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Cowpea (Vigna unguiculata) is a vital crop for semiarid regions of the world. 

Cowpea is able to withstand harsh abiotic stresses prevalent in these regions but 

is susceptible to the cowpea aphid (Aphis craccivora). Unlike most aphids, 

cowpea aphids are phytotoxic and damage cowpea even at low populations. 

Aphids feed on plant phloem sap and while feeding deposit saliva which contain 

proteinaceous effectors to disrupt plant defenses and alter plant physiology. The 

composition of the cowpea aphid saliva has not been well studied and how 

cowpea aphids manipulate their hosts remain unresolved. While resistance to 

cowpea aphids has been identified in an African cowpea line, and the genetic 

determinants of the resistance mapped to two QTLs, the underlying resistance 

mechanisms remain unknown. In Chapter One, liquid chromatography tandem 

mass spectrometry (LC-MS/MS) was used to identify the proteome of the 



 viii 

cowpea aphid saliva. One of the proteins identified, diacetyl/L-xylulose reductase 

(DCXR), was functionally characterized using Agrobacterium-mediated transient 

expression and in vitro biochemical analyses. DCXR is a member of short-chain 

dehydrogenases/reductases invovled in both carbohydrate and dicarbonyl 

metabolism. I showed that cowpea aphid infestation transiently induces the 

cytotoxic dicarbonyl, methylglyoxal, in cowpea. Recombinant cowpea aphid 

DCXR (AcDCXR) was able to detoxify methylglyoxal in vitro and to oxidize the 

carbohydrate xylitol to xylulose and expression of AcDCXR in pea (Pisum 

sativum) improved aphid fecundity. Using resistant and susceptible cowpeas, 

and various aphid infestation approaches and behavioral assays, I determined 

the nature of the resistance in Chapters Two and Three. In Chapter Two, the 

susceptible interaction is elaborated and the resistance mechanism revealed to 

be localized in the phloem and to involve both antibiosis and antixenosis. In 

Chapter Three, aphid dispersal assays indicate aphids prefer susceptible cowpea 

to resistant. In addition, using timecourse infestation of resistant and susceptible 

cowpeas and RNASeq, I determined the genes regulated in both susceptible and 

resistant responses. The transcriptome analyses identified major differences in 

susceptible and resistant cowpea including involvement of multiple plant 

hormones and defense related genes. A subset of these genes are candidates 

for further exploration as the source of resistance. 
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General Introduction 

One of the important crops in the subtropical and tropical regions of the world is 

cowpea (Vigna unguiculata). Cowpea is a highly nutritional legume that is 

consumed in several ways. Multiple parts of the plant are edible including the 

leaves, pods, and grain (Hall et al., 1997; Singh, 2014). The cowpea grain, with 

over 30% protein content, is an essential and inexpensive component of the 

human diet in Western and Central African countries (Singh et al., 2002). Over 7 

million tonnes of cowpea grain were produced in 2018 worldwide. Though the 

majority of cowpea production is in Africa, cowpea is grown across the world in 

areas with warm climates. In Africa, Nigeria and Niger are the highest producers 

with 2.6 million and 2.3 million tonnes, respectively (FAO, 2020). While the grain 

is the part used for human consumption, the fodder is also used as animal feed 

(IITA, 2009). Cowpea has a multitude of varieties that have different growth 

physiology, maturity time, and seed phenotype (Singh, 2014).  

Cowpea growth is optimal with daytime temperatures between 21-36°C 

and night temperatures from 16-31°C (Singh, 2014). Cowpea is able to thrive in 

the warmer areas of the world not only because it can withstand heat stress, but 

it can also withstand drought stress (Hall et al., 2002; Hall, 2004). Cowpea does 

not need much water compared to other crops, only requiring 200-350 mm of 

water (Singh, 2014). Other crops like soybean (Glycine max) or maize (Zea 

mays) need substantially more water with 450-750 mm and 500-800 mm, 

respectively (Brouwer and Heibloem, 1986). However, elevated temperatures 
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above 40°C or low temperatures below 15°C results in poor plant growth and 

loss of flower and grain set (Singh, 2014). In addition to withstanding heat and 

drought conditions, cowpea can also endure other harsh negative plant growth 

conditions such as low soil fertility and can grow in a multitude of soil pH ranges 

(Singh, 2014). Cowpea can grow in soils that are up to 85% sand and low in 

organic matter content. This success growing in poor soil quality is because of its 

ability to fix sufficient atmospheric nitrogen through its nodules and is able to 

extract soil-bound phosphorus when phosphorus is limited (AATF, 2012; Singh, 

2014).  

While cowpea is able to withstand harsh abiotic conditions, it faces a 

number of production constraints. One the most important of these constraints is 

a devastating pest, the cowpea aphid (Aphis craccivora) (Fig 0.1). Cowpea 

aphids are especially deadly to the early stages of cowpea plants (Ofuya, 1995; 

Obeng-Ofori, 2007; Singh, 2014). Cowpea aphids feed on the plant phloem sap, 

primarily on young cowpea seedlings but they can also infest flower buds, 

flowers, and pods on older plants (Jackai and Daoust, 1986; Singh et al., 1996). 

When feeding, the cowpea aphid can generate damage in multiple forms 

including chlorosis and necrosis, pseudogalling (leaf curling), stunted growth, and 

delay in flower initiation (Fig 0.2) (Jackai and Daoust, 1986; Goggin et al., 2017; 

Omoigui et al., 2017). The damage can build up leading to plant death and up to 

50% loss of yield (Ofuya, 1995; Obopile and Ositile, 2010).  
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Not only are cowpea aphids’ toxic to their host plants, a lineage of cowpea 

aphids has been discovered in Kentucky that are toxic to one of their natural 

predators. The Asian ladybeetle (Harmonia axyridis) is a natural predator of 

aphids but when the larvae fed on one biotype of cowpea aphids, they all died 

within seven days (White et al., 2017). The mechanism of toxicity to the Asian 

ladybeetle is not known, but it is species-specific. Other ladybeetle species like 

the seven-spotted ladybeetle (Coccinella septempunctata) and spotted 

ladybeetle (Coleomegilla maculate) were able to feed on and tolerate the toxic 

cowpea aphid biotype (Jackson et al., 2017; Lenhart et al., 2018). 

Similar to a number of aphids, cowpea aphids generate direct damage 

through feeding as well as cause indirect damage by acting as vectors for a 

number of plant viruses (Chan et al., 1991; Singh, 2014). Indirect damage is also 

caused by the honeydew, or waste product, excreted by aphids. At high 

infestation levels, the excreted honeydew can build up on plant tissues and lead 

to the growth of black sooty molds reducing the photosynthetic ability of the plant 

(Reynolds, 1999).  

To control aphid infestation, farmers rely on spraying chemical pesticides. 

These pesticides often are toxic to beneficial insects, cause harm to humans and 

pollute the environment (Souleymane et al., 2013). The focus of this study is to 

better understand the relationship between cowpea and the cowpea aphids to 

develop alternate means to control the aphid. Additionally, to characterize 
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phenotypically and molecularly a known source of resistance to cowpea aphid in 

a resistant cowpea line. 

 

Aphid Background 

One of the most devastating pests to agriculture are aphids. Aphids belong to the 

Hemipteran order of insects with over 5000 known species, that have a range of 

colors, morphological structures, and host plants (McGavin, 1993; Remaudiere 

and Remaudiere, 1997; Sorenson, 2009). Of these 5000 species, only about 450 

species infest plants that are grown as crops (Blackman and Eastop, 2007; 

Sorenson, 2009). Of these 450 species, only 14 species are considered to be 

serious pests to agriculture. Cowpea aphid is among these 14 devastating 

species (Sorenson, 2009). 

Based on the damage they inflict on their host plants; aphids can be 

categorized as phytotoxic or non-phytotoxic. Phytotoxic aphids cause extensive 

direct damage on the plant while non-phytotoxic aphids lead to indirect damage 

(Nicholson et al., 2012). Phytotoxic aphids, like the Russian wheat aphid 

(Diuraphis noxia) and greenbug (Schizaphis graminum), generate damage at low 

population levels, most likely due to their salivary protein contents deposited into 

the plant while feeding (Nicholson et al., 2012; Nicholson and Puterka, 2014). 

Most aphids can be classified as non-phytotoxic and generally lead to no 

damage symptoms induced by their feeding (Nicholson and Puterka, 2014; 

Chaudhary et al., 2015). Similar to these phytotoxic aphids, cowpea aphids also 
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cause direct damage to cowpea manifested as chlorosis, necrosis, and 

pseudogllaing of leaves as well as stunted growth (Fig 0.2) (Jackai and Daoust, 

1986; Goggin et al., 2017; Omoigui et al., 2017). These phytotoxic damage 

symptoms are not limited to cowpea; similar damage phenotypes have been 

reported on Amaranth (Amaranths hybridus L) infested with cowpea aphids 

(Loudit et al., 2018). 

 

Aphid Lifecycle 

Aphids have complex life cycles. The majority of aphids undergo a holocyclic life 

cycle (Fig 0.3). The holocyclic life cycle consists of two parts, the summer life 

cycle and the winter life cycle. In the summer life cycle, the aphids reproduce 

without mating (parthenogenetically) and give live birth (viviparous), while in the 

winter life cycle, the aphids reproduce through mating and laying eggs for 

overwintering (Blackman and Eastop, 2000; Sorenson, 2009). Holocyclic aphids 

can be further categorized as monecious or dioecious (Sorenson, 2009; Moran 

1992; Ogawa and Miura, 2014). The monecious cycle occurs on a single primary 

host plant (Fig 0.3A). In contrast, in the dioecious cycle, the asexual and sexual 

parts of the life cycle occur on different hosts (Fig 0.3B). Dioecious aphids 

alternate between a woody plant host for overwintering and on herbaceous 

plants during the summer season. At the end of summer, aphids develop into 

winged sexual males and into winged sexual females (gynoparae) to migrate 
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back to the woody host to lay eggs for overwintering (Dixon and Dewar, 1974; 

Sorenson, 2009). 

 The start of the summer life cycle begins in the spring, when a fundatrix 

emerges from an egg that was laid for overwintering. The fundatrix gives live 

birth parthenogenetically to a large number of parthenogenetic females that 

continue through the summer lifecycle (Moran, 1992; Ogawa and Miura, 2014). 

Each of these parthenogenetic females begin their development in their mothers 

ovarioles and are born as first instar nymphs. The mothers not only contain their 

daughters in an embryonic state, they also contain their granddaughters called 

telescoping generations (Kindlmann and Dixon, 1989). The first instar nymphs 

undergo four molts to reach adulthood when they give birth to their daughters. 

Because of this mode of reproduction, aphid populations are able to grow at high 

rates. To deal with overcrowding, the production of winged (alatae) aphids is 

triggered to allow dispersal and spread of the colony from their wingless 

(apterae) counterparts (Johnson, 1965). 

The second part of the holocyclic life cycle is cued from the environment 

by changes in, day length, temperature, and food availability. Once cued the 

aphids enter the winter lifecycle, where sexual males and females are generated 

(Blackman and Eastop, 1989; Hutchinson and Bale, 1994). The generation of 

males occurs through the absence of one of the two X chromosomes. The 

XX/XO sex determination in aphids allows for only female progeny with XX 

chromosomes to be generated after sexual reproduction (Hales et al., 2002; 
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Jaquiery et al., 2012). The sexual males and females will then produce fertilized 

cold-resistant eggs for over-wintering. In the spring, the eggs will hatch with a 

single fundatrix to begin the cycle over again (Moran, 1992).  

 The other aphid life cycle that can occur is known as the anholocyclic life 

cycle. The anholocyclic life cycle differs from the holocyclic life cycle by 

consisting of only the summer life cycle (Fig 0.3). The majority of anholocyclic 

aphids are located in warmer climates (Moran, 1992). Similar to dioecious 

aphids, anholocyclic aphids can alternate hosts depending on host availability 

(Moran, 1992; Sorenson 2009). Cowpea aphids are almost always anholocyclic 

due their distribution in warmer regions of the world (CABI, 2019). 

 

Aphid Feeding 

Aphids feed on their host plant phloem sap by inserting their flexible needle like 

stylets into plant tissues. Phloem sap has poor nutritional quality; it is rich in 

sugars and carbohydrates but is lacking in essential amino acids (Douglas, 1993; 

Dixon, 2012). To make up for this nutritional deficiency, aphids house a primary 

endosymbiont, Buchnera aphidicola (Douglas, 1998; Shigenobu et al., 2000). 

Together, B. aphidicola and the aphid cooperate to synthesize the full spectrum 

of required amino acids, both essential and nonessential (Hansen and Moran, 

2011; Feng et al., 2019). 

 Unlike other herbivore pests, aphids navigate their stylets to the phloem 

in ways that generate minimal mechanical damage, (Tjallingii and Esch, 1993; 
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Tjallingii, 2006). To minimize damage and maximize feeding, aphids deposit 

saliva throughout the path to the phloem and once in the phloem. Saliva contains 

proteinaceous compounds that likely assist in manipulating plant defenses and 

metabolic processes for aphid’s benefit (Miles, 1999; Will et al., 2007; Kaloshian 

and Walling, 2016). Aphid saliva is composed of two types, a gelling saliva and a 

watery saliva (Miles, 1999). As the name indicates, the gelling saliva is 

continuously secreted during the pathway phase when the stylet navigates to the 

phloem and forms a sheath around the aphid stylets. It is thought that this sheath 

protects the aphid stylets from apoplastic defenses and acts as a lubrication for 

the stylets in the plant tissues (Miles, 1999; Tjallingii, 2006; Walling, 2008). The 

main proteinaceous component of the gelling saliva is a cysteine rich protein 

SHP, and the gelling of the sheath is likely caused by the oxidation of the 

cysteine sulfhydryl groups producing disulfide bonds (Tjallingii, 2006; Carolan et 

al., 2009; Will et al., 2012). This utilization of a sheath as protection is not aphid 

specific as it is a common feature conserved across other phytophagous 

hemipterans (Morgan et al., 2013). 

The proteinaceous composition of both saliva types has been investigated 

using liquid chromatography and tandem mass spectrometry (LC-MS/MS) with a 

focus on the content of watery saliva. The watery saliva proteinaceous profile has 

been identified with LC-MS/MS for the following aphid species: cowpea aphid, 

potato aphid (Macrosiphum euphorbiae), pea aphid (Acyrthosiphon pisum), 

Russian wheat aphid, wheat aphid (Sitobion avenae), rose-grain aphid 
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(Metopolophium dirhodum), green peach aphid (Myzus persicae), greenbug, and 

Chinese gall aphid (Schlechtendalia chinensis) (Harmel et al., 2008; Carolan et 

al., 2009; Cooper et al., 2010; Carolan et al., 2011; Cooper et al., 2011; Rao et 

al., 2013; Vandermoten et al., 2014; Chaudhary et al., 2015; Thorpe et al., 2016; 

Boulain et al., 2018; Loudit et al., 2018; Yang et al., 2018). LC-MS/MS was 

employed to identify the watery saliva proteinaceous profile of a cowpea aphid 

population native to Riverside, California, and is described in Chapter One. 

Previously, a study of cowpea aphid salivary proteins had been performed with a 

cowpea aphid population native to Gabon, Africa (Loudit et al., 2018). 

Improved saliva collection techniques and technological advances in LC-

MS have improved the ability to detect proteins in aphid saliva. The initial 

proteomic studies identified only a handful of proteins from aphid saliva (Harmel 

et al., 2008; Carolan et al., 2009). In recent years, over a hundred proteins have 

been identified from the saliva of different aphid species (Chaudhary et al., 

2015). Besides the advancement in technology and saliva collection, another 

factor for the increase in the discovery of salivary proteins is the increase in the 

availability of aphid genome and transcriptome sequences and bioinformatics 

tools. The first aphid genome was for the pea aphid and was published in 2010 

(IAGC, 2010). Since then, five additional aphid genomes have been publicly 

available as well as several aphid transcriptomes (Agunbiade et al., 2013; 

Nicholson et al., 2015; Mathers et al., 2017; Wenger et al., 2017; Teixeira et al., 

2018; Thorpe et al., 2018). 
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These watery saliva proteomic studies have identified numerous proteins 

including a set that has been conserved among the different aphid species. 

These conserved proteins are described as a core set of aphid effectors that 

maybe used across different aphid species as a way to manipulate the plant 

(Thorpe et al., 2016). This manipulation could be through the disruption of plant 

defense signaling or by modifying the plants’ metabolic processes by inducing a 

physiological sink to use the plants resources as the aphids own (Burd, 2002; 

Kaplan et al., 2011; Thorpe et al., 2016). Outside of this core set of aphid 

proteins, there are unique proteins that have only been identified in a single 

aphid species or a biotype of a species that seem to be necessary for a specific 

aphid-host interaction (Thorpe et al., 2016; Boulain et al., 2019). One of these 

unique species-specific proteins is diacetyl/L-xylulose reductase (DCXR) that 

was identified in the cowpea aphid saliva. Identification and characterization of 

DCXR is described in Chapter One. 

