterrence.   

 

 Materials and Methods 

Aphid Propagation and Plant Growth Conditions 

Green peach aphid (GPA) was reared on an equal mix of commercially available mustard 

(Florida broadleaf) and radish (Early scarlet globe) (Bay Farm Services, Bay City, MI) in a 

growth chamber set at an ambient temperature of 22˚C programmed for a 14 h (100 µE m–2 s1) 

light and 10 h dark cycle.  Four week-old Arabidopsis plants were used for all the experiments. 

 

Arabidopsis Mutants  

The pad4-5, eds1-1 and pad4-5 eds1-1 mutants in accession WT Ws have been described 

previously (Feys et al., 2001, 2005; Glazebrook et al., 1997).  
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No-choice and Choice Tests 

Both no-choice and choice tests were performed as previously described (Pegadaraju et 

al., 2005; Louis et al., 2010b).  In no-choice assays, twenty adult apterous (wingless) aphids were 

released on each plant and the total numbers of both nymphal and adult GPAs were counted after 

48 h of initial release.  In choice tests, twenty adult apterous aphids were released at the center of 

the pot having one WT and one mutant/transgenic line and the numbers of adult GPA on each 

plant were counted after 48 h of initial release.  

 

Analysis of Aphid Feeding Behavior 

The previously described electro-physiological Electrical Penetration Graph (EPG) 

technique was used to monitor the feeding behavior of aphids (Pegadaraju et al., 2007).  Ten 

replications were performed for the PAD4(WT) and PAD4(S118A) plants and the mean time 

spent by aphids on various activities was analyzed by the non-parametric Kruskal–Wallis test 

(P < 0.05). 

 

Petiole Exudate Collection and Feeding Trials 

Petiole exudates, enriched in phloem sap, was collected from 80-120 leaves (~25-30 

plants) using a previously described method (Chaturvedi et al., 2008).  Feeding trial bioassays 

using a synthetic diet (Mittler and Dadd, 1965) were performed as described previously (Louis et 

al., 2010b).  Three adult apterous aphids were introduced into the feeding chamber and were 

allowed to feed on aphid diet that was mixed with plant Pet-ex collected from the WT, pad4-5 or 

transgenic Arabidopsis lines.  The total numbers of both nymphal and adult GPAs were 

determined after four days of initial insect release.  
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RNA Extraction and RT-PCR Analysis 

RNA for RT-PCR analysis was extracted from Arabidopsis leaves of GPA uninfested and 

infested leaves were as previously described (Pegadaraju et al., 2005).  Gene-specific PCR 

primers used for ACT8 (At1g49240), PAD4 (At3g52430), EDS1 (At3g48090) and SAG13 

(At2g29350) were as previously described (Pegadaraju et al., 2007, Louis et al., 2010b).  PCR 

conditions used were as follows: 95°C for 5 min, followed by 30 cycles (for Figure 3.5c) and 25 

cycles (for SI Figure 3.10a) of 95°C for 30 sec, 55°C for 45 sec, and 72°C for 1 min, with a final 

extension at 72°C for 5 min.  

 

Western Blot Analysis 

Total proteins from Arabidopsis leaves were extracted as described previously (Feys et 

al., 2001).  50 µg of total plant proteins isolated from leaf tissues of WT Ws, pad4-5, pad4-5 

complemented with c-Myc-tagged PAD4 driven by its native promoter and also mutated versions 

of c-Myc-tagged PAD4 expressed under the influence of its native promoter in pad4-5 null 

mutant background [PAD4(S118A), PAD4(D178A) and PAD4(H229A)] were separated on a 4 

to 20% SDS-PAGE gel and then transferred to a nitrocellulose membrane.  After protein transfer, 

the membrane was blocked for 2 h at room temperature with 5% non-fat dry milk in TBST 

(Tween Tris-buffered saline; 10 mM Tris, 150 mM NaCl, and 0.2% Tween-20 [pH 7.5]) buffer 

and then with anti-Myc antibody (1: 2500; Santa Cruz Biotechnology, Santa Cruz, CA) for 

overnight at 4ºC.  The membrane after washing with 3x with TBST buffer was incubated with 

alkaline phosphatase linked anti-rabbit IgG (1: 3000; Santa Cruz Biotechnology, Santa Cruz, 

CA) as a secondary antibody for 1h at room temperature.  After three washes with TBST buffer, 
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the reaction was visualized by 5-bromo-4-chloro-3-indol phosphate (BCIP)/p-Nitro-Blue 

tetrazolium chloride (NBT) staining. 

 

Histochemistry and Microscopy 

Trypan blue staining of leaf samples to observe the cell death was carried out as described 

previously (Rate et al., 1999). 

 

Camalexin Quantification 

Approximately, 100 mg of tissue was harvested from GPA uninfested or GPA infested 

(24 h) plants.  Tissue samples were homogenized in 90% MeOH (2.5µl/mg fresh wt.) and 

centrifuged for 20 min at 13300 rpm at 4ºC.  Supernatants was collected in a fresh tube and 50µl 

of each sample was subjected to HPLC analysis as previously described (Song et al., 2004) using 

pure camalexin as the standard. 
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 Appendix A - Supplementary Information to Chapter 3 

 

                  

 

Figure 3.8. The triad of PAD4 does not deter GPA settling.  
GPA was given the choice of selecting between: 
(a) WT vs PAD4(S118A)   (b) WT vs PAD4(D178A)  (c) WT vs PAD4(H229A)                       
(d) pad4  vs PAD4(S118A)  (e) pad4 vs PAD4(D178A)  (f) pad4 vs PAD4(H229A)      
See legend of Figure 3.4. for experimental procedures. 
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Figure 3.9. PAD4 triad of S118, D178A and H229 residues are not required for GPA-
feeding induced cell death.  
Trypan blue staining of leaves from uninfested (–GPA) and GPA-infested (+GPA) WT Ws, 
pad4-5, PAD4(WT) and mutated versions of PAD4 [PAD4(S118A), PAD4(D178A) and 
PAD4(H229A)] 48 hpi. 
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Figure 3.10. Arabidopsis mediated resistance against GPA is independent of EDS1. 
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(a) RT-PCR analysis of PAD4 and EDS1 expression in uninfested (-GPA) and GPA-infested 
(+GPA) leaves of the WT Ws, eds1-1, pad4-5, eds1-1 pad4-5, EDS1(OE) and EDS1 PAD4 
double(OE). RNA for RT-PCR analysis was harvested at the indicated hours post infestation 
(hpi). Expression of the ACT8 gene served as a control for RNA quality and the RT-PCR.   
 
(b) Choice assay: Twenty adult apterous aphids were released at the center of a pot containing 
one WT Ws and one eds1-1 plant or one WT Ws and EDS1(OE) plant, equidistant from the two 
plants.  The number of adult GPAs that had settled on each plant was determined after 48h of 
initial release.  Values are the average of aphid counts on a minimum of eight plants of each 
genotype for each time point.  Error bars represent SE.  The means were separated using paired t-
test.  There was no significant difference between insect numbers on the WT and the eds1-1 or. 
EDS1(OE) plant.  The experiments in (a) and (b) were replicated twice. 
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 CHAPTER 4 

ANTIBIOSIS AGAINST THE GREEN PEACH APHID REQUIRES THE Arabidopsis thaliana 

MYZUS PERSICAE-INDUCED LIPASE1 GENE2 

 Abstract 

The green peach aphid (GPA) (Myzus persicae Sülzer) is an important sap-sucking pest 

of a large variety of plants, including Arabidopsis thaliana.  Arabidopsis utilizes a combination 

of defenses that deter insect settling on the plant, limit insect feeding and curtail insect 

reproduction.  We demonstrate that the previously uncharacterized Arabidopsis MPL1 (MYZUS 

PERSICAE-INDUCED LIPASE1) gene has an important role in defense against the GPA.  MPL1 

expression was rapidly induced to high level in GPA-infested plants.  Furthermore, the GPA 

population was larger on the mpl1 mutant than the WT plant.  In contrast, constitutive over-

expression of MPL1 from the Cauliflower mosaic virus 35S gene promoter curtailed size of the 

GPA population.  Insect settling and feeding behavior were unaffected on the mpl1 mutant.  

However, in comparison to the phloem-sap enriched petiole exudate from the WT plant, mpl1 

petiole exudate was deficient in an activity that restricts insect reproduction on a synthetic diet.  

Furthermore, MPL1 was required for the heightened accumulation of an antibiotic activity in 

petiole exudate of the Arabidopsis ssi2 mutant, which exhibits enhanced resistance to GPA.  