 

Plant Defense – Pattern Triggered Immunity 

Plants lack an adaptive immune system and must rely on their innate immune 

system to defend themselves (Jones and Dangl, 2006; Andolfo and Ercolano, 

2015). Plants innate immune system employs a tiered response to pathogens. 

This tiered immunity is referred to as the zig-zag model (Jones and Dangl, 2006). 

This model is believed to expand to more than just pathogens and encompass 

plant interactions with pests such as aphids (Jaouannet et al., 2014). In the zig-
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zag model, plants utilize a large number of pattern recognition receptors (PRRs) 

located on the plant cell surface for surveillance (Zipfel et al., 2006). These PRRs 

recognize conserved molecules that originate from the pathogen or pest called 

herbivore-associated molecular patterns (HAMPs). The recognition of the HAMP 

by the PRR leads to the initiation of pattern triggered immunity (PTI) by the plant 

to protect itself (Jones and Dangl, 2006; Boller and Felix, 2009; Andolfo and 

Ercolano, 2015). Activation of PTI can result in chemical defenses like production 

of reactive oxygen species (ROS), structural defenses like callose deposition, 

and downstream signaling like activation of MAPK cascades and defense-related 

transcription factors (Zipfel, 2009; Macho and Zipfel, 2014; Li et al., 2016). 

One of the most studied microbe-associated molecular patterns (MAMPs) 

in PTI is flg22, a peptide present in the bacterial flagellar protein (Felix et al., 

1999; Gomez-Gomez et al., 1999). Flg22 is detected by FLAGELLIN 

SENSITIVE2 (FLS2), a transmembrane receptor kinase with an extracellular 

leucine-rich repeat (LRR) domain (Gomez-Gomez and Boller, 2000). The 

detection of flg22 leads to the FLS2 to form a complex with the co-receptor 

BRASSINOISTERIOD INSENSITVE-ASSOCIATED KINASE1 (BAK1) (Chinchilla 

et al., 2007; Heese et al., 2007). This FLS2-BAK1 complex initiates a signaling 

pathway that leads to the induction of ROS bursts, activation of MAPK cascade, 

and callose deposition all hallmarks of PTI (Felix et al., 1999; Gomez-Gomez et 

al., 1999; Lu et al., 2010; Kadota et al., 2014; Li et al., 2014). 
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Plant Defense – Hormone Signaling 

Phytohormones are small molecules that are integral for plant development 

processes as well as signaling molecules for defense and immunity (Shigenaga 

and Argueso, 2016). There are two major defense phytohormones pathways in 

plants. They are the salicylic acid (SA) pathway and the jasmonic acid 

(JA)/ethylene (ET) pathway (Delaney et al., 1994; Penninckx et al., 1998; 

Shigenaga and Argueso, 2016). The SA pathway provides defense against both 

biotrophs and hemibiotrophs while the JA/ET pathway provides defense against 

both necrotrophic pathogens and chewing herbivores (Glazebrook, 2005; Berens 

et al., 2017). 

SA is synthesized in plants from chorismate through two different 

pathways, the phenylalanine ammonium lyase (PAL) pathway and the 

isochorismate (IC) pathway (Dempsey et al., 2011). The synthesis of SA in the 

PAL pathway is found in the cytosol while the IC pathway SA synthesis occurs in 

the chloroplasts (Catinot et al., 2008; Shine et al., 2016; Berens et al., 2017). 

Plants employ the IC pathway to generate SA in response to pathogens 

(Dempsey et al., 2011). When SA levels increase, SA binds to 

NONEXPRESSOR OF PATHOGENESIS-RELATED GENES1 (NPR1), a SA 

receptor and the central regulator of SA signaling (Wu et al., 2012; Li et al., 

2019b). The NPR1 paralogues NPR3 and NPR4 are also SA receptors that bind 

SA with different affinities (Fu et al., 2012). The binding of SA to NPR1, leads to 

NPR1 undergoing a conformational change from oligomer to monomer (Mou et 
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al., 2003). The now active monomers are able to translocate to the nucleus to 

activate transcription factors (Kinkema et al., 2000). NPR1 lacks a DNA binding 

domain so it cannot bind to the DNA directly, but its transactivation domain can 

interact with transcription factors like the TGACG transcription factor family that 

are members of basic leucine zipper (bZIP) transcription factors to initiate plant 

defense responses (Despres et al., 2000; Johnson et al., 2003) 

ET is a gaseous hormone that is produced from the amino acid 

methionine. Methionine undergoes multiple reactions known as the Yang cycle to 

produce ET (Bradford, 2008). When ET is accumulated, it is recognized by 

multiple ET endoplasmic reticulum (ER)-localized receptors which act as 

negative regulators in the ethylene signaling pathway (Ju and Chang, 2015; Li et 

al., 2019b). Once ET binds, the key positive regulator of the ET pathway, 

ETHYLENE-INSENSITIVE2 (EIN2), is dephosphorylated due to the inactivation 

of CONSTITUTIVE TRIPLE RESPONSE1 (CTR1) (Alonso et al., 1999; Ju et al., 

2012; Qiao et al., 2012). The dephosphorylated EIN2’s C-terminal domain is 

released to enter the nucleus to activate the transcription factor ETHYLENE-

INSENSITIVE3 (EIN3) for activation of ET-regulated genes (Merchante et al., 

2013; Shigenaga and Argueso, 2016). 

ET was identified to work synergistically with JA in immune responses 

through expression analyses of the JA defense marker gene PLANT 

DEFENSIN1.2 (PDF1.2) (Pre et al., 2008). PDF1.2 was induced by the infection 

of necrotrophic pathogens as well as exogenous applications of either ET or JA 
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(Penninckx et al., 1996; Penninckx et al., 1998). The application of both 

hormones at the same time led to the higher expression of ET and JA-related 

genes than either hormone alone (Penninckx et al., 1998). ET and JA pathways 

can work independently of each other. The JA induced gene VEGETATIVE 

STORAGE PROTEIN2 (VSP2), was found expressed independent of ET relying 

on the transcription factor MYC2 pathway instead (Norman-Setterblad et al., 

2000). 

JA is generated through the conversion of α-linoleic acid from chloroplast 

membranes that is oxygenated by Lipoxygenase (LOX) enzymes (Wasternack 

and Hause, 2013). JA levels are controlled in plants through various 

modifications like hydroxylation, decarboxylation, glycosylation, and methylation 

(Staswick and Tiryaki, 2004; Suza and Staswick, 2008; Li et al., 2019b). The 

biologically active conjugate of JA in plants is jasmonic acid-isoleucine (JA-Ile) 

that is produced from the enzyme JA AMIDO SYNTHETASE1 (JAR1) (Staswick 

and Tiryaki, 2004). 

In the absence of JA-Ile, JASMONATE ZIM‐DOMAIN (JAZ) proteins are 

bound to transcription factor MYC2, repressing the JA signaling pathway. JAZ 

also binds to the bridging protein NOVEL INTERACTOR OF JAZ (NINJA) that 

recruits another repressor of JA protein, TOPLESS (TPL) (Pauwels et al., 2010). 

Upon JA induction, JA-Ile binds to the E3 ubiquitin ligase CORONATINE 

INSENSITIVE1 (COI1) initiating the formation of the COI1-JAZ complex. 

Ubiquitylated JAZ undergoes degradation via the 26S proteasome (Thines et al., 
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2007). Once the JAZ proteins are degraded, MYC2 is now active to initiate JA-

responsive genes (Shigenaga and Argueso, 2016; Li et al., 2019b).  

 There is extensive crosstalk between the different phytohormone signaling 

pathways. Plant defense responses to pests and pathogens are energy 

consuming. To account for this, plants employ a specific defense for distinct pest 

or pathogen (Li et al., 2019b). There is no single plant hormone for mediating all 

plant immune responses to pests or pathogens, but rather, an interconnected 

response referred to as hormonal crosstalk (Shigenaga and Argueso, 2016). The 

two main defense pathways, SA and ET/JA are mostly known for being 

antagonistic to each other although some cooperation between the two pathways 

exists. For example, expression of the SA induced transcription factor, WRKY70, 

suppressed the JA-induced PDF1.2 expression (Li et al., 2004; Li et al., 2006). 

JA can also lead to the suppression of SA. Deletion of the JA receptor, COI1, led 

to increased accumulation of SA and enhanced resistance to Pseudomonas 

syringae (Spoel and Dong, 2008; Li et al., 2019b).  

 In contrast, SA and JA have been reported to have synergistic effects with 

each other. This is especially true at lower concentrations. In both Arabidopsis 

(Arabidopsis thaliana) and tobacco (Nicotiana tabacum) when treated with low 

concentrations of SA and JA, marker genes for both pathways (PR1 and PDF1.2) 

were more highly expressed. This synergy was lost, and antagonism returned at 

higher concentrations of the phytohormones (Mur et al., 2006). In tobacco co-

application of SA and JA analogs led to higher expression of the SA pathway 
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gene PR1 (Xu et al., 1994). Transcriptomic analysis in Arabidopsis using SA and 

JA analogs also identified synergy between the pathways. About 55 genes were 

co-induced by both SA or JA treatment while only 8 genes were found to 

upregulated by one and repressed by the other (Schenk et al., 2000). 

 

Perception of Aphid MAMPs/Elicitors 

Plants also utilize PTI to defend themselves against aphids and other herbivores. 

The PRRs that detect aphids are currently unknown, but it is known that the co-

receptor BAK1 is required to detect aphids or aphid symbiont-derived patterns 

(Chaudhary et al., 2014; Prince et al., 2014). BAK1 was found to be necessary 

for the perception of the B. aphidicola derived HAMP, GroEL (Chaudhary et al., 

2014). B. aphidicola GroEL was identified as an elicitor of plant defense after 

being detected in the potato aphid saliva. The secretion of GroEL was 

unexpected as it was not predicted for secretion and is not originating from the 

aphid but from its primary endosymbiont (Chaudhary et al., 2015). Even more 

surprising than its presence in the saliva was the discovery that it was working 

against the aphid triggering plant defense responses against the aphid 

(Chaudhary et al., 2014; Elzinga et al., 2014). Expressing GroEL in tomato 

(Solanum lycopersicum) and Arabidopsis, the fecundity of both the potato aphid 

and green peach aphid, pests of tomato and Arabidopsis, respectively, 

decreased (Chaudhary et al., 2014). Infiltration of GroEL into wildtype 

Arabidopsis produced multiple hallmarks of PTI including callose deposition, 
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ROS bursts, and defense gene upregulation. These hallmarks were lost in 

mutant Arabidopsis plants lacking BAK1 (bak1) (Chaudhary et al., 2014). When 

aphid survival assays were performed on bak1 mutants, aphid species that 

Arabidopsis is normally a non-host for, survived longer than they did on wildtype 

plants. This suggests that the bak1 mutants lacked or had reduced PTI 

responses to the aphid (Prince et al., 2014). 

Besides GroEL, aphid-derived elicitors of plant defense have been 

identified by evaluating host PTI responses to aphid saliva or by expressing 

salivary gland transcripts in planta. Most of these elicitors have been identified 

from studies with the model plant, Arabidopsis. One of the first identified aphid 

elicitors was found by collecting green peach aphid saliva in vitro and syringe 

infiltrating it into Arabidopsis leaves (De Vos and Jander, 2009). The effects were 

evaluated by monitoring aphid life performance as well expression of key 

defense marker genes. Using size fractionated saliva, it was found that the size 

fraction between 3-10 kDa led to decreased aphid fecundity and activated O-

methyltransferase genes that could be synthesizing glucosinolates as an 

aphid‐repellent. 

Additional aphid elicitors were identified from the green peach aphid by 

bioinformatic analysis of salivary gland expressed sequence tags (ESTs) and 

transiently expressing them in planta (Bos et al., 2010). About 48 candidate 

salivary gland ESTs were cloned into binary vectors and expressed in N. 

benthamiana leaves using agrobacterium-mediated transient overexpression. 
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Overexpression of one of these ESTs, Mp10, led to chlorosis, indicating a role as 

an elicitor. This role was confirmed by evaluating aphid fecundity on leaf disks 

overexpressing Mp10 which led to lower aphid fecundity compared to empty 

vector controls (Bos et al., 2010). The chlorosis phenotype and enhanced 

resistance to aphids suggests an enhanced immune response which was shown 

not to be aphid specific. Nicotiana benthamiana plants transiently expressing 

Mp10 had a decreased susceptibility to the oomycete plant pathogen 

Phytophthora capsica (Rodriguez et al., 2014). Both confocal microscopy of 

leaves overexpressing transiently N-terminal GFP tagged, GFP-Mp10, or using 

immunogold-labeling of Mp10 antibody in ultrathin sections of aphid infested 

leaves, found that Mp10 is localized to the plant cell cytoplasm (Rodriguez et al., 

2014; Mugford et al., 2016).  

Another aphid derived elicitor is Mp42. Similar to Mp10, agrobacterium-

mediated transient overexpression of Mp42 in N. benthamiana also decreased 

aphid fecundity. Mp42 did this more subtly, as its overexpression did not lead to 

chlorosis (Bos et al., 2010). The contrast between Mp10 and Mp42 is also seen 

in plant signaling. While Mp10 led to upregulation of defense marker genes in 

both the SA and JA signaling pathways, Mp42 did not upregulate any of the 

defense-related genes tested. Subcellular localization of N-terminal GFP tagged 

Mp42, GFP-Mp42, found it to mostly localize to the plant cell plasma membrane 

and partly colocalizing to the ER (Rodriguez et al., 2014). The differences 

observed between transient overexpression of Mp10 and Mp42 indicate that they 
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are triggering different types of defense responses (Bos et al., 2010; Rodriguez 

et al., 2014). 

Two more aphid elicitors were identified from a screen of nine green 

peach aphid salivary proteins. The proteins were originally identified from the 

green peach aphid’s salivary proteome (Harmel et al., 2008). In transient 

agrobacterium-mediated overexpression in tobacco, no change in aphid 

fecundity was found for the majority of the proteins. However, three of the 

proteins screened, Mp57, Mp58, and the known aphid HAMP GroEL, were found 

to decrease aphid fecundity (Chaudhary et al., 2014; Elzinga et al., 2014). These 

results were further confirmed by expressing each of these candidate proteins by 

stable transformation of Arabidopsis (Elzinga et al., 2014). The result with Mp58, 

the green peach aphid homolog for the potato aphid effector Me10, was 

unexpected because expression of Me10 in tomato had been shown to lead to 

an increase in potato aphid fecundity (Atamian et al., 2013). This indicates that 

there is a difference in the tools utilized by different aphid species to manipulate 

their species-specific hosts.  

Aphids do not only interface with plants through feeding, they also excrete 

waste products onto plants known as honeydew (Auclair, 1963). Honeydew 

consists of mainly sugars and amino acids. A recent study, using 2D-PAGE gels 

and protein sequencing, showed that aphid honeydew also contains proteins 

derived from both the aphid and symbiotic bacteria. The identified bacterial 

proteins were from the primary endosymbiont B. aphidicola as well as secondary 
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symbionts like Serratia symbiotica (Sabri et al., 2013). Of the over 140 protein 

spots of the honeydew visualized on the 2D-PAGE gel, two of the most notable 

proteins identified were the bacterial proteins, flagellin and Ef-tu, the two highly 

documented microbial elicitors of plant defense (Kunze et al., 2004; Chinchilla et 

al., 2006; Sabri et al., 2013). The known Buchnera-derived HAMP GroEL was 

also identified in the honeydew (Sabri et al., 2013). 