These results indicate that MPL1 has an essential function in antibiosis against GPA.  The MPL1 

protein exhibits homology to lipases and recombinant MPL1 has lipase activity, thus suggesting 

that a MPL1-dependent lipid, or a product thereof, has an important role in antibiosis against 

GPA. 

                                                 
2Results presented in this chapter have been published in The Plant Journal. Louis et al., 2010. 64: 800–811. Used 
with permission. 



113 

 Introduction 

Aphids exhibit a sequence of behaviors on the plant surface, including evaluating the 

surface topology and briefly probing cells with their stylets on the way to the sieve elements 

(Powell et al., 2006; Walling, 2008).  The electrical penetration graph (EPG) technique has been 

used to study aphid behavioral patterns on the plant host.  In EPG, the patterns of different 

electrical waveforms generated by a wired insect, which is part of a low voltage circuit on the 

host plant, distinguish the different behavioral activities of the insect (Tjallingii, 1988; Walker, 

2000).  Comparisons of the EPG patterns of aphids feeding on plants of differing genotypes that 

exhibit different levels of resistance/susceptibility to a given insect species has provided insights 

into mechanisms utilized by plants to control aphid infestation (Klingler et al., 2005; Pegadaraju 

et al., 2007; Diaz-Montano et al., 2007; Louis et al., 2010; Pallipparambil et al., 2010).  

A wide array of defenses are utilized by plants to control aphid infestation, including 

antixenotic factors that deter aphid settling and curtail feeding, and antibiotic factors that control 

aphid fecundity (Pedigo, 1999; Smith, 2005; Powell et al., 2006; Goggin, 2007; Walling, 2008).  

These defenses are exerted at different activity stages of the insect on the host plant.  For 

example, waxes and trichomes on the plant surface and chemicals released from these can deter 

insect settling (Walling, 2008).  Deposition of callose and coagulation of phloem proteins can 

result in the sealing of sieve elements and thus restrict the insect’s access to phloem sap.  Lectins 

and protease inhibitors consumed by the insect can further curtail insect activity and thus limit 

damage caused by the insect (Riberio et al., 2006; Sylwia et al., 2006; Wu et al., 2006).  Plants in 

the Brassicaceae family, which includes Arabidopsis thaliana, accumulate glucosinolates, a 

family of secondary metabolites that are sources of thiocyanates, which are toxic to some aphids 

(Rask et al., 2000; Halkier and Gershenzon, 2006).  Aphid fecundity was higher on Arabidopsis 
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mutants that accumulated lower amounts of glucosinolates than the wild-type (WT) plant, and 

curtailed on genotypes with a higher glucosinolate content (Levy et al., 2005; Kim et al., 2008).   

This adverse effect of glucosinolate on aphid performance correlated with the accumulation of 

glucosinolate breakdown products in the insect, thus confirming that glucosinolates are 

consumed by the aphids (Kim et al., 2008).  

The green peach aphid (GPA; Myzus persicae Sülzer) is a polyphagous insect with a host 

range that covers more than 50 plant families (Blackman and Eastop, 2000).  In Arabidopsis, 

GPA infestation results in the premature activation of a senescence-like mechanism that is 

accompanied by the elevated expression of a subset of the SENESCENCE ASSOCIATED GENES 

(SAG) (Pegadaraju et al., 2005).  Genetic studies have revealed that the activation of this 

senescence-like mechanism curtails the size of the GPA population on Arabidopsis.  The 

Arabidopsis PAD4 (PHYTOALEXIN DEFICIENT4) gene, which encodes a nucleo-cytoplasmic 

protein with similarity to lipases, is expressed at elevated levels in the GPA-infested plant and 

influences the timely activation of this senescence-like mechanism (Pegadaraju et al., 2005).  

Studies with the pad4 mutant and plants constitutively over-expressing PAD4 indicated that a 

PAD4-dependent factor(s) deters insect settling, restricts the time spent by GPA feeding from 

sieve elements, and contributes to antibiosis (Pegadaraju et al., 2007; Louis et al., 2010).  The 

PAD4-dependent antibiosis activity could be recovered in the vascular sap-enriched petiole 

exudates (Pet-exs) collected from Arabidopsis leaves (Louis et al., 2010), suggesting that a 

PAD4-dependent antibiotic factor is likely delivered through the vascular sap. 

PAD4 is also required for the GPA heightened resistance phenotype of the ssi2 

(suppressor of salicylic acid-insensitivity2) mutant (Louis et al., 2010), which is deficient in a 

fatty acid desaturase activity (Kachroo et al., 2001).  The ssi2-determined heightened resistance 
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to GPA was accompanied by the constitutive expression of several SAG genes and hyper-

senescence.  The ssi2 allele did not adversely impact insect settling and feeding behavior.  

Instead, the ssi2 mutant exhibited heightened antibiosis against GPA, and elevated level of an 

antibiosis activity was recovered in the ssi2 Pet-ex (Louis et al., 2010).  Mutations in ssi2 also 

constitutively activate salicylic acid (SA) signaling, which results in heightened resistance to 

pathogens (Shah et al., 2001).  However, SA was not a major factor in the ssi2-determined 

heightened resistance to GPA (Pegadaraju et al., 2005; Louis et al., 2010).   

The MPL1 (MYZUS PERSICAE-INDUCED LIPASE1) gene is constitutively expressed at 

elevated level in the ssi2 mutant compared to the WT (Morton, 2007; Figure 4.1a).  The meta-

analysis tool Genevestigator (http://www.genevestigator.com/) (Zimmermann et al., 2004; 

Grennan, 2006) indicates that MPL1 expression was strongest in mature siliques and germinating 

seeds.  However, expression in leaves was very low (Figure 4.2).  Here, we demonstrate that 

MPL1, which is also expressed at elevated level in GPA-infested plants, is an essential 

component of Arabidopsis defense against GPA.  MPL1 is required for the accumulation of an 

antibiotic activity in Pet-ex that limits GPA reproduction.  MPL1 exhibits lipase activity, thus 

suggesting that a lipid, or a dependent factor, has a role in antibiosis against GPA.  

 

 Results 

MPL1 Expression is Elevated in GPA-infested Plants 

Since MPL1 is constitutively expressed at elevated levels in the leaves of the ssi2 mutant 

compared to the WT, we tested if MPL1 transcript abundance also increases in GPA infested 

plants.  Reverse transcription-polymerase chain reaction (RT-PCR) analysis confirmed that 

MPL1 expression was elevated in leaves of the GPA-infested WT Arabidopsis accession 

http://www.genevestigator.com/
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Columbia-0 (Col) and Nössen (Nö) plants (Figure 4.1a).  The induction of MPL1 expression in 

the GPA-infested plants preceded that of the SAG13 gene, which was previously shown to be 

constitutively expressed at elevated level in the ssi2 mutant (Pegadaraju et al., 2005, 2007; Louis 

et al., 2010).   

 
 
Figure 4.1. MPL1 is required for Arabidopsis defense against GPA. 
(a) MPL1expression in the wild-type (WT) accession Columbia (Col) and Nössen (Nö), and the 
mpl1-1, ssi2 and ssi2 mpl1 mutant plants.  RNA extracted from uninfested (-GPA) and GPA-
infested (+GPA) plants were harvested at 3, 6, 12, 24 and 48 h post infestation (hpi) and 
analyzed by reverse-transcription polymerase chain reaction (RT-PCR) for expression of the 
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MPL1, PAD4 and SAG13 genes.  Expression of the ACT8 gene served as a control for RNA 
quality and RT-PCR.   

(b) Diagram of the Arabidopsis thaliana MPL1 gene indicating position of the two T-DNA 
insertion alleles, SALK_101919 (mpl1-1) and SALK_082589 (mpl1-2) in the ninth exon.  Exons 
are represented by boxes and introns by black lines.  Black and white boxes indicate coding and 
non-coding regions, respectively.  The start and stop codons are indicated.  The numbers indicate 
nucleotide positions. 

(c) Reverse-transcription polymerase chain reaction (RT-PCR) analysis of MPL1 gene 
expression after 40 cycles of PCR amplification. Expression of the ACT8 gene served as a 
control for RNA quality and RT-PCR.  PCR conditions used were as follows: 95°C for 5 min, 
followed by 40 cycles of 95°C for 30 sec, 55°C for 45 sec, and 72°C for 1 min, with a final 
extension at 72°C for 5 min.  

(d) No-choice assay: Comparison of GPA numbers on WT Col, mpl1-1 and mpl1-2 plants.  All 
values are mean from a minimum of 12 plants.  The total number of aphids (adults +nymphs) on 
each plant was determined at 2 dpi.  Error bars represent SE.  Different letters above the bars 
indicate values that are significantly different (P<0.05) from each other.  The experiments in (a) 
and (b) were repeated thrice.   
 
 

                               
 
Figure 4.2. MPL1 expression in Arabidopsis organs. 
The Genevestigator tool (http://www.genevestigator.com/) was used to analyze publicly 
available microarrays for MPL1 (At5g14180) expression level in the indicated Arabidopsis 
organs and developmental stages.   
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The temporal pattern of MPL1 expression in the GPA-infested WT plants paralleled that of 

PAD4.  MPL1 and PAD4 expression were induced within 3-6 h of infestation (hpi) and remained 

at elevated levels through the 48 h duration of the experiment.  Although MPL1 expression is 

also induced by SA (Morton, 2007), SA was not essential for the GPA infestation-induced 

expression of MPL1.  As shown in Figure 4.4, GPA-infestation resulted in elevated expression of 

MPL1 in the SA-deficient ics1 ics2 mutant. 

 

MPL1 is Required for Arabidopsis Defense Against the GPA 

Two transgenic lines (Salk_101919 and Salk_082589) that contain T-DNA insertions in 

the MPL1 coding region (Figure 4.1b) were used to determine if MPL1 is required for 

Arabidopsis defense against GPA.  MPL1 transcript was not detected in the Salk_101919 and 

Salk_082589 lines (Figures 4.1a and 4.1c), confirming that these T-DNA insertions result in 

MPL1 null alleles.  The Salk_101919 and Salk_082589 insertion alleles of MPL1 will hereafter 

be referenced as mpl1-1 and mpl1-2, respectively.  These mpl1 mutants are morphologically 

similar to the WT plant (Figure 4.5).  As shown in Figure 4.1d, GPA numbers were significantly 

higher on the mpl1-1 and mpl1-2 mutants than the WT.  Constitutive over-expression (OE) of 

MPL1 from the Cauliflower mosaic virus 35S gene promoter (Figure 4.3a) restored resistance to 

GPA in the mpl1-1 mutant background (Figure 4.3b), confirming that a defect in MPL1 

adversely impacts the ability of the mpl1 mutants to limit size of the GPA population.  GPA 

numbers on these two independently-derived MPL1(OE) lines #4 and #5 were in fact 

significantly lower than GPA numbers on the WT plant, indicating that in comparison to the WT, 

these plants are more resistant to GPA.  The above results confirm that the MPL1 gene has an 

important role in controlling GPA population size on Arabidopsis. 
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MPL1 Contributes to Antibiosis Against the GPA 

Since constitutive over-expression of MPL1 results in heightened resistance, and MPL1 is 

constitutively expressed in the ssi2 mutant, we determined if MPL1 was required for the ssi2-

determined heightened resistance in the ssi2 mpl1-1 double mutant.  Presence of the mpl1-1 

allele suppressed the ssi2-determined constitutive expression of SAG13 (Figure 4.1a).  

Furthermore, SAG13 expression pattern in the GPA-infested ssi2 mpl1-1 plant was comparable 

to that in the mpl1-1 single mutant, indicating that mpl1-1 is epistatic to ssi2.  GPA numbers on 

two ssi2 mpl1-1 lines were significantly higher than on the ssi2 mutant (Figure 4.6a), confirming 

that MPL1 is required for the ssi2-determined resistance. 

In comparison to the WT, the ssi2-determined heightened resistance to GPA results from 

enhanced antibiosis (Louis et al., 2010; Figure 4.6b).  Therefore, we tested the hypothesis that 

MPL1 is required for antibiosis against GPA.  Pet-ex of WT Arabidopsis contains a heat- 

sensitive antibiosis activity that limits insect reproduction on an artificial diet (Figure 4.6c).  This 

antibiosis activity is higher in the ssi2 Pet-ex compared to the WT Pet-ex, the synthetic diet 

lacking Pet-ex (Diet) or diet containing the buffer (Buf) that was used to collect Pet-exs (Figure 

4.6b) (Louis et al., 2010).  In comparison to the WT and ssi2 Pet-ex, mpl1-1 Pet-ex exhibited 

reduced antibiosis against GPA (Figure 4.6b).  Furthermore, presence of the mpl1-1 allele 

resulted in the reduction of the ssi2-determined antibiosis activity in ssi2 mpl1-1 Pet-ex (Figure 

4.6b).  These results, taken together with the no-choice assays in which GPA population was 

larger on the mpl1 mutants than the WT (Figure 4.1d), confirm that MPL1 is required for 

antibiosis against GPA. 
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Figure 4.4. GPA-induced expression of MPL1 in the SA deficient ics1 ics2 mutant plant. 
RT-PCR analysis of MPL1 expression in uninfested (-GPA) and GPA-infested (+GPA) WT Col 
and the ics1 ics2 plants.  RNA for RT-PCR analysis was harvested at 3, 6, 12, 24 and 48 hours 
post infestation (hpi).  Expression of the ACT8 gene served as a control for RNA quality and RT-
PCR.  
 
 

                        
 
Figure 4.5. mpl1 mutant and MPL1 over-expressing lines do not exhibit growth defects. 
Comparison of the morphology of 4-week-old wild type Col, mpl1-1, pad4-1, the MPL1 
overexpressing (OE) transgenic lines #4 and #5, which are in the mpl1-1 genetic background, 
and the pad4 MPL1(OE) transgenic lines #5 and #6, which are in the pad4-1 genetic background.  
All plants were photographed from the same distance. 
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Figure 4.6. MPL1 is required for 
antibiosis against GPA. 
(a) No-choice assay: Comparison of GPA 
numbers on WT Col and Nö, mpl1-1, ssi2 
and two independently derived ssi2 mpl1 
double mutant lines #7 and #40.  All values 
are mean from a minimum of 12 plants.  
The total number of aphids (adults 
+nymphs) on each plant was determined at 
2 dpi.  Error bars represent SE.  Different 
letters above the bars indicate values that 
are significantly different (P<0.05) from 
each other.  

(b) Artificial diet assay: Comparison of 
GPA numbers on an artificial diet (Diet), 
the artificial diet containing the buffer (Buf) 
used to collect Pet-exs, and the artificial 
diet containing Pet-exs collected from 
leaves of the WT Col and Nö, and the mpl1-
1, ssi2 and ssi2 mpl1-1 (lines #7 and #40) 
mutant plants.  The experiments in (a) and 
(b) were repeated thrice.   

(c) Heat sensitivity of the antibiosis factor 
in Arabidopsis petiole exudates.  

Artificial diet assay: Comparison of GPA 
numbers on an artificial diet, the artificial 
diet containing the buffer (Buf) used to 
collect petiole exudates, and the artificial 
diet containing petiole exudates collected 
from leaves of WT Arabidopsis and WT 
petiole exudates that had been boiled at 
95°C for 10 minutes.   

In (b) and (c) three adult apterous aphids 
were introduced into each feeding chamber 
and allowed to feed on the exudates mixed 
with the artificial diet.  The total numbers of 
aphids (adults + nymphs) in each feeding 
chamber were determined four days later.  
Each experiment contained four replicates 
for each treatment.  Error bars represent SE.  
Different letters above the bars indicate 
values that are significantly different 
(P<0.05) from each other.  The experiment 
(c) was repeated twice.   
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MPL1 does not Impact GPA Settling and Feeding on Arabidopsis 

To determine whether MPL1 also has a role in deterring GPA settling on Arabidopsis, a 

choice assay was conducted.  In the choice assay, 20 adult GPA were released equidistant from a 

WT and an mpl1-1 mutant plant growing in the same pot, thus providing each insect with the 

option of settling on the WT or the mutant plant.  The number of insects that had settled on each 

plant genotype was monitored over a 48 h period.  As shown in Figure 4.7a, the average number 

of GPA that had settled on the WT and the mpl1-1 plants were comparable over the 48 h period.   

Similarly, even when the experiment was initiated with a larger number of adult aphids and 

prolonged to 72 h, comparable numbers of insects were found to have settled on the WT and 

mpl1-1 mutant (Supplementary Information (SI) Figure 4.12a).  Taken together, these results 

suggest that the mpl1-1-conferred enhanced susceptibility is not due to factors that deter insect 

settling.  Similarly, no differences in insect settling were observed between the WT and the 

MPL1(OE) plants (Figures 4.7b and SI 4.12c). 