 

Plant Signaling and Defenses to Aphids  

Recognition of pests and pathogens by PRR requires co-receptors and 

membrane localized or associated proteins. One of the membrane-associated 

protein kinases that involved in aphid and microbial pathogen immune 

responses, is BOTRYTIS-INDUCED KINASE1 (BIK1). At the resting state, 

another protein, NUCLEAR SHUTTLE PROTEIN INTERACTING KINASE 

(NIK1), associates with either BAK1 or FLS2 to prevent autoimmune responses 

(Li et al., 2019a). After dimerization, BAK1 autophosphorylates and 

transphosphorylates BIK1 which in turn transphosphorylates the BAK1/FLS2 

complex leading to a signaling cascade that results in oxidative burst and 

defense genes induction (Lu et al., 2010; Lin et al., 2014). In addition to its role 

against microbial plant pathogens, BIK1 was found to act as a negative regulator 

of defense responses against aphids (Lei et al., 2014). Arabidopsis, bik1 and 

bak1 mutants, have displayed opposite aphid growth phenotypes. The bak1 

mutants were more susceptible to green peach aphids as well as to the non-host 
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pea aphids, compared to wild type (Prince et al., 2014). In contrast, the bik1 

mutants were more resistant to green peach aphids, exhibiting lower aphid 

fecundity levels compared to wildtype (Lei et al., 2014; Prince et al., 2014). The 

heightened resistance in the bik1 mutants is likely due to bik1 having enhanced 

H2O2 production and increased cell death phenotypes. This bik1 heightened 

aphid resistance was found to be dependent on PHYTOALEXIN DEFICIENT4 

(PAD4) (Lei et al., 2014). In the bik1 pad4 double mutant plants, the resistance 

seen in the bik1 plants to the green peach aphid was lost (Lei et al., 2014). PAD4 

encodes a lipase-like protein and its molecular partner ENHANCED DISEASE 

SUSCEPTIBILITY1 (EDS1) are well known for their role in defense against 

microbial pathogens and aphids (Jirage et al., 1999; Pegadaraju et al., 2005; 

Pegadaraju et al., 2007; Louis et al., 2012; Louis and Shah, 2015).  

In Arabidopsis, both BAK1 dependent and independent defense 

responses exist. PHYTOALEXIN DEFICIENT3 (PAD3) was identified to induce 

defenses that are independent of BAK1 (Prince et al., 2014). The identification of 

PAD3 occurred while monitoring the effect aphid infestations on microRNA 

pathways (Kettles et al., 2013). PAD3 encodes a cytochrome P450 that catalyzes 

the conversion of dihydrocamalexic acid to camalexin, the major phytoalexin in 

Arabidopsis (Schuhegger et al., 2006). Green peach aphids had increased 

fecundity on multiple Arabidopsis mutants that were unable to produce camalexin 

such as pad3 and cyp79b2/cyp79b3 (deficient in camalexin and indole 

glucosinolate). Camalexin was confirmed to be the inhibiting compound when 
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aphids feeding on artificial diets supplemented with camalexin led to a decrease 

in aphid fecundity (Kettles et al., 2013).  

Secondary messengers like Ca2+, present throughout eukaryotes, have 

been found to play an important role in perception of aphids by plants (Knight et 

al., 1991; Blume et al., 2000; Will and van Bel, 2006; Vincent et al., 2017). The 

real time Ca2+ dynamics have been recorded in Arabidopsis after green peach 

aphid infestation using the fluorescent calcium biosensor, GCamp3 (Vincent et 

al., 2017). The transient rise in cytosolic Ca2+ first occurred during aphid probing 

with its stylets. This rise in cytosolic Ca2+ was amplified through BAK1 perception 

of the aphid leading to Ca2+ entering cells from the apoplast through membrane 

ion channels, GLUTAMATE RECEPTOR-LIKE3.3 and 3.6 (GLR3.3, GLR3.6), 

and from within the cell from the vacuolar endomembrane channel, TWO-PORE 

CHANNEL1 (TPC1) (Mousavi et al., 2013; Vincent et al., 2017).  

Ca2+ signaling in the Fabaceae plant family leads to sieve element 

occlusion through P-proteins bodies called forisomes (Peters et al., 2006). 

Forisomes, when not in use are in narrow spindle shape, but Ca2+ induced 

signaling led to 30% reduction in length and a 2-fold increase in width of the 

forisomes to form a plug (Knoblauch and Peters, 2004). When monitoring aphid 

feeding on fava bean (Vicia faba) through electrical penetration graphs (EPGs), 

forisome occlusion was detected from multiple aphid species. Two generalist 

aphids, potato aphid and green peach aphid, triggered forisome occlusion 

leading to the eventual withdrawal of the aphid stylets (Medina-Ortega and 
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Walker, 2013). However, forisome occlusion was not detected when the 

specialized pea aphid fed on fava bean. The pea aphid was able to readily ingest 

phloem sap, suggesting that during feeding the pea aphid is actively suppressing 

occlusion, possibly through its saliva (Will et al., 2007; Walker and Medina-

Ortega, 2012; Medina-Ortega and Walker, 2013; Nalam et al., 2019). 

Synthesis of callose, a β-1, 3-glucan, is another PTI hallmark that occurs 

through aphid infestation (Verma and Hong, 2001). Like forisomes, deposition of 

callose occurs through Ca2+ signaling and acts as a plug for the sieve element 

(Kauss, 1987; Nalam et al., 2019). Interestingly, callose deposition occurs in 

response to leaf infiltrations of both aphid body extracts and aphid saliva (Elzinga 

et al., 2014; Prince et al., 2014; Chaudhary et al., 2015; Naessens et al., 2015). 

In addition, callose deposition has been reported in aphid resistance. Resistant 

melon plants with the Vat resistance gene for the melon aphid (Aphis gossypii), 

develops faster callose deposits after aphid infestation compared to susceptible 

melon plants without Vat (Villada et al., 2009).  

Aphid infestation of plants also influences phytohormone accumulation. 

The influence on phytohormones is complex and contradictory in different 

studies. This is most likely due to specific plant-aphid interactions, the length of 

the plant-aphid interaction studied, and the intricate crosstalk between the 

phytohormone pathways. In some studies aphid feeding has been found to 

induce SA phytohormone accumulation contrary to other insect species (Walling, 

2000; Züst and Agrawal, 2016). Typically, SA is more associated with biotrophic 
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pathogens while insects, particular chewing insects, induce JA phytohormone 

accumulation (Glazebrook, 2005; Berens et al., 2017). As SA and JA are natural 

antagonists, aphids could be inducing SA to get a more favorable response from 

the plant (Walling, 2000; Züst and Agrawal, 2016). There are contradictory 

reports on the effects of exogenous application of SA analogs on aphids. One 

study reports the exogenous application of SA analogs lead to no enhanced 

aphid resistance (Moran and Thompson, 2001). In contrast, other studies have 

found that exogenous application of SA analogs negatively altered aphid 

behavior by increasing dispersal and in field testing SA was an effective 

treatment for reducing aphid populations (Elhamahmy et al., 2016; Coppola et 

al., 2018). There are also contradictory reports about the effect of Arabidopsis 

hormone related mutants on aphids. One study reported no effect on green 

peach aphid population fed on npr1 mutant compared to wild type, while another 

study found that it led to a smaller population (Moran and Thompson, 2001; 

Mewis et al., 2005). Exogenous application of JA has been found to be 

detrimental to aphids, impairing population growth (Cooper and Goggin, 2005). 

Arabidopsis mutants with constitutive JA signaling were more resistant to green 

peach aphids compared to wild type while mutants that were insensitive to JA 

signaling were more susceptible (Ellis et al., 2002). In tomato, both SA and JA 

pathways were upregulated after potato aphid infestation. The JA pathway 

related gene was upregulated early after infestation (6 and 12 hours) while the 

SA pathway related gene was upregulated at later times (24 and 48 hours) 
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(Martinez de Ilarduya et al., 2003). This supports the crosstalk between the 

phytohormone pathways being integral in the plant-aphid interaction and the 

complexity of phytohormones being induced by the aphid. 

In addition to hallmarks of PTI and phytohormones, aphid perception by 

plants leads to the synthesis of multiple secondary defense metabolites (Dreyer 

et al., 1985; Güntner et al., 1997; Halkier, 2006; Kim and Jander, 2007; Züst and 

Agrawal, 2016; Nalam et al., 2019). Among these secondary metabolites 

produced in response to aphids are cardiac glycosides (cardenolides). 

Cardenolides are steroidal compounds that are inhibitors of animal Na+/K+ 

ATPases and are present in the phloem (Agrawal, 2004). Interestingly, though 

toxic, some aphid species have found a way to utilize these cardenolides for their 

own defenses against parasitoids (Desneux et al., 2009). 

 Another secondary metabolite that plants utilize to defend themselves 

against aphids are alkaloids. Alkaloids are diverse nitrogen containing 

compounds present in 20-30% of higher plant species (Roberts and Wink, 1998). 

Alkaloids have negative impacts on DNA replication, protein synthesis, and 

neurotransmission (Dreyer et al., 1985; Güntner et al., 1997; Züst and Agrawal, 

2016). Different alkaloids have been found to have different effects on aphids. 

Aphids feeding on artificial diet containing pyrrolizidine had little effect, while 

indolizidine and quinolizidine were both found to strongly deter aphids (Dreyer et 

al., 1985). Ingestion of both cardenolides and alkaloids by aphids are similarly 

processed; the apolar cardenolides and alkaloids accumulate inside aphids while 
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polar cardenolides and alkaloids are excreted in the honeydew (Züst et al., 2015; 

Züst and Agrawal, 2016).  

 Benzoxazinoids are another type of secondary metabolite synthesized by 

plants to deter aphids. Unlike cardenolides and alkaloids, benzoxazinoids require 

activation for them to be toxic. Benzoxazinoids are enzymatically activated when 

plant tissue damage occurs (Zúñiga et al., 1983). 2, 4-dihydroxy-7-methoxy-1,4-

benzoxazin-3-one glucoside (DIMBOA-Glc) is a benzoxazinoid, that is highly 

abundant in maize, wheat (Triticum spp.) and other members of the Poaceae 

family (Meihls et al., 2013), and is broken down by glucosidases into different 

insect deterrent compounds (Grambow et al., 1986; Meihls et al., 2013; Kokubo 

et al., 2017). Not only is DIMBOA toxic for aphids, but also acts as a signaling 

molecule for callose deposition (Ahmad et al., 2011). 

 Like benzoxazinoids, glucosinolates are a plant secondary metabolite that 

are not present in a toxic form. Glucosinolates are a major defensive compound 

found in the plant family Brassicaceae and are activated by a myrosinase (Kim 

and Jander, 2007). Green peach aphids feeding on the glucosinolate singrin, in 

an artificial diet, led to no effect on the aphids. When the enzyme myrosinase 

was included in the diet with singrin, the aphid fecundity decreased (Kim and 

Jander, 2007). Unlike singrin, an aliphatic glucosinolate, indole glucosinolates 

are less stable and do not require an enzyme (myrosinase) to activate. These 

glucosinolates negatively affect green peach aphids in the absence of 

myrosinase (Kim and Jander, 2007; Kim et al., 2008). Interestingly, plant 
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secondary metabolites like benzoxazinoids and glucosinolates that require 

activation seem to be less efficient in defending against aphids than ones that 

are already in their active form (Züst and Agrawal, 2016). 

 A metabolite that is emerging as a novel defense signaling molecule in 

plants is methylglyoxal (Hoque et al., 2016; Li, 2016; Mostofa et al., 2018). 

Originally, methylglyoxal was known as a toxic metabolite at high concentrations, 

but it was found to be acting as a signaling molecule at lower concentrations for a 

number of abiotic stresses (Yadav et al., 2005; Borysiuk et al., 2018). Only 

recently has methylglyoxal levels been discovered to increase in response to 

various types of biotic stresses, including to viruses, bacteria, and fungi (Melvin 

et al., 2017). Another one of these biotic stresses that has been found to have an 

effect on methylglyoxal accumulation is the cowpea aphid. This work is described 

in Chapter One. 

 

Methylglyoxal 

1. Generation 

Methylglyoxal is a highly toxic α,β-dicarbonyl ketoaldehyde that leads to a 

number of adverse effects in cells. Carbonyls such as methylglyoxal are reactive 

and lead to the formation of advanced glycation end products (AGEs) (Li et al., 

2019a). Methylglyoxal acts as a glycating agent leading to the formation of AGEs 

through modification of basic positive amino acids like arginine (Thornalley, 1996; 

Bilova et al., 2016). Increased methylglyoxal and AGEs lead to irreversible 
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damage of the proteome and in humans are associated with the effects of aging 

and a number of diseases (Thornalley, 2006; Ahmed and Thornalley, 2007; 

Rabbani et al., 2016). Similarly, in plants, the increased methylglyoxal and AGEs 

generate irreversible damage of the proteome that can contribute to growth 

retardation if the methylglyoxal level exceeds the plant’s detoxification 

capabilities (Borysiuk et al., 2018). Like other secondary metabolites, plants have 

a mechanism to prevent self-toxicity from methylglyoxal. The primary route of 

methylglyoxal detoxification in plants is through the glyoxalase pathway 

(Thornalley, 1990). 

Formation of methylglyoxal in plants occurs through multiple different 

ways. The most prevalent method of methylglyoxal generation is by the 

spontaneous breakdown of the triose phosphates generated in glycolysis, 

glyceraldehyde-3-phosphate (G3P) and dihydroxyacetone phosphate (DHAP) 

(Phillips and Thornalley, 1993; Richard, 1993; Kaur et al., 2014; Li, 2016). Both 

G3P and DHAP are unstable even at physiological conditions and beta 

eliminations of the phosphate groups lead to the formation of methylglyoxal 

(Richard, 1993; Sousa Silva et al., 2013; Li, 2016). During stress, the rate of 

glycolysis is increased, forming more G3P and DHAP that can spontaneously 

breakdown and increase the methylglyoxal concentration (Li, 2016). Not only is 

methylglyoxal generated spontaneously by G3P and DHAP, but it is also 

generated as a by-product through the enzymatic interconversion of G3P and 
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DHAP by triosephosphate isomerase (TPI) (Phillips and Thornalley, 1993; 

Richard, 1993).  

Methylglyoxal can also be formed by additional multiple enzymatic 

reactions. One of these reactions generates methylglyoxal from DHAP though 

the activity of methylglyoxal synthase (Hopper and Cooper, 1971; Li, 2016). 

Acetone monooxygenase is another enzyme that generates methylglyoxal while 

converting acetone to acetol (Casazza et al., 1984). The last enzymatic pathway 

that leads to the generation of methylglyoxal is the aminoacetone pathway, 

where semicarbazide-sensitive amine oxidase (SSAO) converts aminoacetone 

into methylglyoxal (Yu, 1990). Besides enzymatic generation, methylglyoxal is 

also generated in the cell without enzymes is by the auto-oxidation of either 

ketone bodies or sugars through the Maillard reaction (Sousa Silva et al., 2013; 

Mostofa et al., 2018). 

 

2. Signaling 

While methylglyoxal is cytotoxic at high concentrations, it has recently been 

discovered to act as a signaling molecule for abiotic and biotic stresses (Hoque 

et al., 2016; Li, 2016; Mostofa et al., 2018). Methylglyoxal was first found to 

accumulate under multiple abiotic stresses like drought and salt stresses (Yadav 

et al., 2005). Recently, methylglyoxal was discovered to also accumulate in 

response to multiple biotic stresses including to viral, bacterial and fungal 

infections (Melvin et al., 2017). The signaling basis of methylglyoxal was 
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explored by exogenously applying methylglyoxal to rice (Oryza sativa) and 

evaluating gene expression using a microarray analysis (Kaur et al., 2015). 

Almost half of the genes that were differentially regulated were transcription 

factors, including upregulation of transcription factors known to be active in plant 

defense to abiotic and biotic stresses, like, the WRKY transcription factors (Chen 

et al., 2012; Kaur et al., 2015).  

Besides gene transcription, methylglyoxal can induce secondary 

messengers to initiate signaling cascades, including the well-known plant 

defense signaling molecule ROS (Torres et al., 2006). The generation of ROS by 

methylglyoxal is done in two ways, by directly generating ROS by acting as a Hill 

oxidant in photosystem I (Saito et al., 2011; Hoque et al., 2016), and indirectly, 

through the inhibition of mitochondrial electron transfer chain and other 

antioxidant enzymes (Chang et al., 2005; Desai et al., 2010; Saito et al., 2011; 

Hoque et al., 2016; Li, 2016). The increased oxidative stress caused by 

methylglyoxal accumulation can lead to Ca2+ oscillations in the guard cells, 

leading to stomatal closures (McAinsh et al., 1995; Hoque et al., 2012a; Hoque et 

al., 2012b).  

Previously, methylglyoxal had only been explored for its toxicity in plants, 

but its beneficial roles were only recently been examined (Li et al., 2017a; Li et 

al., 2017b; Mostofa et al., 2018). Application of methylglyoxal to wheat seeds 

before exposure to salt stress alleviated the inhibitory effects of the salt. This 

tolerance is attributed to increased activities of glyoxalases as well as multiple 
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antioxidant enzymes due to methylglyoxal exposure (Li et al., 2017a). Similarly, 

priming with methylglyoxal was also found to alleviate cadmium toxicity in wheat 

(Li et al., 2017b). 

 

3. Detoxification 

The glyoxalase pathway is present in a multitude of organisms, ranging from 

plants, yeast, mammals, and even protozoa (Mannervik et al., 1982; Rhee et al., 

1986; Norton et al., 1990; Maiti et al., 1997; Bito et al., 1999). The role of the 

glyoxalase pathway is to detoxify various dicarbonyls and toxic aldehydes, but 

the primary substrate is believed to be the toxic methylglyoxal (Thornalley, 1990). 