Antibiosis can impact the insect’s feeding behavior.  We therefore utilized EPG to 

determine if the reduction in antibiotic defenses resulting from the loss of MPL1 function 

impacted GPA’s feeding behavior on the mpl1-1 mutant, relative to the WT plant.  The different 

parameters measured using EPG included the time to first probe (FP), the time to reach first 

sieve element phase (f-SEP), the sum of SEP (s-SEP) duration during the recording period, the 

SEP available (a-SEP) from the start of the first SEP until the end of the recording, the 

percentage of a-SEP actually spent in SEP (%SEP), the time spent drinking from xylem (xylem 

phase; XP), the total duration of the time when the insect is not feeding from the vasculature 

(pathway phase; PP), and the non-probing phase (NP).   
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Figure 4.7. MPL1 is not involved in 
antixenosis. 
(a) Choice assay: GPA was given the 
choice of selecting between the WT 
Col and the mpl1-1 mutant plants.  

(b) Choice assay: GPA was given the 
choice of selecting between the WT 
Col and the MPL1(OE) transgenic 
lines, which are in the mpl1-1 genetic 
background.   

In (a) and (b), 20 adult apterous 
(wingless) aphids were released at 
the center of a pot containing one 
WT and one mpl1-1 plant or 
MPL1(OE) plant, equidistant from 
the two plants.  The number of adult 
GPAs that had settled on each plant 
was determined 6, 12, 24 and 48 h 
after release.  Values are the average 
of aphid counts on a minimum of 
eight plants of each genotype for 
each time point.  Error bars represent 
SE.  At none of the time points were 
statistically significant differences 
observed between insect numbers on 
the WT and the mpl1-1 plant, and the 
WT and the MPL1(OE) transgenics.  
The experiments in (a) and (b) were 
replicated twice. 

(c) EPG: Percentage of time spent by 
GPA for various activities on the WT 
Col and the mpl1-1 mutant plants in 
8 h of recording time.  Each value is 
the average of 12 replications.  Error 
bars represent SE.  The % time spent 
by GPAs on various activities (FP, 
first probe; PP, pathway phase; NP, 
non-probing phase; f-SEP, the time 
to reach first sieve element phase; s-
SEP, the sum of SEP duration during 
the recording period; XP, xylem 

phase) was analyzed by the non-parametric Kruskal–Wallis test.  Statistically significant 
differences were not observed for any of the parameters between insect feeding on the WT and 
the mpl1-1 mutant. 
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As shown in Figure 4.7c and Table 4.1, there were no significant differences (P>0.05) in any of 

these parameters measured for GPA behavior on the WT and the mpl1-1 plant.  We thus 

conclude that aphid feeding behavior was unaffected on the mpl1-1 plant.  The EPG result 

considered along with the choice assay indicates that MPL1 does not influence antixenosis in 

Arabidopsis. 

 

MPL1 Over-expression Restores Antibiosis in the pad4 Mutant 

Like MPL1, mutations in PAD4 also attenuate the ssi2-determined constitutive over-

expression of SAG13 and heightened resistance to GPA (Louis et al., 2010).  Since, PAD4 is 

known to modulate expression of several genes associated with plant defense (Tsuda et al., 

2008), we evaluated if the elevated expression of MPL1 in the GPA-infested plants was 

dependent on PAD4.  As shown in Figure 4.3a, the GPA infestation-induced expression of MPL1 

was comparable between the WT and the pad4 mutant, indicating that the elevated expression of 

MPL1 in the GPA-infested plants was not regulated by PAD4.  Similarly, loss of MPL1 function 

in the mpl1-1 mutant, and constitutive over-expression of MPL1 from the 35S promoter did not 

reproducibly impact the GPA infestation-induced expression of PAD4 (Figures 4.1a and 4.3a).  

We therefore conclude that the GPA infestation-induced expressions of PAD4 and MPL1 are 

independent of one another.   

PAD4 is required for antibiosis against the GPA (Louis et al., 2010).  To determine if 

PAD4 is required for the MPL1-determined resistance, we over-expressed MPL1 from the 35S 

promoter in the pad4 mutant background.  As shown in Figure 4.8a, in a no-choice assay, 

compared to the pad4 mutant, constitutive over-expression of MPL1 was sufficient to limit insect 

numbers on two independently-derived pad4 MPL1(OE) lines.  Insect numbers on the pad4 
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MPL1(OE) lines were comparable to those on the WT plant.  Furthermore, MPL1(OE) restored 

the temporal pattern of the GPA infestation-induced SAG13 expression in the pad4 MPL1(OE) 

plants to that observed in the WT plant (Figure 4.3a).  This is in contrast to the delayed 

expression of SAG13 in the GPA infested pad4 mutant (Figure 4.3a; Pegadaraju et al., 2005, 

2007; Louis et al., 2010).  These results indicate that constitutive over-expression of MPL1 can 

rescue the enhanced GPA susceptibility phenotype of the pad4 mutant, thus suggesting that 

PAD4 function is not essential for the MPL1-determined antibiosis. 

Table 4.1. Mean time (h) ± SE spent by GPA for various activities on Arabidopsis WT (Col) 
and mpl1 plant in an 8 h of recording time 

Parameters WT (Col)          mpl1-1a 

Time to first probe (FP) 0.04 ± 0.01            0.07 ± 0.02 

Total duration of pathway phase (PP) 4.51 ± 0.37            4.34 ± 0.25 

Total duration of non-probing phase (NP) 1.73 ± 0.37            1.64 ± 0.32 

Time to first Sieve Element Phase (f-SEP)  1.35 ± 0.27            1.29 ± 0.23 

Sum of SEP duration time in a total of 8 h  

recording time (s-SEP) 
1.00 ± 0.22            1.08 ± 0.19 

Total duration of xylem phase (XP) 0.76 ± 0.26            0.94 ± 0.31 

Available SEP from the beginning of the first 

SEP until the end of recording time (a-SEP) 

6.65 ± 0.70            6.71 ± 0.74 

Percentage of available SEP actually spent in 

SEP (%SEP) 

14.79 ± 0.02           17.22 ± 0.03 

 
aNone of the parameters were significantly different between the WT and mpl1-1 mutant (P 
> 0.05, Kruskal–Wallis test). 
 

 



127 

In contrast to the no-choice assay, MPL1(OE) was not sufficient to  restore antixenosis in 

the pad4 MPL1(OE) plants in a choice assay.  Similar to the pad4 mutant, when given a choice 

the insects preferred to settle on the pad4 MPL1(OE) plants rather than the WT plant (Figures 

4.8b and SI 4.12d).  Taken together, results of the no-choice (Figure 4.8a) and choice 

experiments (Figures 4.8b, SI 4.12b, 4.12c and 4.12d) confirm that although MPL1(OE) is 

sufficient to restore antibiosis in the pad4 mutant, it does not overcome the antixenosis defect of 

the pad4 mutant.   

  

Glucosinolates are not Major Contributors to the MPL1-mediated Resistance Against the GPA  

To determine if the heightened susceptibility and reduced antibiosis potential of the mpl1 

mutant is attributed to alterations in glucosinolates, composition of glucosinolates was evaluated 

in the WT and the mpl1-1 mutant.  As shown in Figure 4.9a, there were no significant differences 

(P>0.05) in the glucosinolate content before and after GPA infestation in the leaves of the WT 

and mpl1-1 plants.  It was previously reported that amongst the different glucosinolates, 4-

methoxyindol-3-ylmethylglucosinolate (4MI3M), when added to an artificial diet was 

detrimental to GPA (Kim and Jander, 2007).  Since a MPL1-determined antibiosis activity is 

present in the WT Pet-ex and is reduced in mp1-1 Pet-ex (Figure 4.6b), 4MI3M content was 

compared in the WT and mpl1-1 Pet-exs.  As shown in Figure 4.9b, comparable amounts of 

4MI3M were present in the WT and mpl1-1 Pet-exs.  Furthermore, glucosinolate content in the 

aphids themselves was comparable between insects that had fed on the WT and the mpl1-1 

mutant (Figure 4.9c).  We therefore conclude that glucosinolates are not major contributors to the 

MPL1-determined antibiosis. 
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Figure 4.8. Constitutive over-expression 
of MPL1 promotes antibiosis in the pad4 
mutant. 
(a) No-choice assay: Comparison of GPA 
numbers on WT Col, pad4-1 and two 
independently derived MPL1(OE) lines #5 
and #6, which are in the pad4-1 genetic 
background.  All values are mean from a 
minimum of 12 plants.  The total number of 
aphids (adults + nymphs) on each plant was 
determined at 2 dpi.  Error bars represent 
SE.  Different letters above the bars indicate 
values that are significantly different 
(P<0.05) from each other.  This experiment 
was replicated thrice. 

(b) Choice assay: GPA was given the choice 
of selecting between the WT Col and pad4-1 
mutant (top panel), and between the WT Col 
and the pad4 MPL1(OE) line #5 and #6, 
which are in the pad4-1 mutant background 
(lower panel).  See legend to Figure 4a on 
the experimental procedure.  Values are the 
average of aphid counts on a minimum of 
eight plants of each genotype for each time 
point.  Error bars represent SE.  An asterisk 
(*) indicates values that are significantly 
different (P<0.05) between the WT and the 
pad4-1 or pad4-1 MPL1(OE) plants at that 
particular time point.  This experiment was 
repeated twice. 
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Figure 4.9. Glucosinolate content in the mpl1-1 mutant.  
(a) Content of major (left panel) and minor (right panel) species of aliphatic and indole 
glucosinolates in uninfested (-GPA) and GPA-infested (+GPA) (24 hpi) WT Col and mpl1-1 
plants.  The data presented here is the mean of three independent experiments. Error bars 
represent SE.  Glucosinolate side chain abbreviations: 3MSP, 3-methylsulfinylpropyl; 4MSB, 4-
methylsulfinylbutyl; 4MTB, 4-methylthiobutyl; 5MSP, 5-methylsulfinylpropyl; 7MSH, 7-
methylsulfinylheptyl; 7MTH, 7-methylsulfinylheptyl; 8MSO, 8-methylsulfinyloctyl; 8MTO, 8-
methylthiooctyl; I3M, indol-3-ylmethyl; 4MI3M, 4-methoxyindol-3-ylmethyl; 1MI3M, 1-
methoxyindol-3-ylmethyl; 4OH-I3M, 4-hydroxyindol-3-ylmethyl. 
 
(b) 4-methoxyindol-3-ylmethylglucosinolate (4MI3M) content in the Pet-exs of WT Col and 
mpl1 plants.  The data presented here is the mean of four samples. Error bars represent SE.  
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There is no significant difference in the level of 4MI3M content in the Pet-exs of the WT Col 
and the mpl1 mutant plant.   
 
(c) Glucosinolate content of whole aphid bodies that were fed on WT Col and mpl1-1 plants for 
48 h.  The data presented here is the mean of three independent experiments.  Error bars 
represent SE.  There were no significant differences between the glucosinolate profiles of GPAs 
collected from the WT and the mpl1-1 plant.  
    
 

MPL1 Possesses Lipase Activity Against Glycerolipids 

The MPL1 protein contains a triad of Ser (S), Asp (D) and His (H) residues (Figure 

4.10a) that are conserved amongst α/β fold acyl hydrolases and are part of the active site in 

several of these enzymes (Blow, 1990).  MPL1 contains a S at position 190, embedded within 

the GHSLG sequence that resembles the GXSXG motif found in other TAG lipases, and the D 

and H residues at positions 360 and 393, respectively.  The amino acid sequence flanking the 

S190, D360 and H393 residues is also conserved in other lipases (Figure 4.10b).  Recombinant 

MPL1 is capable of releasing p-nitrophenol from p-nitrophenylacetate (pNPA) and p-

nitrophenylpalmitate (pNPP) (SI Figure 4.13a), indicating that MPL1 has enzymatic activity.  

We further evaluated the MPL1 protein for lipase activity against the triglycerides, triolein and 

tributyrate, and the phospholipids, phosphatidylcholine, phosphatidylethanolamine, 

phosphatidylserine and phosphatidylinositol by monitoring MPL1’s ability to release free fatty 

acids from these lipids.  MPL1 is active against all the substrates tested (SI Figure 4.13b), 

confirming that it is a bona-fide lipase.  We suggest that an MPL1-determined lipid, or a product 

thereof, is directly or indirectly involved in determining antibiosis against GPA. 
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Figure 4.10. Amino acid sequence of MPL1 and homology to key regions of lipases.   
(a) Amino acid sequence of MPL1. Residues S190, D360 and H393 (all marked in black bold) 
are likely active site residues based on sequence of other TAG lipases.  Underlined sequence 
GHSLG corresponds to the GXSXG motif, containing the S190.  MPL1 contains a signal peptide 
(underlined with broken lines) at its N-terminus, with a predicted cleavage site between amino 
acids 31 and 32 (SignalP 3.0; http://www.cbs.dtu.dk/services/SignalP/), suggesting that it is 
processed through the endoplasmic reticulum.  However, whether it is localized to vacuoles or 
secreted is not known. 

(b) Conservation of amino acid sequences around the S190, D360 and H393 residues between 
MPL1 and other well-characterized lipases.  Conserved residues are marked with an asterisk (*). 
 

 

 Discussion 

This work has identified a novel, previously uncharacterized gene, MPL1, which encodes 

a lipase that has an important role in Arabidopsis defense against the GPA.  T-DNA insertions 

that abolished MPL1 expression resulted in improved performance of GPA on two independently 

derived mpl1 mutant lines (Figure 4.1d).  In contrast, constitutive over-expression of MPL1 in 

the MPL1(OE) plants curtailed size of the GPA population (Figure 4.3b).  However, in choice 
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assays, when given the option of choosing between the mpl1 mutant and the WT plant, GPA did 

not exhibit any preference for settling on the mpl1 mutant compared to the WT plant (Figures 

4.7a and SI 4.12a).  Similarly, no differences were observed in the insect’s preference between 

the MPL1(OE) and the WT plant (Figures 4.7b and SI 4.12c).  EPG analysis further indicated 

that the insect spent comparable amount of time feeding from the sieve elements of the mpl1 

mutant and WT plants (Figure 4.7c and Table 4.1).  These results confirm that the MPL1-

determined resistance is not due to its participation in antixenotic defenses, but is due to its 

involvement in antibiosis.   

Our observation that in comparison to the WT Pet-ex, which when added to a synthetic 

diet curtails insect reproduction, mpl1 Pet-ex was unable to limit insect reproduction (Figure 

4.6b), suggests that the MPL1-determined antibiosis is delivered to GPA through the plant 

contents consumed by the insect.  The attenuation of the ssi2-determined heightened resistance to 

GPA in the ssi2 mpl1-1 double mutant plant supports this hypothesis (Figure 4.6a).  The ssi2-

determined heightened resistance is associated with elevated levels of an antibiotic activity, 

which can be recovered in the ssi2 Pet-ex (Figure 4.6b) (Louis et al., 2010).  In comparison, Pet-

ex collected from the ssi2 mpl1-1 double mutant when added to the synthetic diet exhibited a 

reduced ability to curtail insect reproduction (Figure 4.6b), thus confirming that an MPL1-

derived factor, or a product thereof, that is available in the Pet-ex, is directly or indirectly 

involved in antibiosis.  The Pet-exs are enriched in phloem sap.  Since aphids consume phloem 

sap, it is likely that the MPL1-dependent antibiotic factor is delivered through the phloem sap 

ingested by the insect.  However, on their way to finding a sieve element, aphids do penetrate 

cells and also intermittently tap into the xylem.  Since contamination of the Pet-ex with cell and 
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xylem contents is a possibility, we cannot rule out the prospect that the MPL1-determined 

antibiosis is exerted at a step outside of phloem sap consumption by GPA.  

Recombinant MPL1 protein possesses lipase activity that was active against a variety of 

glycerolipids (SI Figure 4.13b).  The Arabidopsis PAD4 protein, which like MPL1 is required 

for antibiosis against GPA (Louis et al., 2010), contains the Ser, Asp, His triad of residues that 

are present in MPL1 and other lipases.  Furthemore, a mutant version of PAD4, in which the 

corresponding Ser was replaced by Ala, is unable to complement the antibiosis defect of the 

pad4 mutant (Chapter 3).  Although enzymatic activity has not been demonstrated for PAD4, this 

observation confirms the importance of this Ser residue in PAD4-determined antibiosis.  Both 

PAD4 and MPL1 are required for the heightened antibiosis activity observed in the ssi2 mutant 

(Louis et al., 2010), which is deficient in a fatty acid desaturase.  Taken together, these 

observations suggest the involvement of a lipid(s) in Arabidopsis antibiosis against GPA.  