Methylglyoxal is cytotoxic at high concentrations and to deal with this cytotoxicity, 

plants utilize the glyoxalase system to detoxify methylglyoxal (Thornalley, 1990). 

The glyoxalase system consists of two different pathways, a glutathione (GSH) 

dependent pathway and a GSH independent pathway. The GSH dependent 

pathway consists of two enzymes, glyoxalase I (GLXI) and glyoxalase II (GLXII). 

The spontaneous reaction of methylglyoxal and GSH forms hemithioacetal, 

which then can be converted by GLXI to form S-lactoylglutathione. GLXII then 

converts S-lactoylglutathione to D-lactate, releasing the GSH. The D-lactate 

generated is oxidized into pyruvate and undergoes cellular respiration (Engqvist 

et al., 2009; Wienstroer et al., 2012; Hoque et al., 2016). 

There are 11 GLXI-like proteins in Arabidopsis but only three of these 

genes encode active GLXI (Kaur et al., 2013; Jain et al., 2016; Schmitz et al., 
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2017). GLXI’s are classified based on the metal ion they are dependent on 

(Schmitz et al., 2017; Schmitz et al., 2018). Two of the active GLXIs, GLXI;1 and 

GLXI;2, are in the first subclass of GLXI and are Ni2+ dependent. The third GLXI, 

GLXI;3, is in the second subclass and is Zn2+ dependent (Schmitz et al., 2017). 

GLXI;1 is localized to the chloroplasts, while the other two GLXI isoforms are 

localized to the cytosol. While all three active GLXIs are able to detoxify 

methylglyoxal, the predominant isoform involved in detoxification was identified to 

be GLXI;3 through the use of T-DNA mutants (Schmitz et al., 2017).  

Another Arabidopsis GLXI has been identified as a putative regulator of 

methylglyoxal (GLXI;4) and cross talk between SA and JA hormone pathways. 

While GLXI;4 has no detoxifying activity, and a glxi;4 T-DNA mutant was found to 

still accumulate methylglyoxal (Proietti et al., 2019; Proietti et al., 2018), GLXI;4 

expression is induced in response to multiple abiotic and biotic stresses (Mustafiz 

et al., 2011; Proietti et al., 2018). Additionally, when the glxi;4 mutant was 

exposed sequentially to methyl-jasmonate (MeJA) and SA, it was found to be 

insensitive to SA (Proietti et al., 2019). The wildtype plants exposed to MeJA and 

SA led to suppression of the JA-dependent gene, PDF1.2, but PDF1.2 was not 

suppressed in the glxi;4 mutant (Proietti et al., 2018). Moreover, the glxi;4 mutant 

exhibited no infectivity difference, compared to wildtype, to the SA inducing 

bacterial pathogen Pseudomonas syringae pv. tomato (Pst) DC3000 (Proietti et 

al., 2019). Interestingly, the mutant was discovered to behave differently when 

infected with JA inducing pathogens. While the glxi;4 mutant was more 
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susceptible to Plectosphaerella cucumerina, it was more resistant to Botrytis 

cinerea, both necrotrophic fungal pathogens (Proietti et al., 2018; Proietti et al., 

2019).  

In Arabidopsis, there are five genes that encode for the second gene in 

the methylglyoxal detoxification pathway (GLXII) (Maiti et al., 1997; Marasinghe 

et al., 2005; Schmitz et al., 2017). Two of the five GLXII-like proteins, GLXII;1 

and GLXII;3, do not have GLXII activity. GLXII;1 has β-lactamase activity and 

responds to abiotic stress conditions while GLXII;3, has been found to be a 

persulfide dioxygenase (Holdorf et al., 2012; Devanathan et al., 2014). The other 

three genes have been confirmed to be active GLXIIs. GLXII;2 is localized to the 

cytosol while both GLXII;4 and GLXII;5 are localized to the chloroplasts and 

mitochondria (Schmitz et al., 2017). Like GLXI, GLXIIs depend on a metal ion; 

GLXII;2 contains a Zn2+ center and GLXII;5 has a Fe3+Zn2+ center (Crowder et 

al., 1997; Maiti et al., 1997; Marasinghe et al., 2005). GLXII;4 is predicted to also 

have a Zn2+ center based on sequence similarities, but no studies have yet 

confirmed this.  

The GSH independent methylglyoxal detoxification pathway consists of a 

single glyoxalase III (GLXIII) enzyme. GLXIII is able to directly convert 

methylglyoxal into D-lactate without the need for GSH or a metal ion (Misra et al., 

1995). Instead, GLXIII depends on an active site that is composed of a 

conserved amino acid triad, his-cys-glu (Misra et al., 1995; Subedi et al., 2011). 

In Arabidopsis there are six GLXIII-like genes that encode 11 proteins (Ghosh et 
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al., 2016). All Arabidopsis GLXIII-like proteins contain two DJ-1 domains differing 

from E. coli, Drosophila, and human GLXIII-like proteins that contain only one 

DJ-1 domain (Ghosh et al., 2016). In Arabidopsis, GLXIII-like gene AtDJ-1A is 

induced by multiple abiotic stresses (Xu et al., 2010). Purified AtDJ-1A showed 

activity for both methylglyoxal and glyoxal (Xu et al., 2010; Kwon et al., 2013). 

The importance of AtDJ-1A was demonstrated with loss of function T-DNA 

mutants that had a phenotype of accelerated cell death in aging plants (Xu et al., 

2010). The enzymatic activity of the other AtDJ-1 proteins was also explored. Of 

all the DJ-1 proteins purified and screened, AtDJ-1D was found to have the 

highest specific activity for both methylglyoxal and glyoxal. The other AtDJ-1 

proteins that had any activity with both substrates, were AtDJ-1A and AtDJ-1B 

but they were less active than AtDJ-1D and had more specificity for glyoxal. 

Functional activity of the AtDJ-1D was confirmed in a heterologous 

complementation assay. Expressing AtDJ-1D in an E. coli strain lacking 

endogenous glyoxalases, the complemented E. coli strain grew on methylglyoxal 

and glyoxal infused media similar to wildtype, indicating successful 

complementation of the glyoxalase phenotype (Kwon et al., 2013).  

In addition to the glyoxalase pathways, NAD(P)H dependent 

oxidoreductases and dehydrogenases can detoxify methylglyoxal by conversion 

to either acetol or lactaldehyde (Yamauchi et al., 2011; Sengupta et al., 2015). 

The acetol or lactaldehyde can undergo further enzymatic reactions that result to 

pyruvate like products at the end of the glyoxalase system (Engqvist et al., 2009; 



 35 

Wienstroer et al., 2012; Hoque et al., 2016; Welchen et al., 2016). Two additional 

enzymes are known to detoxify methylglyoxal, methylglyoxal reductase and 

methylglyoxal dehydrogenase but both of these enzymes have not been yet 

reported in plants (Ray and Ray, 1982; Inoue et al., 1988; Mostofa et al., 2018). 

One of these NAD(P)H dependent oxidoreductases is diacetyl/L-xylulose 

reductase (DCXR). In mammals, DCXR is highly expressed in the kidney and 

plays a role in removal of renal carbonyl compounds (Nakagawa et al., 2002; 

Odani et al., 2008; Ebert et al., 2015; Perco et al., 2019).  

 

Diacetyl/L-Xylulose Reductase (DCXR) 

DCXR is a multifunctional enzyme that is member of the short-chain 

dehydrogenase/reductases that is able to catalyze multiple carbohydrates 

including xylitol and is able to detoxify toxic carbonyls (Nakagawa et al., 2002; 

Ebert et al., 2015; Yang et al., 2017). DCXR was first discovered when defective 

DCXR in humans was identified as the cause of the benign condition of 

pentosuria (high excretion of L-xylulose in urine) (Wang and Van Eys, 1970; 

Ebert et al., 2015; Perco et al., 2019). In mammals, DCXR plays a key role in 

glucuronic acid/uronate cycle by the interconversion of L-xylulose and xylitol, that 

after additional reactions can be utilized in the pentose phosphate pathway 

(Sochor et al., 1979; Yang et al., 2017). Besides carbohydrate metabolism, 

DCXR is involved in the detoxification of multiple toxic carbonyls including 

methylglyoxal, glyoxal, and 3-deoxygluxosone (Odani et al., 2008; Ebert et al., 
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2015). The accumulation of the carbonyls leads to the formation of AGEs which 

are detrimental and contribute to multiple diseases in humans, like chronic kidney 

disease (Nakagawa et al., 2002; Ebert et al., 2015; Perco et al., 2019). In chronic 

kidney disease, patients with lower expression of DCXR had worse prognosis 

and more severe disease (Perco et al., 2019). Interestingly, DCXR was 

discovered in the saliva of the cowpea aphid by LC-MS/MS analysis. To check if 

the cowpea aphid homolog of DCXR (AcDCXR) was able to detoxify 

methylglyoxal, it was expressed in E. coli and the purified AcDCXR was used in 

vitro enzymatic analyses. This work is described in Chapter One. 

 Besides methylglyoxal detoxification, DCXR also catalyzes carbohydrates 

including polyols (sugar alcohols). Polyols are the reduced forms of aldose and 

ketose sugars. They are low weight, non-reducing and can be cyclic or linear 

(Lewis and Smith, 1967; Noiraud et al., 2001). In plants, polyols serve as carbon 

skeletons for long distance translocation from the source to sink organs to be 

used for energy. They are stable and are able to be translocated via the phloem 

without modification or degradation (Noiraud et al., 2001; Kalliampakou et al., 

2011). Polyols accumulate in response to multiple abiotic stresses and can 

accumulate to high concentrations, up to millimolar range, in the cell without 

generating damage (Noiraud et al., 2001; Das et al., 2017).  

A polyol that occurs naturally in some plants is xylitol. Xylitol can be 

converted to xylulose to enter the pentose phosphate pathway. Once in the 

pentose phosphate pathway, it can be used as a source of energy or for 
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production of pentoses and NADPH, depending on the needs of the cell (Kruger 

and von Schaewen, A. 2003). Since DCXRs are able to catalyze polyols, it was 

speculated that AcDCXR is able to catalyze xylitol, and in doing so may be 

providing the aphid with an additional source of energy. Chapter One describes 

expression of AcDCXR in E. coli and the use of the purified product in in vitro 

analysis to test its ability to catalyze xylitol to xylulose. 

 

Aphid Effectors 

To avert the various PTI responses by the plant, pests/pathogens deposit 

effectors inside the plant to suppress PTI. This suppression of PTI leads to 

effector triggered susceptibility (ETS) (Jones and Dangl, 2006). Saliva is the 

main means by which aphid effectors are deposited into the plant. Proteinaceous 

effectors have been identified through salivary gland transcriptomics and 

proteomics of the saliva (Mutti et al., 2008; Bos et al., 2010; Carolan et al., 2011; 

Atamian et al., 2013; Pitino and Hogenhout, 2013; Elzinga et al., 2014; 

Chaudhary et al., 2015; Thorpe et al., 2016; Boulain et al., 2018). Functional 

characterization of effectors has been performed by either altering effector 

expression by RNAi or through overexpression of the candidate effector in the 

plant hosts and assessing aphid performance (Mutti et al., 2008; Bos et al., 2010; 

Atamian et al., 2013; Pitino and Hogenhout, 2013; Elzinga et al., 2014; Abdellatef 

et al., 2015; Naessens et al., 2015; Wang et al., 2015b; Guy et al., 2016; Kettles 

and Kaloshian, 2016). Multiple aphid life performance parameters have been 
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studied, including changes in aphid lifespan (growth rate or survival) and aphid 

fecundity (reproduction). The effect on one of these parameters by the 

modification of candidate’s expression level is compared to a control group to 

see if it led to an altered phenotype.  

C002 is the first aphid effector that was discovered from the pea aphid 

(Mutti et al., 2006). The exact function of C002 in the plant remains unknown but 

when its expression is knocked down in the aphid with RNAi, EPG analysis 

showed that the feeding of the aphid is disrupted, leading to diminished aphid 

survival and fecundity (Mutti et al., 2006; Mutti et al., 2008; Pitino and 

Hogenhout, 2013; Zhang et al., 2015). Since the initial identification in pea aphid, 

C002 homologs have been identified in the saliva of multiple aphid species 

(Harmel et al., 2008; Carolan et al., 2009; Nicholson et al., 2012; Chaudhary et 

al., 2015; Loudit et al., 2018). C002 was found to be undergoing positive 

evolutionary selection further confirming its role as an effector. This was 

determined by evaluating the ratio of the number of non-synonymous 

substitutions to the number of synonymous substitutions per site (DN/DS) 

(Thorpe et al., 2016). The role of C002 as an effector was further demonstrated 

by in planta analysis. Overexpression of C002 in planta, using agrobacterium-

mediated transient expression, led to increased aphid fecundity. This increase in 

number of progeny was only seen in a species-specific manner, as the C002 

homolog of an aphid species only increased the fecundity of that species and not 

to any other species (Pitino and Hogenhout, 2013; Elzinga et al., 2014). 
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However, transient overexpression of C002 did not always enhance pea aphid 

performance; transient overexpression of C002 in pea (Pisum sativum) did not 

alter pea aphid fecundity (Guy et al., 2016). Using immunogold labeling of 

ultrathin sections of aphid infested plants, C002 was localized near the aphid 

stylets with the salivary sheaths inside the plant being more strongly labeled than 

other tissues in the plant. This has led to the speculation that C002 has role in 

the gelling saliva, likely functioning in the plant apoplast, and its presence in the 

watery saliva is due to its abundance and not being completely captured during 

the gelling process (Mugford et al., 2016).  

Similar to C002, Mp1 and Mp2 are two aphid effectors that have been 

found to increase aphid fecundity in a species-specific manner when transiently 

overexpressed (Pitino and Hogenhout, 2013). Homologs of Mp1 and Mp2 have 

been discovered in several aphid species since their first discovery in the green 

peach aphid (Bos et al., 2010; Pitino and Hogenhout, 2013). Knockdown of these 

two aphid genes through plant mediated RNAi led to decreased aphid fecundity 

(Pitino and Hogenhout, 2013; Coleman et al., 2015). Mp1 is one of the best 

studied aphid effectors to date. Similar to C002, Mp1 is also localized to the area 

surrounding the stylets salivary sheath inside the plant tissues (Mugford et al., 

2016). Unlike most aphid effectors, the function of Mp1 in the plant has been 

identified. Through yeast-two-hybrid (Y2H) screens, the Arabidopsis protein 

target of Mp1 was identified as the VACUOLAR PROTEIN SORTING 

ASSOCIATED PROTEIN52 (VPS52) (Rodriguez et al., 2017). While 
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overexpression of Mp1 led to an increase in green peach aphid fecundity, 

overexpression of VPS52 reduced the aphid fecundity by about 40% (Pitino and 

Hogenhout, 2013; Rodriguez et al., 2017). This same interaction was not seen 

with Mp1 homologs from other aphid species and their host VPS52, indicating 

that Mp1-VPS52 interaction/binding is specific to green peach aphid and 

Arabidopsis (Rodriguez et al., 2017).  

The only other aphid effector that has its function partially elucidated is 

Me10 (Atamian et al., 2013; Chaudhary et al., 2019). Me10 was identified in the 

transcriptome of the potato aphid salivary glands as well as in the potato aphid 

saliva (Atamian et al., 2013; Chaudhary et al., 2015). Transient overexpression of 

Me10 was shown to increase the fecundity of green peach aphid and the potato 

aphid on N. benthamiana and tomato hosts, respectively (Atamian et al., 2013). 

In contrast, Mp58 the green peach aphid homolog of Me10, has been shown to 

lead to a decrease in green peach aphid fecundity when expressed in 

Arabidopsis (Elzinga et al., 2014). This difference is likely due to difference in 

overcoming different host plant defenses and the use of different infestation 

strategies. Nevertheless, DN/DS ratio indicated that Me10 is undergoing positive 

selection providing further evidence for its role as an effector (Thorpe et al., 

2016).  

Using Me10 specific polyclonal antibody in Western blot analysis, Me10 

was shown to accumulate in aphid infested tomato leaves (Chaudhary et al., 

2019). The tomato target of Me10 was also identified using a Y2H screen. Me10 
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was shown to interact with the scaffolding protein tomato 14-3-3 isoform 7 (TFT7) 

that is known to function in plant defense as a scaffold for a MAP kinase 

signaling cascade (Oh and Martin, 2011). Using tobacco rattle virus (TRV)-based 

silencing of TFT7 in tomato led to an increased longevity and fecundity to a non-

host cotton melon aphid (Aphis gossypii). This increase of a non-host aphid 

performance on TFT7 silenced plants demonstrated the role TFT7 in aphid 

defense and the secretion of Me10 by the potato aphid to disrupt TFT7 involved 

host defense (Chaudhary et al., 2019).  