Although the role of lipids in plant defense against phloem-feeding insects is not well 

characterized, transcripts encoding putative lipases have been identified in the salivary gland of 

sap-sucking insects (Shukle et al., 2009), suggesting that these insects encounter lipids in their 

diets.  Indeed, phloem sap does contain a variety of lipids, including fatty acids and oxylipins 

(Madey et al., 2002; Harmel et al., 2007).  Several of these plant synthesized lipids are also 

found in Myzus persicae cultivated on plants (Harmel et al., 2007).  Plant lipids and/or lipid-

derived metabolites that are consumed by the insect could be toxic to the insect and thus 

contributing to antibiosis.  Alternatively, they may mimic insect produced metabolites and thus 

alter insect physiology.  For example, the oxylipin 12-oxo-phytodienoic acid (OPDA) is toxic to 

lepidopteran larvae (Vollenweider et al., 2000) and is isomerized in the insect midgut to the less 

toxic iso-OPDA that is excreted in the frass (Dabrowska et al., 2009).  OPDA also resembles 
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animal prostaglandins and could thus alter insect physiology.  MPL1 may be involved in the 

synthesis of a plant lipid-derived antibiotic factor.  It is equally likely that the MPL1 protein is 

ingested by the aphids and exerts its effect directly in the insect.   

Although we report here that MPL1 expression is induced in response to GPA-infestation 

in Arabidopsis, this was not observed in microarray studies conducted with GPA-infested 

Arabidopsis (De Vos et al., 2005; Couldridge et al., 2007; De Vos and Jander, 2009).  It is 

plausible that the actual signal for MPL1, which is very low in these microarray experiments, is 

below the threshold needed for reproducible detection of differential expression in GPA-infested 

plants.  MPL1 expression is also induced in response to pathogen and SA treatment (De Vos et 

al., 2005; Morton, 2007), and SA signaling is activated in GPA-infested plants (Moran and 

Thompson, 2001).  However, MPL1 expression was also induced in the GPA-infested ics1 ics2 

double mutant (Figure 4.4), which is defective in SA synthesis.  Furthermore, previous studies 

indicated that SA is not critical for Arabidopsis defense against GPA (Moran and Thompson, 

2001; Pegadaraju et al., 2005).  Quite to the contrary, it has been suggested that the NPR1 (NON-

EXPRESSOR OF PR GENES1) gene, which is a key regulator of SA signaling, is a susceptibility 

factor that adversely impacts the timely activation of defenses in GPA-infested Arabidopsis 

(Mewis et al., 2006).  Taken together these results indicate that different mechanisms likely 

stimulate MPL1 expression in aphid-infested and pathogen-infected plants. 

MPL1 expression was comparable between the GPA-infested pad4 and WT plants 

(Figure 4.3a), suggesting that PAD4 does not modulate the GPA-infestation induced expression 

of MPL1.  Furthermore, PAD4 expression in response to GPA infestation was not impacted in 

the mpl1 mutant.  However, constitutive over-expression of MPL1 rescued the antibiosis 

deficiency of the pad4 mutant.  We therefore suggest, as schematized in Figure 4.11, that MPL1 
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and PAD4 participate in two parallel antibiosis mechanisms and hyperactivity in any one 

mechanism, as observed in the pad4 MPL1(OE) plants, can overcome the deficiency of the other.  

However, we cannot rule out the possibility that PAD4 also modulates MPL1 activity.  This 

model is in agreement with the observed requirement of both, PAD4 and MPL1 for the ssi2-

determined heightened antibiosis against GPA.  The ssi2 mutation promotes MPL1-dependent 

antibiosis, presumably due to the elevated expression of MPL1.  In contrast, as previously 

suggested, ssi2 likely promotes PAD4-dependent antibiosis at a step subsequent to PAD4 

transcript accumulation.  In this model, PAD4 is shown to impact antixenotic defenses, by a 

mechanism that is independent of its involvement in antibiosis.  However, available evidence 

does not allow us to rule out the possibility that the PAD4-dependent antixenosis is exerted via 

its antibiotic effect.   

In summary, this study has uncovered an essential role for the MPL1 gene in curtailing 

the size of GPA population on Arabidopsis.  We suggest that a MPL1-dependent lipid(s), or a 

product thereof, is involved in antibiosis against GPA.  The identification of the MPL1 substrate 

and product will provide important insights into plant defense against aphids and aid in 

developing improved strategies for controlling aphid infestation of plants.   
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Figure 4.11. Model depicting the impact of the MPL1 on antibiosis and its relationship with 
the PAD4 gene in plant defense against GPA 
Experiments with the mpl1 mutant and MPL1(OE) lines indicate that MPL1 is required for 
antibiosis, but not for antixenosis.  Previous studies have demonstrated that PAD4 is required for 
antibiosis and antixenosis (Pegadaraju et al., 2005, 2007; Louis et al., 2010).  According to this 
model, MPL1 and PAD4 are components of two parallel antibiosis mechanisms.  This suggestion 
is based on the fact that PAD4 and MPL1 do not influence expression of one another.  
Furthermore, constitutive over-expression of MPL1 in the pad4 mutant background was 
sufficient to overcome pad4’s antibiosis deficiency, thus confirming that PAD4 is not required 
for the MPL1 protein-determined antibiosis. In the ssi2 mutant, both the MPL1-determined and 
the PAD4-determined antibiosis activities are elevated.  However, mutations in either MPL1 or 
PAD4 only partially attenuates the ssi2-determined antibiosis, further supporting the hypothesis 
that in Arabidopsis at least two parallel mechanisms contribute to antibiosis against GPA.  
However, we cannot rule out the possibility that PAD4 also modulates activity of the MPL1 
protein 
 
 

 Materials and Methods 

Aphid Propagation and Plant Growth Conditions 

Green peach aphid (GPA) was reared on a 50:50 combination of commercially available 

radish (early scarlet globe) and mustard (Florida broadleaf) (Bay Farm Services, Bay City, MI) at 

22°C in a growth chamber programmed for a 14 h (100 µE m–2 s1) light and 10 h dark cycle.  

Four week-old Arabidopsis plants were used for all of the experiments. 
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Arabidopsis Mutants 

The Salk_101919 (mpl1-1) and Salk_082589 (mpl1-2) lines, which are in the accession 

Columbia-0 (Col) and contain T-DNA insertions in the MPL1 (At5g14180) gene were obtained 

from the Arabidopsis Biological Resource Center (Ohio State University, Ohio).  The ssi2 

mutant is in the accession Nössen (Shah et al., 2001).  ssi2 mpl1-1 double mutants were obtained 

by pollinating flowers of an ssi2 plant with pollen from the mpl1-1 mutant plant.  F2 plants 

doubly homozygous for ssi2 and mpl1-1 were identified by PCR.  

 

MPL1 Over-expressing Transgenic Plants 

RNA extracted from Arabidopsis Col was reverse transcribed and the resulting cDNA 

amplified using the forward primer MPL1-start (Table 4.2), which contains the start codon, and 

the reverse primer MPL1-stop (Table 4.2), which contains the stop codon.  The MPL1 amplicon 

was cloned in the pET28a vector and subsequently into plasmid pCR®8/GW/TOPO® vector 

(Invitrogen, CA, USA), which was used for LR recombination reaction with destination vectors 

pMDC32 (Curtis and Grossniklaus, 2003) to yield pMDC32-MPL1.  The floral-dip method 

(Clough and Bent, 1998) was used to transform pMDC32-MPL1 plasmid into the mpl1-1 and 

pad4-1 mutant plants.  Agrobacterium tumefaciens strain GV3101 was used to mobilize the 

plasmid into Arabidopsis. Hygromycin resistant transformants were selected on Murashige and 

Skoog agar plates supplemented with hygromycin (20 μg/ml).  Presence of the transgene was 

confirmed by RT-PCR analysis. The MPL1(OE) transgenics in the mpl1-1 and the pad4-1 

backgrounds did not exhibit any observable growth defects (Figure 4.5). 
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No-choice and Choice Tests 

No-choice and choice tests were performed as previously described (Pegadaraju et al., 

2005; Louis et al., 2010).  In no-choice assays, the total numbers of GPA (adults + nymphs) were 

counted 2 days after release of twenty mature apterous (wingless) insects on each plant.  In 

choice tests, the numbers of adult GPA on each plant were counted at various time points after 

release of the insects.  

 

Monitoring Aphid Feeding Behavior 

The EPG technique was used to determine the feeding behavior of aphids, as described 

previously (Pegadaraju et al., 2007).  Twelve replications were performed for the WT Col and 

mpl1-1 plants.  The mean time spent by aphids on various activities was analyzed by the non-

parametric Kruskal–Wallis test (P < 0.05). 

 

Petiole Exudate Collection and Feeding Trials 

Pet-ex from 80-120 leaves (~25-30 plants) were collected using a previously described 

method (Chaturvedi et al., 2008).  Feeding trial bioassays were performed using a synthetic diet 

(Mittler and Dadd, 1965) as previously described (Louis et al., 2010).  Briefly, three adult GPAs 

were placed on an aphid diet that was mixed with plant Pet-exs and the total numbers of aphids 

(adults + nymphs) were determined after 4 days. 

 

Glucosinolate Extraction and Analysis 

Glucosinolate extraction from Arabidopsis leaves was carried out and analyzed as 

previously described (Kim and Jander, 2007).  For GPA-infested samples, 20 adult GPAs were 
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introduced on each plant and the leaves were harvested after 24 h by removing the GPAs from 

the leaf.  Glucosinolate analysis of Pet-ex was conducted on Pet-ex harvested from 80-120 leaves 

(~25-30 plants).  For the extraction of glucosinolate from the aphid bodies, WT and mpl1-1 fed 

GPAs were collected 24 h after release on plants. 

 

RNA Extraction and RT-PCR Analysis 

RNA for RT-PCR analysis was extracted from Arabidopsis leaves as previously 

described (Pegadaraju et al., 2005).  Gene-specific PCR primers used for ACT8 (At1g49240), 

MPL1 (At5g14180), PAD4 (At3g52430) and SAG13 (At2g29350) are listed in Table 4.2. RT-

PCR was performed as previously described (Pegadaraju et al., 2007).  Unless noted otherwise, 

PCR conditions used were as follows: 95°C for 5 min, followed by 25 cycles of 95°C for 30 sec, 

55°C for 45 sec, and 72°C for 1 min, with a final extension at 72°C for 5 min.  

 

Statistical Analyses 

For the no-choice assays, artificial diet assays and glucosinolate profile experiments, 

Analysis of variance (ANOVA) of GPA populations on different plants and Pet-exs, and 

comparison of different glucosinolate profiles were performed using PROC GLM (SAS 

Institute).  Means, when significant, were separated using least significant difference (LSD) 

procedure (P<0.05).   For choice assays, means were separated using paired t-test (P<0.05). 
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Table 4.2. Primers used in this study 

Primer Sequence (5’3’) Use 

MPL1-start ATGGCCGGTTCGGTTATGGTTCCG cDNA  

MPL1-stop TCAAGCTTGTCGTTTGAAAAAGGT cDNA  

mpl1-1-F AAAAACAGAAAACCCAGAGCC PCR 

mpl1-1-R AGGCTATATGCCTTAAAGCGG PCR 

mpl1-2-F CCAGAGTTTAACCCGAAAAGG PCR 

mpl1-2-R AAACTGGCCCAACTTTAATCC PCR 

T-DNA-L ATTTTGCCGATTTCGGAAC PCR 

ssi2-dCAPS-F TTGTTTTGGTGGGGGACATGATCACACAGAAGGTGCA PCR 

ssi2-dCAPS-R TCGATCTGCCTCATGTCAACACG PCR 

ACT8-F ATGAAGATTAAGGTCGTGGCA RT-PCR 

ACT8-R TCCGAGTTTGAAGAGGCTAC RT-PCR 

MPL1-F ATCCAGCGGATCAAAATCTG RT-PCR 

MPL1-R GGCCATGGATATGGTCAAAC RT-PCR 

PAD4-F ACCGAGGAACATCAGAGGTAC RT-PCR 

PAD4-R AAATTCGCAATGTCGAGTGGC RT-PCR 

SAG13-F GCTGTGGTGGAGGAACTAGC RT-PCR 

SAG13-R CCACATTGTTGACGAGGATG RT-PCR 
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 Appendix B - Supplementary Information to Chapter 4 

 

  
Figure 4.12. Constitutive over-expression of MPL1 does not enhance antixenosis. 
(a) GPA was given the choice of selecting between the WT and the mpl1-1 mutant.  

(b) GPA was given the choice of selecting between the WT and the pad4 mutant. 

(c) GPA was given the choice of selecting between the WT and the MPL1(OE) transgenic lines, 
which are in the mpl1-1 genetic background.   

(d) GPA was given the choice of selecting between the WT and the pad4 MPL1(OE) line #5 and 
#6, which are in the pad4-1 mutant background. 
 
 

40 adult apterous aphids were released at the center of a pot containing one WT and one mutant 

or transgenic plant, equidistant from the two plants.  The number of the released insects that had 

settled on each plant was determined 24, 48 and 72 h after release.  Values are the average of 
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adult aphid numbers on a minimum of six plants of each genotype for each time point.  Error 

bars represents SE.  An asterisk (*) indicates values that are significantly different (P<0.05) 

between the WT and the mutant or transgenic plant at that particular time point.  At none of the 

time points were statistically significant differences observed between insect numbers on the WT 

and the mpl1-1 plant, and the WT and the MPL1(OE) transgenics.  The experiments in a, b, c and 

d were conducted simultaneously. 

 

Recombinant Proteins Purification and Enzyme Assays 

A recombinant MPL1 (full length) fusion protein containing a 6X His-tag was expressed 

from the pET28a vector in E. coli BL21.  The recombinant protein was purified over an affinity 

Ni-NTA column (QIAexpressionistTM, Qiagen, Valencia, CA, USA).  The BL21 strain harboring 

the pET28a vector was cultured and treated in parallel as a control and was used in the enzyme 

assays.  Esterase activity was studied according to a previously described protocol (Kordel et al., 

1991) by monitoring the hydrolysis of p-nitrophenylpalmitate and p-nitrophenylacetate  to p-

nitrophenol.  The accumulation of p-nitrophenol was monitored at 410 nm after 15 of incubation 

at 37°C.  

For lipase activity, the reaction mixture contained 50 mM MES (pH 6.0), 2 mM DTT, 2 

mM CaCl2, 0.2% Triton, and 50 μg of protein in total volume of 500 μl.  Reactions were carried 

out at 37°C for 1 h on a rotator shaker.  The lipids were extracted with 1ml of chloroform.  The 

chloroform extract was dried and diluted in 50 μl of water, and 25 µl used for quantifying levels 

of non-esterified fatty acids (NEFA) using the NEFA colorimetric kit according to 

manufacturer’s recommendation (Wako Chemicals, Neuss, Germany).  Enzyme activity was 

calculated as µmol equivalents per liter per mg relative to the NEFA standard. 
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Figure 4.13. Recombinant MPL1 exhibits lipase activity. 
(a) Esterase activity of MPL1 was measured using an assay based on hydrolysis of p-
nitrophenylacetate (pNPA) (left panel) or p-nitrophenylpalmitate (pNPP) (right panel) to p-
nitrophenol (pNP).  The enzyme activity is represented as nmol pNP produced per mg protein 
per min. The data represented here is the average of 10 samples.  Error bars represent SE.  
 
(b) Lipase activity of recombinant MPL1 was studied by monitoring release of free fatty acids 
from triolein (TO), tributyrate (TB), phosphatidylcholine (PC), phosphatidylethanolamine (PE), 
phosphatidylserine (PS) and phosphatidylinositol (PI).  Enzyme activity is calculated as µmol 
equivalents per liter per mg relative to the fatty acid standard.  The data presented here is the 
average of five samples.  Error bars represent SE.  
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 CHAPTER 5 

SUMMARY AND FUTURE DIRECTIONS 

Host plant resistance (HPR) is considered as a prominent strategy to control insect pests.  

HPR interacts synergistically with other cultural, chemical and biological control strategies to 

reduce losses caused by pests and diseases, thereby increasing crop yield.  Green peach aphid 

(GPA), which is the most polyphagous of all aphids, utilizes its slender stylet to tap into the sieve 

elements from which it consumes copious amounts of phloem sap.  Damage to the plant due to 

GPA infestation results from the loss of nutrients and alterations in source-sink patterns, and 

viral diseases vectored by the insect.  Hence, it is critical to understand the mechanisms by which 

plants control aphid infestation.  In this study Arabidopsis thaliana was utilized, which has 

become an excellent model for molecular–genetic characterization of plant growth, development 

and stress responses, to understand the molecular basis of plant–aphid interaction. 

Previously, we had demonstrated that the Arabidopsis PHYTOALEXIN DEFICIENT4 

(PAD4) gene is an important modulator of antixenosis (deters insect settling on plant and feeding 

from the plant) and antibiosis (reduce aphid fecundity) against GPA (Pegadaraju et al., 2005, 

2007).  This research has further characterized the contribution of the PAD4 gene to the 

suppressor of SA insensitivity2 (ssi2) mutant-conferred antibiosis mediated heightened resistance 

to the GPA (Chapter 2).  The Arabidopsis SSI2 gene encodes a plastid-localized stearoyl-ACP 

desaturase, which catalyzes the desaturation of stearic acid to oleic acid (Kachroo et al., 2001).  