Another aphid effector first identified in the potato aphid is Me23. Me23 

transcripts were identified in the potato aphid salivary gland transcriptome and 

peptides of Me23 were also detected in the potato aphid saliva (Atamian et al., 

2013; Chaudhary et al., 2015). Me23 has a conserved enzymatic domain 

encoding a glutathione peroxidase. Transient expression of Me23 increased the 

fecundity of the green peach aphid on N. benthiamana. Unlike Me10, Me23 was 

unable to increase the fecundity of potato aphid when expressed in tomato 

(Atamian et al., 2013). 

Similar to Me23, Me47 is among the few aphid effectors with predicted 

enzymatic functions. Me47 transcripts were also identified in the potato aphid 

salivary gland transcriptome and peptides of Me47 were detected in the potato 

aphid saliva (Atamian et al., 2013; Chaudhary et al., 2015). Me47 contains a 

glutathione-S-transferase (GST) domain and was predicted to have GST activity. 

This activity was confirmed after its expression in E. coli, purification, and the use 
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of the purified enzyme in in vitro assays demonstrating that Me47 has the ability 

to detoxify multiple types of isothiocyanates, highly toxic compounds to insect 

herbivores present in Brassicaceae (Wadleigh and Yu, 1988). Expression of 

Me47 in planta led to increased potato aphid fecundity on tomato and green 

peach aphid on N. benthamiana. However, expression of Me47 in Arabidopsis 

led to a decrease in green peach aphid fecundity, indicating that Me47 is 

necessary for only specific host-aphid interactions and the product it detoxifies is 

likely not a Brassicaceae isothiocyanate but an unidentified plant compound 

(Kettles and Kaloshian, 2016).  

Mp55 is a salivary protein first identified from the green peach aphid 

transcriptome. Mp55 transient overexpression in tobacco or stable 

overexpression in Arabidopsis led to increased green peach aphid fecundity. 

RNAi knockdown of Mp55 in multiple plant species led to reduced fecundity of 

the green peach aphid demonstrating its importance for the green peach aphid 

as an effector to overcome host plant defenses (Elzinga et al., 2014). 

Consistently, aphids feeding on Arabidopsis constitutively expressing Mp55 were 

found to induce lower plant defense responses, such as generating lower callose 

deposits, H2O2 production, and lower 4-methoxyindol-3-ylmethylglucosinoalte 

levels compared to a negative control (Elzinga et al., 2014).  

An aphid effector that was identified based of its predicted function was 

Armet. Armet is a predicted Ca2+ binding protein, transcripts of which were highly 

expressed in the pea aphid salivary glands (Carolan et al., 2011). In mammals, 
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Armet is distributed in different organ tissues and found both inside the cell, as 

part of the unfolded protein response in the lumen of endoplasmic reticulum, or 

extracellularly as a neurotrophic factor (Lindholm et al., 2007; Mizobuchi et al., 

2007; Apostolou et al., 2008). Both roles have been also been identified in 

Drosophila (Palgi et al., 2009; Palgi et al., 2012). Using polyclonal antibody in 

Western blot analysis, Armet was detected in host plant tissues infested with 

aphids, and when knocked down using RNAi aphid injections, the survival rate of 

the aphids was decreased (Wang et al., 2015a). Both transgenic expression and 

infiltration of purified pea aphid Armet in plants led to an increase of SA levels in 

the plant as well as upregulation of SA-dependent marker genes. The activation 

of the SA pathway did not affect aphid performance but did confer resistance to 

the bacterial pathogen P. syringae. Armet inducing SA as way to inhibit a JA 

response through natural antagonism, could be a way the aphids are deceiving 

the host plant to enable them to successfully establish feeding (Cui et al., 2019).  

Macrophage Migration Inhibitory Factor 1 (MIF1) is another aphid effector 

that was discovered based on predicted molecular functions determined by 

homologs present in other organisms. The secretion of MIFs has been reported 

in parasitic species like nematodes and plasmodium and are associated with 

manipulation of host immune responses (Augustijn et al., 2007; Cho et al., 2007). 

MIF1 was first identified in the genome of the pea aphid, and since then, MIF1 

has been detected in the saliva of multiple aphid species (IAGC, 2010; Dubreuil 

et al., 2014; Vandermoten et al., 2014; Naessens et al., 2015). Knockdown of 
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MIF1 with RNAi aphid injections, altered pea aphid feeding ability and lowered 

both the survival and fecundity of the aphid confirming it importance as an aphid 

effector (Naessens et al., 2015). 

  A group of aphid effectors, Angiotensin-Converting Enzymes (ACEs), 

were first identified in pea aphid saliva and later in pea aphid salivary gland 

transcriptome (Carolan et al., 2009; Carolan et al., 2011). ACE transcripts have 

also been detected in other plant pest salivary glands like the whitefly (Su et al., 

2012). Two ACEs (ACE1 and ACE2) are highly expressed in the salivary glands 

of pea aphids with predictions for secretion (Carolan et al., 2011; Wang et al., 

2015b; Boulain et al., 2018). Only ACE1 was detected in pea aphid saliva 

(Carolan et al., 2009; Boulain et al., 2018). Surprisingly, knockdown of either 

ACE1 or ACE2 with RNAi aphid injections led to no difference in pea aphid 

survival compared to control dsGFP injections. However, when both ACE1 and 

ACE2 were knocked down together, the aphid survival was decreased (Wang et 

al., 2015b). The double knockdown of ACE1 and ACE2 also altered the aphid 

feeding behavior observed by EPG analysis. The disturbed feeding behavior 

differed from what had been previously observed with other knocked down aphid 

effectors. The reduction in ACE1 and ACE2 levels led to a longer time of phloem 

sap ingestion by aphids, in contrast to when other aphid effectors are knocked 

down phloem sap ingestion time was significantly reduced (Mutti et al., 2006; 

Mutti et al., 2008; Wang et al., 2015a; Wang et al., 2015b). In addition to longer 

sap ingestion, the aphids had a shorter probe time to reach the phloem. The 
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combination of enhanced feeding while increased mortality, implicate the ACEs 

exert negative effects on aphid feeding behavior. These results show that the two 

ACEs have redundant functions and have an important role in regulating aphid 

feeding behavior (Wang et al., 2015b).  

Another aphid effector identified from the pea aphid is Ap25 

(ACYPI009919). Ap25 is an unknown pea aphid salivary protein that was 

identified in the pea aphid salivary gland transcriptomic analysis. Ap25 was found 

to have similar features to the well-known aphid effector C002 (Carolan et al., 

2011; Guy et al., 2016). Like C002, Ap25 is a single copy gene and its 

orthologues only exist in the Aphididae family (Guy et al., 2016; Boulain et al., 

2018). When transiently overexpressed with agrobacterium in pea, it increased 

pea aphid fecundity compared to the GFP control (Guy et al., 2016).  

As indicated earlier, aphid secrete two types of saliva; gelling and liquid. 

Most of the reported salivary protein work have been about the liquid saliva and 

limited information exists about the gelling saliva. Gelling saliva is thought to be 

mostly compromised of a cysteine rich protein, SHP (Will et al., 2012; Will and 

Vilcinskas, 2015). SHP was first identified through proteomic analysis of the pea 

aphid saliva (Carolan et al., 2009). The gelling of the SHP is likely due to the 

disulfide bonds present between the cysteine residues (Carolan et al., 2009; Will 

et al., 2012). Both plant-mediated RNAi and RNAi injections of aphids designed 

to knockdown SHP, have led to decreased aphid fecundity and survival showing 

its necessity to the aphid (Abdellatef et al., 2015; Will and Vilcinskas, 2015). In 
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addition, RNAi injection of aphids altered the morphology of the salivary sheath 

and likely disrupted its function. Typical salivary sheaths, collected from artificial 

feeding chambers, had a necklace-like structure but this structure was not found 

in the RNAi treated aphids (Will and Vilcinskas, 2015). Interestingly, not only did 

the aphids that directly fed on the plant mediated RNAi demonstrate reduction in 

SHP, up to 6 more generations of their offspring had diminished SHP expression 

levels (Abdellatef et al., 2015).  

Recently, a long noncoding RNA (lncRNA) was identified as a putative 

aphid effector (Chen et al., 2020). lncRNA do not contain any protein translation 

coding like mRNA’s but do require traditional RNA polymerase and undergo the 

same modifications including 5’ cap, splicing, and polyadenylated (Karapetyan et 

al., 2013; Zaynab et al., 2018). The Ya gene family was identified when 

monitoring differential gene expression of green peach aphids when they were 

exposed to different host plants and at least one member, Ya1, is a lncRNA 

(Mathers et al., 2017; Chen et al., 2020). Ya1 transcripts could be detected in the 

plant tissues infested with aphids. When Ya1 was overexpressed in Arabidopsis, 

there was an increase in green peach aphid fecundity compared to wild type and 

GFP overexpressed plants. Confirming Ya1’s role as an effector, plant-mediated 

RNAi knockdown of Ya1 in Arabidopsis led to lower aphid fecundity compared to 

the GFP control (Chen et al., 2020). 
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Aphid Derived Effectors 

As described earlier, aphids utilize multiple effectors, from aphid origin, as agents 

to disrupt plant defense responses and effect aphid life performance. 

Additionally, aphids utilize aphid viruses to manipulate host responses for their 

advantage (Lu et al., 2019; Patton et al., 2020). One of these viruses is the 

Acyrthosiphon pisum virus (APV), a symbiotic RNA virus that is found in pea 

aphids (van den Heuvel et al., 1997; Lu et al., 2019). The virus can only 

propagate in the aphid host. APV is secreted in the plant host but does not 

replicate in the plant but is detected in the host for at least 7 days after aphid 

removal from infested plants (Lu et al., 2019). Interestingly, APV is mainly 

transmitted to aphids horizontally through feeding on infected plant tissues 

though vertical transmission from mother to daughter does happen at low 

frequency. APV was found to increase pea aphid survival when feeding on a 

non-adapted host plant (Vicia villosa). This improved survival by APV infected 

pea aphids was found to be the result of phytohormone manipulation of the host 

plant. Pea aphids without APV induced higher JA levels in their host plant, while 

APV infected pea aphids induced higher SA levels (Lu et al., 2019). By inducing 

higher SA levels APV infected aphids alter JA levels through the natural 

antagonistic relationship between the two phytohormones benefiting the aphid. 

In addition to aphid viruses, plant viruses transmitted by aphids have also 

been shown to improve aphid life performance. The potato leafroll virus (PLRV) 

is circulative-nonpropagative RNA virus that is a member of the luteovirus group 
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(Kawchuk et al., 1990; Patton et al., 2020). Circulative nonpropagative viruses 

are acquired through insect feeding, pass into the hemolymph of the insect 

before entering the salivary glands for transmission (Casteel and Falk, 2016; 

Patton et al., 2020). These viruses do not propagate in the insect vector. PLRV is 

transmitted by multiple aphid species, and aphids feeding on PLRV infected 

plants have higher fecundity than those feeding on non-infected plants (Castle 

and Berger, 1993; Srinivasan and Alvarez, 2007). Agrobacterium-mediated 

transient overexpression of the different PLRV proteins identified the viral 

proteins, P0, P1, and P7, responsible for the enhanced aphid fecundity. When 

these three proteins were overexpressed and the plants were infested with 

aphids, lower levels of all three major defense hormones, SA, JA and ET, were 

detected compared to the wild type plants infested with aphids. In the absence of 

aphids, overexpression of the viral proteins did not yield constitutive elevated 

levels of these hormones. This work indicates that plant viruses assist their 

vectors by manipulating defense phytohormones adding another layer of 

complexity to the tritrophic pest-virus-plant system (Patton et al., 2020). 

 

Plant Resistance Genes to Aphids 

Once pests/pathogens evade the first line of plant defense (PTI) using their 

various tools (effectors), plants must rely on their second line of defense known 

as effector triggered immunity (ETI) to protect themselves. PTI focuses largely on 

transmembrane PRRs to recognize the threat and respond, while ETI consists of 
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intracellular resistance (R) proteins. These R proteins have evolved to recognize 

directly or indirectly the effectors from pest/pathogen to initiate a strong immune 

response (Jones and Dangl, 2006). The largest class of R proteins contain 

multiple domains including a nucleotide-binding (NB) and a leucine rich repeat 

(LRR) domains (Takken and Goverse, 2012). For direct recognition, R proteins 

can act as receptor to cognate effectors and R-effector binding initiate ETI 

responses (Jones and Dangl, 2006). There are several models for the indirect 

recognition. The guard model, in which the R protein is not monitoring the 

effector, but it is monitoring the effector’s target protein and any modifications 

made to it (Dangl and Jones, 2001). Another model of indirect recognition is the 

decoy model. In the decoy model, the plant contains a protein that mimics the 

effectors true target that is monitored by the R protein. By targeting the decoy, 

the effector is trapped, leading the R protein to recognize its action and initiate 

ETI (van der Hoorn and Kamoun, 2008). An extension to the decoy model is the 

integrated decoy model. In this model the decoy is another domain on the R 

protein itself (Cesari et al., 2014). 

A limited number of R genes have been identified that confer resistance to 

hemipterans and only a few have been successfully cloned (Eenink et al., 1982; 

Githiri et al., 1996; Boyko et al., 2006; Kim et al., 2010; Ahman et al., 2019; 

Nalam et al., 2019). The cloned R genes have a diverse array of R protein 

structures including those with NB-LRR motifs representing the largest class of R 

proteins in plants. 
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Plant resistance to hemipterans or other insect herbivores has been 

classified into three different categories: antibiosis, antixenosis, and tolerance 

(Smith, 1989). Antibiosis resistance effects the insect biology through negative 

effects on mortality, growth, longevity, and fecundity (Painter, 1951; Smith, 

2005). Antixenosis resistance affects the insect behavior leading to the insects 

having a non-preference for that particular host (Painter, 1951; Smith, 2005; 

Koch et al., 2016). The last category of resistance, tolerance, has no effect on 

the insect pest but is the ability of the plant to withstand insect damage (Smith, 

2005; Koch et al., 2016). 

Three of the R genes cloned against hemipteran insects confer resistance 

to aphids. The first of these is the Mi-1.2 gene from tomato confers resistance to 

the potato aphid (Rossi et al., 1998; Vos et al., 1998). The resistance conferred 

by Mi-1.2 to the potato aphids involves both antibiosis and antixenosis (Wu et al., 

2015). Interestingly, Mi-1.2 not only confers resistance to potato aphids, it also 

confers resistance two additional hemipteran insects, whiteflies (Bemisia tabaci) 

and psyllids (Bactericera cockerelli), as well as to three species of root-knot 

nematodes (Meloidogyne arenaria, M. javanica and M. incognita) (Kaloshian et 

al., 1995; Milligan et al., 1998; Nombela et al., 2003; Casteel et al., 2006). 

The Vat gene of melon (Cucumis melo) is another cloned R gene that 

confers resistance to the cotton-melon aphid (Aphis gossypii) (Pitrat and Lecoq, 

1982; Dogimont et al., 2014). Similar to Mi-1.2, Vat-mediated resistance also 

involves both antibiosis and antixenosis (Boissot et al., 2016). In addition to 
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aphids, Vat also confer resistance to melon viruses transmitted by the cotton-

melon aphid including Cucumber mosaic virus , Papaya ringspot virus, 

Watermelon mosaic virus, and Zucchini yellow mosaic virus (Pitrat and Lecoq, 

1982; Boissot et al., 2016). Additionally, both Mi-1.2 and Vat genes encode a 

coiled-coil NB-LRR (CC-NB-LRR; CNL) proteins belonging to the largest R gene 

family in plants represented by hundreds of diverse genes per genome (Milligan 

et al., 1998; Dogimont et al., 2014).  

The most recent identified and cloned R gene to aphids is the Arabidopsis 

SIEVE ELEMENT-LINING CHAPERONE1 (SLI1) that confers resistance to the 

green peach aphid (Kloth et al., 2017). Unlike Mi-1.2 and Vat, SLI1 encodes a 

small heat shock-like gene that conferred resistance to the green peach aphid, 

most likely through lining the plant sieve element and obstructing the ability of the 

aphid to feed (Kloth et al., 2017; Ahman et al., 2019). As of now, SLI1-mediated 

resistance is characterized for antibiosis but since it is only recently discovered, it 

is possible additional characteristics could be associated with this resistance.  

In addition to the above described R genes against aphids, several rice 

(Oryza sativa) R genes have been identified and cloned that confer resistance to 

another hemipteran, the brown planthopper (Nilaparvata lugens). Two of these R 

genes, Bph14, and Bph26, encode CNLs, similar to Vat and Mi-1.2 (Hwang et al., 

2000; Du et al., 2009; Dogimont et al., 2014; Tamura et al., 2014). Another R 

gene to the brown planthopper, Bph18, also encodes a CNL but has an extra 

nucleotide binding domain (CC-NB-NB-LRR) (Ji et al., 2016). Not all rice R genes 
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to the brown planthopper encode a CNL type proteins. The Bph17 R locus is 

comprised of a cluster of three genes and all three-encoding membrane–

localized lectin receptor kinases: OsLecRK1, OsLecRK2, and OsLecRK3 (Liu et 

al., 2015; Hu et al., 2016). Another cloned rice resistance gene to brown 

planthopper, inherited in recessive manner, is Bph29. Bph29 encodes a B3 DNA-

binding protein that is expressed in vascular tissues after brown planthopper 

infestations (Wang et al., 2015c; Hu et al., 2016). 

Resistance to the cowpea aphid has been evaluated in multiple different 

plant species including Medicago truncatula, soybean and cowpea land races 

(Kamphuis et al., 2012; Souleymane et al., 2013; Mai et al., 2016). Resistance to 

cowpea aphid was identified in an African cowpea breeding line IT97K-556-6 

(Souleymane et al., 2013). This resistance was further explored through 

recombinant inbred lines (RILs) developed between IT97K-556-6 and a 

susceptible cowpea line California blackeye 27 (CB27). Screening these RILs 

with cowpea aphids, the source of the resistance was localized to two different 

quantitative trait loci (QTL), a major QAC-vu7.1 and a minor QAC-vu1.1 QTLs 

(Huynh et al., 2015). The characterization of the resistance conferred by these 

two QTLs is described in Chapters Two and Three. 

Additional sources of resistance in cowpea to the cowpea aphid have also 

been identified. In a recent study, 373 different lines of cowpea from the 

International Institute of Tropical Agriculture (IITA) were screened for resistance 

to the cowpea aphid. Of these 373, 21 were found to have some level of 
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resistance with only three being classified as resistant to cowpea aphids. 

Biochemical analyses of these cowpea lines found the susceptible cowpea lines 

to have higher sucrose content than the resistant lines (Togola et al., 2020). 

Sucrose is necessary for some aphid species to fed on and ingest artificial diets 

and its higher presence in the cowpea susceptible lines indicates that cowpea 

aphids prefer plants with higher sugar content (Mittler, 1967; Togola et al., 2020). 

The same study identified the resistant lines to have a higher content of the 

polyphenols kaempferol and quercetin. Both polyphenols have been previously 

identified in cowpea and wild Vigna species and implicated in resistance to 

cowpea aphid as well as to the black bean aphid (Aphis fabae) (Lattanzio et al., 

2000; Togola et al., 2020). 

Resistance to cowpea aphids has also been identified in soybean and in 

the model legume M. truncatula (Kamphuis et al., 2012; Mai et al., 2016). In a 

soybean cultivar, tolerance to cowpea aphids was found to have dependence on 

multiple peroxidases (Mai et al., 2016). A resistant M. truncatula genotype, was 

identified through a screen of the M. truncatula core collection of South 

Australian Research and Development Institute (SARDI). The resistant genotype 

exhibited both antibiosis and antixenosis to cowpea aphids and was mapped to a 

major QTL on chromosome 2. Through EPG analysis, the resistance was 

determined to be phloem based (Kamphuis et al., 2012). 
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Objectives of the Dissertation Research 

The goal of my research has been to better understand the nature of the cowpea 

aphid interaction with its host plant cowpea. In order to develop a sustainable 

resistance source of cowpea to cowpea aphids, an intimate knowledge of host-

pest interactions is needed. Aphid saliva is the main interface between the insect 

pest and the plant host, and an increasing body of evidence has demonstrated 

that saliva disrupts the plant defense responses and modifies plant metabolic 

processes for the aphid’s advantage. At the start of this project, there was no 

available information on the protein composition of the cowpea aphid saliva. 

Therefore, the first objective, described in Chapter One, was to identify the 

cowpea aphid salivary proteome through LC-MS/MS. The proteins identified 

were compared to other aphid species salivary profiles to identify species-

specific novel salivary proteins. This investigation led to the identification of 

AcDCXR, a diacetyl/L-xylulose reductase. AcDCXR was characterized for 

enzymatic activity in vitro and for effector function in planta. 

The second objective of my research was to better comprehend the 

cowpea response to cowpea aphid infestation. Cowpea-cowpea aphid 

interactions are atypical and result in more damage to the plant than other aphid-

host interactions. A detailed description of the susceptible cowpea phenotypic 

response to cowpea aphid infestations is documented in Chapter Two. Chapter 

two also describes the results of the third objective of my research regarding 

characterization of the mechanism of cowpea resistance to the cowpea aphid 
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mediated by the two QTLs identified in Huynh et al. (2015). A near-isogenic line 

pair (NILs), generated from the African resistance source and a susceptible 

California Blackeye cultivar (CB46), were used in a set of biological assays as 

well as in electrical penetration graphs (EPGs) analysis, to determine the nature 

of the resistance. The last objective of my work is described in Chapter Three. 

RNAseq analysis of the resistant and susceptible NILs, infected and uninfected, 

were performed to determine differential gene expression and to infer the 

molecular mechanisms of the resistance. 
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Fig 0.1. Cowpea aphids feeding on cowpea. A) A cowpea aphid adult and 
nymphs. B) A cowpea aphid adult with newborn nymphs. C) Cowpea aphid 
infestation on a cowpea stem. 
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Fig 0.2. Cowpea aphid generated damage on cowpea. A) Cowpea plants 
infested with cowpea aphids displaying chlorosis and necrosis symptoms. B) A 
cowpea trifoliate infested with cowpea aphids displaying the pseudogalling/leaf 
rolling symptom. 
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Fig 0.3. Diagram of aphid life cycles. Dotted lines indicate parts of the life cycle 
that are present in the anholocyclic life cycle. A) Monecious life cycle for 
holocyclic and anholocyclic aphids. B) Dioecious lifecycle for holocyclic and 
anholocyclic aphids. 
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Chapter One 

AcDCXR is a Cowpea Aphid Effector with Putative Roles in Altering Host 

Immunity and Physiology 
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Abstract 

Cowpea, Vigna unguiculata, is a crop that is essential to semiarid areas of the 

world like Sub-Sahara Africa. Cowpea is highly susceptible to cowpea aphid, 

Aphis craccivora, infestation that can lead to major yield losses. Aphids feeds on 

their host plant by inserting their hypodermal needlelike flexible stylets into the 

plant to reach the phloem sap. During feeding, aphids secrete saliva, containing 

effector proteins, into the plant to disrupt plant immune responses and alter the 

physiology of the plant to their own advantage. Liquid chromatography tandem 

mass spectrometry (LC-MS/MS) was used to identify the salivary proteome of the 

cowpea aphid. About 150 candidate proteins were identified including diacetyl/L-

xylulose reductase (DCXR), a novel enzyme previously unidentified in aphid 

saliva. DCXR is a member of short-chain dehydrogenases/reductases with dual 

enzymatic functions in carbohydrate and dicarbonyl metabolism. To assess 

whether cowpea aphid DCXR (AcDCXR) has similar functions, recombinant 

AcDCXR was purified and assayed enzymatically. For carbohydrate metabolism, 

the oxidation of xylitol to xylulose was tested. The dicarbonyl reaction involved 

the reduction of methylglyoxal, an α-β-dicarbonyl ketoaldehyde, known as an 

abiotic and biotic stress response molecule causing cytotoxicity at high 

concentrations. To assess whether cowpea aphids induce methylglyoxal in 

plants, we measured methylglyoxal levels in both cowpea and pea (Pisum 

sativum) plants and found them elevated transiently after aphid infestation. 
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Agrobacterium-mediated transient overexpression of AcDCXR in pea resulted in 

an increase of cowpea aphid fecundity. Taken together, our results indicate that 

AcDCXR is an effector with a putative ability to generate additional sources of 

energy to the aphid and to alter plant defense responses. In addition, this work 

identified methylglyoxal as a potential novel aphid defense metabolite adding to 

the known repertoire of plant defenses against aphid pests. 

 

 

The text of this chapter is a reprint of the material as it appears in 

Frontiers in Plant Science. 

MacWilliams, J.R., Dingwall, S., Chesnais, Q., Sugio, A., Kaloshian, I. (2020) 
AcDCXR Is a Cowpea Aphid Effector with Putative Roles in Altering Host 
Immunity and Physiology. Front Plant Sci 11(605).  
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Introduction 

Cowpea (Vigna unguiculata) is one of the most important agronomic plant 

species grown in semiarid tropical regions of the world. Cowpea is well adapted 

to biotic and abiotic stresses and provides an excellent source of nutrition (Singh 

et al., 2002; Timko and Singh, 2008). However, a stress that is a limiting factor in 

cowpea production is infestation by the cowpea aphid, Aphis craccivora (Jackai 

and Daoust, 1986). Cowpea aphid infestation can cause devastating effects; it 

has been reported that young plants of highly susceptible cowpea cultivars were 

killed by an infestation of cowpea aphids initiated with fewer than ten aphids 

(Ofuya, 1995). Cowpea aphid feeding induced damage includes chlorosis, leaf 

curling, and stunted growth resulting in a decrease in yield (Blackman and 

Eastop, 2000; Kamphuis et al., 2012; Choudhary et al., 2017). In addition to 

cowpea aphid being a deadly pest, this aphid species is also known to vector 

over 50 plant viruses (Chan et al., 1991).  

There are about 4500 species of aphids reported to date (Remaudiere and 

Remaudiere, 1997; Blackman and Eastop, 2000; Sorenson, 2009). Of these 

species, only 100 are considered to have an economic impact and 14 are 

considered to be serious pests, among which is the cowpea aphid (Sorenson, 

2009). Aphids feed differently from chewing insects, which generate massive 

mechanical tissue damage. Aphids insert their specialized and flexible 

mouthparts, the stylets, through plant tissues to reach their source of food, the 

phloem sap, thus avoiding much of the mechanical tissue damage (Tjallingii and 
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Esch, 1993; Tjallingii, 2006). En route to the phloem, aphids puncture cells and 

deposit saliva in the plant apoplast and the punctured cells to facilitate feeding 

and interfere with plant defenses (Miles, 1999; Will et al., 2007). Aphid feeding 

and colonization damage the plant, and aphids are categorized based on the 

type of damage they incur onto their hosts. Aphids that cause extensive direct 

damage are considered phytotoxic, whereas others that cause indirect damage – 

for example, by transmitting viruses – are considered non-phytotoxic (Nicholson 

et al., 2012). Phytotoxic aphids, such as the Russian wheat aphid (Diuraphis 

noxia) and greenbug (Schizaphis graminum), cause damage in low numbers and 

are believed to secrete salivary proteins into the plant that are responsible for the 

increased manifestation of the damage symptoms. In contrast, the non-

phytotoxic aphids, like the pea aphid (Acyrthosiphon pisum) and potato aphid 

(Macrosiphum euphorbiae), do not cause damage at low numbers and secrete 

salivary proteins to enhance feeding and interfere with plant defenses (Nicholson 

et al., 2012; Nicholson and Puterka, 2014; Chaudhary et al., 2015).  

Aphid saliva has been shown to contain effector proteins that are 

necessary for successful aphid colonization (Mutti et al., 2006; Mutti et al., 2008; 

Bos et al., 2010; Atamian et al., 2013; Pitino and Hogenhout, 2013; Elzinga et al., 

2014; Naessens et al., 2015; Wang et al., 2015; Will and Vilcinskas, 2015; Guy et 

al., 2016; Kaloshian and Walling, 2016). To characterize aphid salivary protein 

content, the saliva of several aphid species has been investigated with liquid 

chromatography tandem mass spectrometry (LC-MS/MS) (Harmel et al., 2008; 
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Carolan et al., 2009; Cooper et al., 2010; 2011; Rao et al., 2013; Vandermoten et 

al., 2014; Chaudhary et al., 2015; Thorpe et al., 2016; Boulain et al., 2018; Loudit 

et al., 2018; Yang et al., 2018). These studies have identified numerous 

conserved salivary proteins common among the different aphid species as well 

as some that have only been identified in a single aphid species. The conserved 

proteins are presumed to be a core set of aphid effectors that are used by aphids 

to facilitate feeding or disrupt general plant defenses, while the unique proteins 

identified in only a single aphid species or biotype, act in a species-specific host-

aphid interaction (Thorpe et al., 2016). This recent wealth of salivary protein 

identification stems from the release of additional aphid genomes and 

transcriptomes. Since the first aphid genome was released for the pea aphid, five 

additional aphid genomes are publicly available (International Aphid Genomics, 

2010; Nicholson et al., 2015; Mathers et al., 2017; Wenger et al., 2017; Thorpe et 

al., 2018). Numerous aphid transcriptomes are also available including a 

transcriptome for the cowpea aphid (Agunbiade et al., 2013). Three main criteria 

have been used to identify putative aphid effectors: (1) expression of the 

candidate transcripts in aphid heads or salivary glands with prediction for 

secretion, (2) presence in saliva, and (3) sequence similarity to previously 

identified aphid effectors.  

In general, microbial, nematode and pest effectors are diverse, lacking 

consensus sequences and features, making it difficult to predict effectors. This 

has led to reporting of mostly specific subclasses of effectors. For example, 
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effectors from plant pathogenic fungi are small sized proteins with high cysteine 

content while those from Phytophthora contain a RXLR motif (Jiang et al., 2008; 

Stergiopoulos and de Wit, 2009; Petre and Kamoun, 2014; Sperschneider et al., 

2015). To enhance plant fungal effector predictions, EffectorP was developed as 

a machine-learned predictor for fungal effectors that does not rely only on 

predetermined thresholds based on criteria including protein size and cysteine 

content (Sperschneider et al., 2016; Sperschneider et al., 2018). It is therefore 

likely that the repertoire of aphid effectors can be enhanced with the 

development of machine learned effector identification programs.  

Numerous studies have functionally characterized aphid effectors. These 

included overexpression of the candidate effector in planta or silencing it, through 

plant-mediated RNAi or injection with RNAi constructs, in the aphid and 

determining aphid performance on the plants. Of the effectors experimentally 

tested, about a dozen have shown altered aphid colonization phenotypes (Mutti 

et al., 2006; Mutti et al., 2008; Bos et al., 2010; Atamian et al., 2013; Pitino and 

Hogenhout, 2013; Elzinga et al., 2014; Abdellatef et al., 2015; Naessens et al., 

2015; Wang et al., 2015; Will and Vilcinskas, 2015; Guy et al., 2016; Kettles and 

Kaloshian, 2016). The altered survival/colonization phenotypes determined by 

some of these effectors act in species-specific and host-specific manner 

(Atamian et al., 2013; Pitino and Hogenhout, 2013; Elzinga et al., 2014; 

Rodriguez et al., 2017).  
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To date, the plant targets for only Mp1 and Me10 aphid effectors have 

been identified and the mechanism of effector function partially elucidated 

(Rodriguez et al., 2017; Chaudhary et al., 2019). The function of two additional 

aphid effectors MIF1 (Naessens et al., 2015) and Armet (Wang et al., 2015) have 

been predicted based on the function of homologous sequences from other 

organisms. Both MIF1 and Armet are highly conserved proteins in the animal 

kingdom. MIF1 encodes a macrophage migration inhibitory factor that is a 

cytokine deposited in aphid saliva during feeding (Calandra, 2003; Naessens et 

al., 2015). Armet in mammalian systems and in Drosophila has been reported in 

the cell as part of the unfolded protein response and extracellularly as a 

neurotrophic factor (Lindholm et al., 2007; Lindholm et al., 2008; Palgi et al., 

2009; Palgi et al., 2012). Both MIF1 and Armet are important for the pea aphid 

survival as knockdown of their expressions results in shortened lifespan 

(Naessens et al., 2015; Wang et al., 2015). The function of an additional effector, 

Me47 encoding a Glutathione S-transferase (GST), was shown based on its GST 

enzymatic activity and its ability to detoxify isothiocyanates that are implicated in 

herbivore defense (Kettles and Kaloshian, 2016). 