The ssi2 mutant plant has altered levels of fatty acids and lipid composition, exhibits a dwarf 

stature and spontaneously develops lesions containing dead cells (Shah et al., 2001; Nandi et al., 

2003).  The involvement of three amino acids in the PAD4 protein, which are conserved in 

several acyl hydrolases, in Arabidopsis defense against GPA has been described in chapter 3.  In 
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chapter 4, characterization of the MYZUS PERSICAE INDUCED LIPASE1 (MPL1) gene, which 

is also a critical component of Arabidopsis defense against GPA, has been studied in detail. 

Both PAD4 and MPL1 contain a triad of Ser, Asp and His residues that form the catalytic 

triad of many α/β fold acyl hydrolases/lipases.  Although lipase activity has not been 

demonstrated for PAD4, this study demonstrate that the Serine residue at position 118 in PAD4, 

which is a critical part of similar domains in other lipases/acyl hydrolases, is required for 

providing antibiosis and also to limit GPA feeding from sieve elements (Chapter 3).  Similarly, 

the MPL1 protein, which possesses lipase activity is also required for antibiosis against GPA 

(Chapter 4; Louis et al., 2010a), and both PAD4 and MPL1 contribute to ssi2-mediated 

heightened antibiosis against GPA (Chapter 2; Louis et al., 2010a, 2010b).  Taken together, these 

results suggest an important role of lipids in plant defense against GPA.  Further studies are 

required to identify the molecular basis of PAD4 and MPL1 function in controlling aphid 

infestation and the intracellular site of PAD4 and MPL1 action in controlling GPA infestation.  

Furthemore, whether the lipase activity of MPL1 is indeed required for antibiosis, will require 

additional experiments with plants expressing mutant forms of MPL1 in which the putative 

catalytic triad amino acid residues have been altered. 

Free fatty acids or fatty acyl chains present in lipids serve as substrates for enzymes that 

produce lipid-based signaling molecules, for instance, several oxylipins.  Recently, wheat 

defense against Russian wheat aphid has shown to be regulated through oxylipin pathway (Smith 

et al., 2010).  MPL1 mutation resulted in higher levels of jasmonic acid (JA) and 12-oxo-

phytodienoic acid (OPDA) as compared to the wild type (WT) and MPL1 overexpressing (OE) 

plants, whereas oxidized OPDA was higher in MPL1(OE) plants as compared to WT and mpl1 

mutant plants (J Louis, J Keerantweep, K Chapman, R Welti and J Shah, unpublished data).  
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OPDA is one of the precursors of JA and these oxylipins might play an important role in stress 

signaling in plants.  Previously, it has been shown that GPA infestation induces the production of 

OPDA in potato plants (Gosset et al., 2009).  In addition, OPDA is also reported to have direct 

defense against lepidopteran insects (Stintzi et al., 2001).  OPDA also functions as a signaling 

molecule in plants.  OPDA induces transient Ca2+ signals in both the cytosol and nucleus of a 

stimulated transgenic tobacco cell culture (Walter et al., 2007) that is mediated independently of 

the JA pathway (Böttcher and Pollmann, 2009).  Furthermore, the calcium-binding proteins 

present in the aphid saliva are required to unplug the sieve element occlusion which is mediated 

by the calcium flux in stylet penetrated sieve elements (Will et al., 2007).  Since, oxylipins, for 

example, leukotrienes, are also important signaling molecules in animals (Schultz, 2002).  One 

intriguing hypothesis to be tested is whether plant-derived OPDA and/or an OPDA-dependent 

factor promote aphid fecundity and feeding.  However, the plant might counter this by inducing 

expression of MPL1, which might be required for controlling the levels of free OPDA by 

promoting its acylation with lipids.   

In higher plants, JA biosynthesis occurs in three different compartments.  The early steps 

are initiated in the plastid where linolenic acid is converted to OPDA by the sequential action of 

different enzymes (Creelman and Mullet, 1997).  The OPDA is further converted to 3‐oxo‐2 

(2′(Z)‐pentenyl)‐cyclopentane‐1‐octanoic acid (OPC-8:0) in the cytoplasm (Schaller and Weiler, 

1997) and finally to JA after three cycles of β-oxidation in the peroxisomes (Li et al., 2005).  The 

exact function of MPL1 in planta is not known.  One possibility is that MPL1 adversely affects 

the translocation of OPDA to peroxisomes where JA is synthesized.  Alternatively, MPL1 can act 

as an acyltransferase, which incorporates oxidized OPDA into lipids and thus remodels lipids.  It 

has been shown that Arabidopsis (SENSITIVE TO FREEZING2) SRF2, a gene required for 
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freezing tolerance, transfers galactosyl residues from monogalactolipid to different galactolipid 

acceptors, thereby remodeling chloroplast outer membranes and protecting the plants during 

freezing (Moellering et al., 2010).  Likewise, in planta MPL1 might function as an 

acyltransferase and thereby increasing the levels of oxidized lipids. 

Recently, Singh et al., (2011) suggested that the disaccharide trehalose, which serves as 

an energy source and an osmoprotectant in lower organisms, has a novel signaling function in 

plant defense against GPA.  TPS11 gene-encoded trehalose-6-phosphate synthase/phosphatase is 

required for the transient increase in trehalose upon GPA infestation on Arabidopsis WT leaves 

and also promotes the accumulation of starch.  Furthermore, trehalose application induced PAD4 

expression, suggesting that TPS11-dependent trehalose controls the expression of the PAD4 gene 

(Singh et al., 2011), which is a key regulator of Arabidopsis defense against GPA.  To further 

understand whether TPS11 functions through PAD4 or vice versa, it is critical to develop 

Arabidopsis transgenic plants expressing 35S: PAD4 in tps11 mutant and 35S: TPS11 in pad4-1 

mutant, and also the generation of tps11 pad4 double mutant.  In addition, studies of the PAD4 

promoter need to be conducted to determine which region of the promoter facilitates TPS11 

mediated control of PAD4 expression.  It is also plausible that TPS11 and PAD4 function as two 

parallel mechanisms to limit GPA infestation.   

Aphid salivary components can elicit plant defense responses (De Vos and Jander, 2009).  

With the availability of the genome sequencing of the specialist aphid, pea aphid (PA; 

Acyrthosiphon pisum) (International Aphid Genomics Consortium, 2010), it is now easier to 

identify the salivary proteins with unknown functions.  The comparative analysis of generalist 

GPA using ESTs and the specialist pea aphid with whole genome sequence has revealed that 

generalist aphids have more detoxification enzymes, including cytochrome P450 
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monooxygenases, glutathione S-transferases, and carboxy/cholinesterases, since they encounter 

more diverse host plant species (Ramsey et al., 2010).  Publicly available aphid salivary gland 

ESTs have been utilized to identify the GPA effectors in suppressing/eliciting plant defense 

responses (Bos et al., 2010).  Using the functional genomics approach they have identified three 

GPA candidate effectors, Mp10 and Mp42, which triggers host plant defense responses and 

MpC002, which promotes GPA performance on its host plant.  Furthermore, in planta 

overexpression of GPA effectors, Mp10 and Mp42, in Nicotiana benthamiana by agroinfiltration 

reduced GPA fecundity, whereas overexpression of MpC002 enhanced GPA fecundity as 

compared to the vector control (Bos et al., 2010).  Mp10 shows homology to insect protein 

olfactory segment D2-like protein (OS-D2-like protein).  Though Mp42 and MpC002 showed no 

homology to proteins of known or predicted function, related sequences were identified in the 

genome sequence of the pea aphid.  A. pisum C002, homolog of MpC002, has shown to be 

required for feeding on its host plant (Mutti et al., 2008).  RNAi-silencing of A. pisum C002 gene 

expression severely affected pea aphid survival on its host plant.  Similarly, whether silencing of 

MpC002 in GPA will severely affect the feeding on its host plant is still need to be tested.  In 

future, it is possible to utilize both Arabidopsis genome and Myzus persicae EST arrays to 

explore both Arabidopsis-GPA interactions to the next level, looking at both plant and insect for 

studying plant-aphid interactions.  

To summarize, this research has helped to identify PAD4 and MPL1 as key regulators in 

modulating defense against GPA.  Identification and expression of these homologues in 

economically important crop plants will be a big step forward to apply these resources in 

improving defense signaling of economically important crop species.  In addition, it will also be 
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intriguing to test whether these genes have any role in providing defense against specialist aphids 

and other phloem feeding insects. 
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