Here we report the salivary proteome of a California population of the 

cowpea aphid using LC-MS/MS and publicly available aphid genomes and 

transcriptomes. We also characterize the function of a novel salivary protein, 

diacetyl/L-xylulose reductase (DCXR). DCXR is a member of short-chain 

dehydrogenases/reductases (Nakagawa et al., 2002). Mammalian orthologs of 
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DCXR are involved in NADPH-dependent reduction of both carbohydrates and 

dicarbonyls (Nakagawa et al., 2002; Ishikura et al., 2003; Ebert et al., 2015). The 

reversible oxidative reduction of the carbohydrates, xylitol and L-xylulose can 

lead to an additional energy source through the pentose phosphate pathway 

(Sochor et al., 1979; Nakagawa et al., 2002). The reduction of dicarbonyls 

detoxifies and prevents the formation of advanced glycation end-products 

(AGEs), also known as glycotoxins, associated with development of numerous 

degenerative human diseases (Chen et al., 2009; Gkogkolou and Bohm; Kizer et 

al., 2014). In plants, the build-up of dicarbonyls leads to oxidative stress and cell 

death resulting in stunted growth (Hoque et al., 2012; Ray et al., 2013; 

Sankaranarayanan et al., 2015; Li, 2016). One of these dicarbonyls, generated 

through multiple pathways in plants and animals, is methylglyoxal (Yadav et al., 

2005a; Yadav et al., 2005b; Hoque et al., 2016; Mostofa et al., 2018). Depending 

on concentration, methylglyoxal can act as defense signaling molecule or as a 

cytotoxin during abiotic stress in plants (Li, 2016). Recently methylglyoxal has 

also been implicated in plant defense against biotic stresses (Melvin et al., 2017). 

Here we report the identification of DCXR in cowpea aphid saliva. We show that 

the recombinant cowpea aphid DCXR, AcDCXR, is able to catalyze the 

reversible xylitol to xylulose reaction as well as to utilize methylglyoxal as 

substrate. We also demonstrate that aphid feeding induced methylglyoxal 

accumulation and that expression of AcDCXR in planta enhanced aphid 

fecundity contributing to the success of the aphid as a pest. 
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Materials and Methods 

 

Plants and Growth Condition 

Cowpea California blackeye cultivar 46 (CB46) and pea (Pisum sativum) cv 

ZP1130 were grown in UC Mix 3 soil (https://agops.ucr.edu/soil-mixing) in 32 oz 

plastifoam cups in a pesticide free room at 22-24 °C with a 16:8 light:dark 

photoperiod. Plants were fertilized weekly with MiracleGro (18−18−21; Stern’s 

MiracleGro Products). 

 

Aphid Colony 

A colony of cowpea aphids, collected from a field in Riverside, California, in 

summer of 2016, was reared on cowpea cv CB46. A second colony, taken from 

the cowpea plants, was reared on pea cv ZP1130 for 3 months before use. The 

colonies were maintained separately in insect cages in growth chambers at 

26−30°C with a 16:8 light:dark photoperiod. The colony on cowpea was used for 

aphid saliva collection and the colony on pea was used for aphid bioassays.  

 

Saliva Collection 

Cowpea aphid saliva was collected by feeding mixed developmental stages of 

the aphid on a water diet as previously described (Chaudhary et al., 2015). About 

100-200 mixed stage aphids were loaded in a feeding chamber, consisting of a 

plastic cylinder with one end containing the diet inside a parafilm sachet, and the 

about:blank
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other end secured with a cheesecloth. Aphids were allowed to feed on the 200 

μL of ultrapure autoclaved water for 16 hours under yellow light. The components 

of the chamber were sterilized or treated with alcohol and all materials were 

handled in a laminar flow hood using aseptic conditions. After feeding the diet 

was collected aseptically using a pipet and stored at −80 °C. A new cohort of 

aphids were used for each overnight collection and saliva was collected from an 

estimated 10,000 aphids over a three-month period.  

 

Saliva Preparation for MS/MS 

Saliva was vacuum concentrated down to protein pellets and dissolved in 100 μL 

trypsin buffer (50 mM ammonium bicarbonate, pH 8.0, 10% v/v acetonitrile) 

containing 1 μg trypsin and treated overnight at 37°C. After trypsin digestion, the 

sample was centrifuged, the supernatant was collected, pelleted with a speedvac 

concentrator and suspended in 24 μL 0.1% formic acid for LC-MS/MS analysis. 

 

LC-MS/MS 

A MudPIT approach was employed to analyze the trypsin-treated samples. A 

two-dimension nanoAcquity UPLC (Waters) and an Orbitrap Fusion MS 

(ThermoFisher Scientific) were configured together to perform online 2D-nano 

LC-MS/MS analysis. The 2D-nanoLC was operated with a 2D-dilution method 

that was configured with nanoAcquity UPLC. Two mobile phases for the first 

dimension LC fractionation were 20 mM ammonium formate (pH 10) and 



 101 

acetonitrile, respectively. Online fractionation was achieved by 5-min elution off a 

NanoEase trap column (PN# 186003682; Waters) using stepwise-increased 

concentration of acetonitrile. A total of five fractions were generated with 13%, 

18%, 21.5%, 27%, and 50% of acetonitrile, respectively. A final flushing step 

used 80% acetonitrile to clean up the trap column. Each and every fraction was 

then analyzed online using a second dimension LC gradient.  

For the second-dimension LC, a BEH130 C18 column (1.7 μm particle, 75 

μm i.d., 20 cm long, PN# 186003544; Waters) was used for peptide separation. A 

Symmetry C18 (5 μm particle, 180 μm i.d., 20 mm long, PN# 186003514; 

Waters) served as a trap/guard column for desalting and pre-concentrating the 

peptides for each MudPIT fraction. The solvent components for peptide 

separation were as follows: mobile phase A was 0.1% formic acid in water, and 

mobile phase B was 0.1% formic acid in acetonitrile. The separation gradient was 

as follows: at 0 to 1 min, 3% B; at 2 min, 8% B; at 50 min, 45% B; at 52-55 min, 

85% B; at 56-70 min, 3% B. The nano-flow rate was set at 0.3 μl/min without 

flow-splitting.  

Spectra were obtained using Orbitrap Fusion MS (Thermo Fisher 

Scientific). The Orbitrap Fusion MS was in positive ion mode with an ion transfer 

tube temperature of 275°C. The isolation window used was 2 Da. Three different 

types of dissociation were used: Collision Induced Dissociation (CID), High-

energy Collision Induced Dissociation (HCD), and Electron Transfer Dissociation 
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(ETD). The energy for each of these was 30%. Three scan ranges were used 

(300-1800, 300-2000 400-1400 Da) with 30 second dynamic exclusion.  

 

Proteome Data Analysis 

The MS/MS spectra were filtered for high confident peptides with strict FDR 

(1%), with enhanced peptide and protein annotations using the software 

Proteome Discoverer v2.3 (Thermo Fisher). Spectra with peptide sequences less 

than 6 residues were removed. The search parameters allowed for 0.5 Da mass 

tolerance and 2 missed cleavage sites. The following modifications were 

included: modification of Met Oxidation ±15.99492 D, Lys Acetyl ±42.01057 D, 

Ser, Thr, Tyr Phospho ±79.966333 D, N-Terminus Formyl ±27.99492 Da, Pyro-

Glu ±17.02655 Da, N-Terminus Acetyl ±42.01057 Da. The identified peptides 

were then searched against an aphid proteome database compiled from every 

aphid genome available on NCBI and AphidBase (Pea aphid, Russian wheat 

aphid, soybean aphid (Aphis glycines), bird cherry-oat aphid (Rhopalosiphum 

padi), green peach aphid (Myzus persicae), and black cherry aphid (Myzus 

cerasi) and other aphid proteins deposited in NCBI in 2017. These other proteins 

included six-frame translations of a cowpea aphid transcriptome and the 

transcriptome of the potato aphid). The 13,330 PSMs identified corresponded to 

2,119 proteins and were further filtered to 721 protein group hits. Only high 

confidence (99%) were considered further filtering the protein groups to 521 

protein groups. Spectra that came up when filtering out possible contaminants 
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with a FASTA file containing common contaminants. To accept proteins, they 

needed to have at least 3 peptides in at least 2 of the 3 replicates (CID, HCD, 

ETD). The raw peptide spectra were deposited in the Mass Spectrometry 

Interactive Virtual Environment (MassIVE) repository with the proteome ID: 

PXD017323.  

 

Annotation 

The MS/MS identified proteins were annotated with BLASTP using OmicsBox (V 

1.1.135 Hotfix) and the NCBI nonredundant protein database with the taxonomy 

filter for aphids, Aphidomorpha (3380) (e value = 1e-3) (Gotz et al., 2008). The 

proteins were then subjected to BLASTP to the pea aphid annotation v2.1b 

proteins on Aphidbase to identify the corresponding ACYPI homologs (BIPAA, 

2017). Gene ontology (GO) was determined for molecular function, biological 

process, and cellular component using InterProScan (v5.36-75.0) (Gotz et al., 

2008; Jones et al., 2014). The identified proteins were screened with SignalP 

(V3.0 and V5.0) and SecretomeP 1.0 using eukaryote and mammalian filters, 

respectively, and by TMHMM V2.0 (Krogh et al., 2001; Bendtsen et al., 2004a; 

Bendtsen et al., 2004b; Armenteros et al., 2019). The proteins were further 

analyzed using EffectorP 2.0 (Sperschneider et al., 2018). 
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Clone Construction 

RNA was extracted from 10 mixed developmental stage aphids using Trizol 

(Invitrogen), and cDNA was synthesized using SuperScript III reverse 

transcriptase (Invitrogen) according to manufactures instructions. Using AcDCXR 

(MN855408) gene-specific Gateway recombination primers (DCXRF- 

ACAAGTTTGTACAAAAAAGCAGGCTCCATGGAAGAATTCTTTGTCGGAAAAA

AGTTCAT, DCXRR- 

GGGGACCACTTTGTACAAGAAAGCTGGGTCACTGGCCAAAAATCCACCATC)

, the DCXR coding region, excluding the secretion signal peptide, was amplified 

using Q5® High-Fidelity DNA Polymerase (New England Biolabs) with the 

following conditions: an initial 98°C for 30  sec, 98°C for 7 sec, 54°C for 20  sec, 

72°C for 30 sec, for 30 cycles and a final cycle of 72°C for 3 min. DCXR was 

purified using GeneJET PCR Purification Kit (Thermo Scientific) and recombined 

into vector pDONR207 (Invitrogen) using BP Clonase (Invitrogen). Following 

Sanger sequencing pDONR207-DCXR was recombined into the expression 

vectors pDEST17 (Invitrogen; pDEST17-DCXR), pEAQ-HT-DEST1 (Sainsbury et 

al., 2009; pEAQ-HT-DEST1-AcDCXR), or pCAMBIA1300-GW-mScarlet 

(pCAMBIA1300-AcDCXR-mScarlet). pCAMBIA1300-GW-mScarlet was 

developed by modifying pCAMBIA1300 using parts from pGWB614 and 

p#128060 by restriction digestion and ligations. After transformation into E. coli 

strain DH5α and the purified pDEST17-DCXR was transformed into E. coli strain 

ArcticExpress (Agilent) while pEAQ-HT-DEST1-AcDCXR and pCAMBIA1300-
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AcDCXR-mScarlet were transformed into Agrobacterium tumefaciens strains 

AGL01 and GV3101, respectively.  

 

Protein Purification  

The pDEST17-AcDCXR was purified in a similar manner as previously described 

for the aphid effector Me47 (Kettles and Kaloshian, 2016). Briefly, pDEST17-

AcDCXR (N-terminal 6xHis tag) in ArcticExpress was grown in LB media at 37°C 

to an OD600 of 0.8 and the expression induced by adding of 0.5 mM IPTG 

followed by incubation at 10°C for 16 h. After centrifugation (6,000 x g for 20 min) 

the cells were resuspended in chilled lysis buffer (300mM NaCl, 50 mM 

NaH2PO4/Na2HPO4, pH 7.0). The cells were lysed using sonication (4 x 15 sec 

pulses), the soluble protein fraction was separated by centrifugation (10,000 x g 

for 45 min) and incubated with Ni- NTA agarose beads (Qiagen) for 1 h at 4°C 

with gentle agitation. The column was washed with the lysis buffer containing 40 

mM imidazole to remove non-specifically bound proteins. After four washes, 

DCXR was eluted with three washes of lysis buffer containing 150, 200, and 200 

mM of imidazole, respectively. The eluted fractions were concentrated with 

VivaSpin 500 Centrifugal Concentrator PES (Sartorius, United Kingdom) and 

monitored using Bradford assay with BSA as the standard. The recombinant 

DCXR was analyzed on a 12% SDS-PAGE using Coomassie Brilliant Blue G-250 

staining. 
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AcDCXR Enzyme Activity Assays 

Oxidation of xylitol to xylulose by recombinant DCXR was measured through the 

reduction of NADP+ to NADPH as previously described (Yang et al., 2017) with 

minor modification. A 0.5 mL reaction mixture containing 10 µg AcDCXR 100 mM 

glycine buffer, pH 9.5, 3 mM MgCl2, NADP+, and 200 mM xylitol were used in 1 

mL cuvettes and a Beckman Coulter Du® 730 Life Sciences spectrophotometer. 

Reactions began after the addition of AcDCXR, and changes in absorbance at 

340 nm were monitored. The reaction rates were calculated based on the NADP+ 

concentrations. 

Methylglyoxal reduction by recombinant DCXR was measured through the 

oxidation of NADPH to NADP+ using 1 mL cuvettes as previously described 

(Misra et al., 1996) and the Beckman Coulter Spectrophotometer. The 0.5 mL 

reaction was composed of 10 µg DCXR, 100 μM sodium phosphate buffer 

(NaH2PO4/Na2HPO4, pH 6.5), 200 μM NADPH and methylglyoxal. The reaction 

was initiated with the addition of NADPH and monitored by the decrease in 

absorbance at 340 nm. The reaction rates were calculated based on the 

methylglyoxal concentrations. 

 

Transient Expression in Pea and Western Blot Analysis 

Agrobacterium tumefaciens strain AGL01, carrying either pEAQ-HT-GFP or 

pEAQ-HT-DEST1-AcDCXR, were used in transient expression of pea, Pisum 

sativum, cv. ZP1130 as described previously (Guy et al., 2016). Bacterial cells, 
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grown up overnight in YEP media, were harvested, washed three times in 

infiltration buffer (10 mM MgCl2, 10 mM MES pH 5.6, and 150 μM 

acetosyringone) and resuspended at a final OD600 of 0.5. The youngest 

expanded leaf of a 2-week-old plant was infiltrated with a needleless syringe. 

 The duration of GFP expression in pEAQ-HT-GFP infiltrated leaves was 

monitored with Western blot analysis. Three 1 cm diameter leaf discs were cut 

from the same agroinfiltrated leaf using a cork borer after 2, 3, 5, 7, 8, 9, and 10 

days post infiltration. Protein was extracted from the leaf discs by grinding in 200 

µl lysis buffer (6M Urea, 2M Thiourea, 1% Protease inhibitor cocktail [Sigma 

P9599]). Samples were centrifuged at 14,000 x g for 5 min and the supernatant 

was resuspended in equal volume 2x loading buffer (100 mM Tris-HCl pH 6.8, 

100 mM DTT, 10% glycerol, 2% SDS, 0.01% bromophenol blue). About 25 µg of 

protein were loaded per sample on 12% SDS-PAGE and transferred to a 

nitrocellulose membrane. The membrane was probed with mouse anti-GFP 

antibody (Sigma) and secondary antibody, goat anti-mouse HRP-conjugated 

(Santa Cruz Biotechnology). Primary antibody was used at 1:2000 and 

secondary antibody was used at 1:2000 dilution. Pierce ECL Western Blotting 

Substrate (Thermo Scientific) was used to detect the signal with autoradiography 

film (Denville Scientific Inc).  

 

 

 



 108 

In Planta Localization of AcDCXR 

Agrobacterium tumefaciens GV3101 carrying pCAMBIA1300-DCXR-mScarlet or 

pCAMBIA1300-GFP were grown and prepared as previously described for 

transient agroexpression. At an OD600 = 0.5 each, the constructs were co-

infiltrated in Nicotiana benthamiana leaves. Three days post infiltration, leaf 

epidermal cells were analyzed using a Leica SP5 confocal microscope. GFP and 

mScarlet were excited by 488 nm and 543 nm filters, respectively, and images 

were collected through band emission filters at 498-520 nm and 553-650 nm, 

respectively.  

 

Aphid Bioassays  

A day after agroinfiltration, five adult cowpea aphids were caged onto the adaxial 

side of an agroinfiltrated leaf of 2-week-old pea plants. After 24 h (i.e., 2 days 

post infiltration; dpi), the adult aphids were removed, and 5 to 6 new-born 

nymphs were left on the leaf with both the adaxial and abaxial sides of the leaf 

accessible to the aphids. Eight days later (10 dpi), the surviving aphids were 

counted and transferred to a new infiltration site on a plant infiltrated 2 days 

earlier. The fecundity of these aphids was monitored two and five days later (i.e., 

when the aphids were 12 and 15 day-old). The nymphs were removed after each 

counting. This experiment was performed three times. Each experiment 

consisted of 13-15 plants per construct. All experiments were conducted at 22°C, 

16:8 light:dark photoperiod. 
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Determining Methylglyoxal Levels 

Methylglyoxal levels were evaluated in 2-week-old cowpea and pea plants 

following the protocol by Borysiuk et al (2018). Highly infested leaves were 

harvested at day 1, 2, and 3 after infestation. Briefly, samples were homogenized 

in 5% perchloric acid and centrifuged at 13,000 x g for 10 min at 4°C. The 

supernatant was decolorized with charcoal and neutralized with 1 M potassium 

carbonate. After centrifuging at 13,000 x g at 4°C the supernatant was used to 

estimate the methylglyoxal concentration in sodium dihydrogen phosphate buffer 

(pH 7.0). The absorbance was recorded after 10 min incubation with N-acetyl-L-

cysteine to monitor the N-a-acetyl-S-(1-hydroxy-2-oxo-prop-1-yl)cysteine 

formation (Wild et al., 2012). Methylglyoxal concentration was determined using 

a standard curve of known methylglyoxal concentrations. The experiment with 

pea was performed once and with cowpea was performed twice.  

 

Statistical Analyses 

We used generalized linear models (GLM) with a likelihood ratio and chi-square 

test to assess whether AcDCXR expression had an effect on aphid survival and 

fecundity. Data on aphid survival were analyzed with GLM following a binomial 

distribution and data on aphid fecundity were assumed to follow a Poisson 

distribution. The fit of all generalized linear models was checked by inspecting 

residuals and QQ plots. Methylglyoxal levels in plants were analyzed using a 
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nested ANOVA (biological replicates treated as random factor) (package R: 

‘nlme’). When a significant effect was detected, a pairwise comparison using 

multiple comparisons of the means (package R: ‘multcomp’) (Tukey contrasts, p-

values adjustment with ‘fdr’ method) at the 0.05 significance level was used to test 

for differences between days after infestation. Statistical analyses were performed 

using the R software (version 3.6.0) (R Core Team, 2019).  
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Results 

 

Aphid Salivary Proteome Analyses and Annotation 

To identify the protein composition of the cowpea aphid saliva, aphid saliva was 

collected in parafilm feeding pouches containing water. The contents of the 

pouches were concentrated and subjected to proteome analyses. The peptides 

identified by LC-MS/MS were searched against a custom aphid protein database. 

The database was composed of proteomes based on all aphid genomes 

available in the summer of 2017, as well as cowpea aphid-specific transcriptome 

and a transcriptome from the potato aphid, both with six-frame translations. 

Around 175 candidate proteins were identified with at least three peptides from at 

least two replicates and having at least one unique peptide (Supplemental Table 

1). The identified proteins were then annotated using BLASTP with OmicsBox 

(TaxID: Aphididiae 27482). Among these annotated proteins, 18/175 (10.29%) 

were uncharacterized. In addition, functional redundancies were recorded among 

the proteins with annotations. To eliminate these redundancies, the proteins were 

subjected to BLASTP on AphidBase to identify their corresponding ACYPI 

homolog using the pea aphid protein database annotation v2.1b. Among these 

proteins, 47/175 (26.86%) shared one of 21 ACYPI top hits. Although these 47 

proteins had at least one unique peptide, we grouped them as 21 proteins, 

resulting in a total of 149 salivary proteins (Supplemental Table 1).  
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Annotation of these proteins presented a wide range of functional 

attributes to the cowpea aphid salivary proteins. Among the 149 identified 

proteins, 33 proteins with similar functional annotations have been previously 

reported in the saliva of a cowpea aphid population from Gabon, Africa (Loudit et 

al., 2018). Among these 33 proteins are glucose dehydrogenases, carbonic 

anhydrases and a trehalase (Supplemental Table 1).  

 Of the 149 identified cowpea aphid proteins, gene ontology (GO) assigned 

123 proteins with at least one GO term in the three most common ontological 

designations: molecular function, biological process and cellular component. The 

three most abundant biological process designations were carbohydrate 

metabolic process (19%), translation (16%) and catabolic process (11%) (Fig 

1.1). The three most abundant molecular function designations were 

oxidoreductase activity (20%), structural constituent of ribosome (16%) and ATP 

binding (13%) (Fig 1.1). As for the most abundant cellular component 

designations, they were for protein-containing complexes (33%) and cytosol 

(29%) (Fig 1.1).  

 

Effector Prediction  

Since the cowpea aphid genome has not been sequenced, homologous proteins 

from the different aphid species or those based on cowpea aphid transcriptome, 

used in our custom database, were used for these analyses. Multiple 

bioinformatics tools were harnessed to screen the identified salivary proteins for 
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putative effector function. First, the salivary proteins were evaluated for secretion 

using tools that predict classical and non-classical secretions, SignalP and 

SecretomeP (Bendtsen et al., 2004a; Bendtsen et al., 2004b; Armenteros et al., 

2019), respectively. Using SignalP, a secretion signal was detected in 29 

(19.46%) proteins, while SecretomeP predicted the secretion of an additional 23 

(15.44%) of the 149 salivary proteins (Table 1.1). To eliminate proteins with 

transmembrane domains, presence of transmembrane helices was evaluated 

using TMHMM (Sonnhammer et al., 1998). Six of these predicted secreted 

proteins contained transmembrane helices.  

A machine learning approach was recently used to develop novel 

prediction program for fungal effectors (Sperschneider et al., 2016; 

Sperschneider et al., 2018). We wondered whether this tool, EffectorP, could be 

used to predict aphid effectors. To test this, we first subjected known aphid 

effectors for EffectorP analysis. We tested the C002 effector, identified first in 

pea aphid (Mutti et al., 2008), and Me10, identified in potato aphid (Atamian et 

al., 2013). Both C002 and Me10 were identified as effectors by EffectorP 

indicating that EffectorP can be utilized as a tool to screen for aphid effectors. 

Using EffectorP, 20/149 (13.4%) of the cowpea aphid salivary proteins were 

identified as putative effectors (Table 1.1). Only eight of the 20 putative effectors 

were identified for secretion by SignalP or SecretomeP. Taken together 58 

proteins were predicted for secretion or for effector function encoding a wide 

range of functions with eight being unknowns (Fig 1.2; Table 1.1)  
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Selection and In Vitro Characterization of AcDCXR 

A set of criteria were applied to choose a putative effector protein identified by 

EffectorP for functional characterization. These included a previously unidentified 

effector predicted for secretion or with secretion signal peptide, a protein with 

predicted enzymatic activity, and high abundance in cowpea aphid saliva based 

on the SEQUEST score. Based on these criteria, DCXR was selected for further 

analysis.  

Sequence prediction indicated that cowpea aphid DCXR (AcDCXR; 

GAJW01000401.1) consists of at least 263 amino acids, with the first 23 amino 

acids encoding a predicted signal peptide, and a conserved enzymatic domain 

for short-chain dehydrogenases/reductases (Fig 1.3). Using AcDCXR in BLASTP 

searches identified DCXR homologs in seven aphid species. Interestingly, only 

the DCXR from cotton melon aphid (Aphis gossypii; XP_027848224.1) contains a 

secretion signal peptide (Fig 1.3). Consistent with this information, DCXR has 

been reported previously from other aphid species but has not been previously 

identified in aphid saliva (Nguyen et al., 2008; Nguyen et al., 2009; Pinheiro et 

al., 2014).  

DCXR is a multifunctional enzyme. Mammalian orthologs of DCXR have 

been shown to function in the glucuronic acid/uronate cycle, in a reversible 

reaction either oxidizing or reducing xylitol and xylulose, respectively (Sochor et 

al., 1979; Yang et al., 2017), as well as having α-β-dicarbonyl reductase activity 

to metabolize toxic carbonyls like methylglyoxal (Ebert et al., 2015). Direct 
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comparison between AcDCXR and XP_027848224.1 showed 100% identity at 

the amino acid level with perfect conservation of the enzyme active site (Fig 1.3). 

To test whether AcDCXR has similar functions as the mammalian orthologs, we 

expressed recombinant AcDCXR and performed enzymatic assays. 

AcDCXR, amplified from cDNAs developed from the whole bodies of 

mixed stages of the aphid, was cloned into the pDEST17 expression vector and 

expressed in E. coli strain ArcticExpress. Purified AcDCXR (Fig 1.4) was used in 

two distinct enzymatic assays to check its functionality. To verify whether 

AcDCXR is able to oxidize xylitol to xylulose, AcDCXR was assayed using xylitol 

as the substrate and NADP+ as co-substrate. The reduction of NADP+ to NADPH 

was spectroscopically monitored by the increase of absorbance at 340 nm. 

AcDCXR was able to oxidize xylitol to xylulose in a NADP+ concentration-

dependent manner (Fig 1.5A). Analysis of the Lineweaver-Burke plot data 

determined the enzymatic constants to be: kcat = 1.85 s-1, a Km = 0.56 mM and a 

Vmax = 79.4 μM/min (Fig 1.5B).  

To determine whether AcDCXR was able to use methylglyoxal as a 

substrate, we tested the reduction of methylglyoxal by spectroscopically 

measuring the decrease in absorption of concomitant NADPH oxidation at 340 

nm. We found that AcDCXR was able to reduce methylglyoxal in a concentration-

dependent manner (Fig 1.6A). Analysis of the Lineweaver-Burke plot data 

determined the enzymatic constants to be: kcat = 0.23 s-1, a Km = 1.3 mM and a 

Vmax = 13.8 μM/min (Fig 1.6B). The control reactions, in the presence of 
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AcDCXR and absence of a substrate, showed neither oxidation nor reduction 

(Figs 1.5A, 1.6A). Similarly, the control reactions in the absence of the enzyme 

showed neither oxidation nor reduction, indicating the AcDCXR’s presence was 

necessary to complete the reactions (Figs 1.5A, 1.6A). The kinetic constants in 

AcDCXR show that, in vitro, it was more efficient oxidizing xylitol with a kcat/Km of 

3.32 mM-1 s-1 compared to reducing methylglyoxal that had only a kcat/Km of 0.174 

mM-1 s-1, nearly a 20-fold difference in activity. 

 

Functional Analysis of AcDCXR In Planta  

To functionally evaluate the role of AcDCXR on cowpea aphid colonization, 

AcDCXR was cloned into the binary vector pEAQ-DEST1 for Agrobacterium-

mediated transient expression. Since Agrobacterium-mediated transient 

expression in cowpea has not yet been developed, pea plants were used for this 

experiment. Pea is a host for cowpea aphid and has been previously used 

successfully in transient expression experiments for evaluation of aphid effectors 

(Guy et al., 2016). Using the same cultivar of pea cv ZP1130, we first transiently 

expression GFP using A. tumefaciens strain AGL01. Monitoring GFP expression 

by western blot analysis, GFP was detected as early as 2 days after 

agroinfiltration and lasted at least for 10 days (Fig 1.7). Based on the GFP 

expression in pea, a cowpea aphid bioassay was developed. 

Aphid bioassays were performed to evaluate the effect of AcDCXR 

overexpression in pea plants on cowpea aphid. Plants were agroinfiltrated with 
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AcDCXR or GFP control constructs as described earlier for the western blot 

analysis. A day post infiltration (dpi), adult cowpea aphids, maintained on pea cv 

ZP1130, were placed on a leaf, at the site of the infiltration, in a clip cage. After 

24 hours (2 dpi), all adult aphids were removed, and six newborn nymphs were 

left at the infiltration site. At ten dpi, similar number of aphids were counted on 

GFP and AcDCXR infiltrated leaves indicating no effect on nymph survival rate 

(GLM, Chisq = 0.034, P = 0.854) (Fig 1.8A). To evaluate the fecundity of these 

aphids, one aphid per cage was transferred to a freshly agroinfiltrated (2 dpi) 

plant, with the same construct, and aphid survival and fecundity was monitored 4 

and 7 days later. Sixteen days after initiation of the aphid bioassay, no difference 

in adult survival was detected between aphids feeding on AcDCXR compared to 

those feeding on the GFP infiltrated leaves (GLM, Chisq = 0.367, P = 0.544) (Fig 

1.8B). However, a significant difference (GLM, Chisq = 16.901, P < 0.001) in 

aphid fecundity was observed between the aphids feeding on AcDCXR 

compared to those feeding on the GFP control indicating a role for AcDCXR in 

cowpea aphid colonization (Fig 1.8C).  

To determine the subcellular localization of AcDCXR in planta, AcDCXR 

was cloned into the binary vector pCAMBIA-1300-mScarlet and used in 

Agrobacterium-mediated transient expression in N. benthiamana. pCAMBIA-

1300-AcDCXR-mScarlet was co-infiltrated with a GFP construct. As expected, 

GFP was detected throughout the cell including the nucleus, while AcDCXR-

mScarlet was localized to the cytoplasm (Fig 1.9). 
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Aphid Induce Methylglyoxal Accumulation  

Methylglyoxal has been shown to accumulate in multiple plant species when 

exposed to abiotic stresses (Yadav et al., 2005a; Hossain et al., 2009; Mustafiz 

et al., 2014). Recently, it was also shown that methylglyoxal accumulates in 

plants exposed to biotic stresses (Melvin et al., 2017). To assess if methylglyoxal 

also accumulates by aphid infestation, methylglyoxal levels in cowpea and pea 

plants were monitored. A day after infestation of cowpea plants to cowpea 

aphids, a significantly higher (multiple comparisons, z = 2.812, P = 0.015) levels 

of methylglyoxal were detected in the infested leaves compared to the uninfested 

control leaves (Fig 1.10A). Methylglyoxal levels remained significantly higher 

(multiple comparisons, z = 3.832, P < 0.001) on day 2 but reduced to pre-

infective levels on day 3 (multiple comparisons, z = 1.479, P = 0.208) (Fig1.10A). 

A similar trend of methylglyoxal accumulation was detected in pea leaves 

exposed to cowpea aphids indicating that cowpea aphid feeding induces 

methylglyoxal levels irrespective of the host species (Fig 1.10B).  
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Discussion 

 

Cowpea Aphid Salivary Proteome 

We carried out proteomics analysis to identify the salivary protein composition of 

a population of cowpea aphid from California. The identified proteins had a 

diverse range of functions including some that are uncharacterized. We were 

conservative in assessing the salivary proteome and used strict cut-off measures 

to identify the proteins. Nevertheless, we identified 149 non-redundant proteins. 

Previously, the salivary proteome from an African cowpea aphid population was 

reported (Loudit et al., 2018). The majority of the proteins identified in our study 

were not reported from this African population suggesting that our approach 

allowed us to identify higher numbers of proteins. While the cowpea aphid saliva 

in this work was collected in water, the African cowpea aphid saliva was collected 

in a sucrose-based diet and required clean up steps before undergoing mass 

spectrometry and that could have contributed to the low number of proteins 

identified in the saliva. Interestingly, both studies did not identify a set of 

functionally characterized aphid effectors such as Armet, Me23, Ap25, Mp2, 

Mp55 (Atamian et al., 2013; Pitino and Hogenhout, 2013; Elzinga et al., 2014; 

Wang et al., 2015; Guy et al., 2016). While in our study we identified Me10/Mp58 

and SHP, the structural sheath protein, these two proteins were not identified in 

the African cowpea aphid saliva (Carolan et al., 2009; Chaudhary et al., 2015). 

The well characterized effector C002, was reported in the African population and 
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not in this work (Mutti et al., 2006; Mutti et al., 2008; Pitino and Hogenhout, 2013; 

Elzinga et al., 2014; Loudit et al., 2018). Although peptides for C002 and two 

additional effectors, Mp1 and MIF1, were detected in the saliva of the California 

cowpea aphids, this work, they did not fulfil the criteria used in our selection 

(Harmel et al., 2008; Naessens et al., 2015). 

Unlike the salivary proteome of the African cowpea aphid, there were no 

proteins identified from secondary symbionts in the California cowpea aphid 

saliva (Loudit et al., 2018). The only bacterial proteins identified in the California 

cowpea aphid salivary proteome were from the primary endosymbiont Buchnera 

aphidicola, the chaperonin GroEL and GroES. GroEL has been previously 

identified in the saliva of several aphid species including the cowpea aphid 

(Chaudhary et al., 2014; Vandermoten et al., 2014; Chaudhary et al., 2015; 

Loudit et al., 2018). GroEL is an aphid-associated molecular pattern triggering 

immune responses in plants (Chaudhary et al., 2014). 

Our work was limited by the absence of a cowpea aphid genome and a 

gland/head specific transcriptome that could have been used for the peptide 

searches. In addition, homologous sequences from different aphid species were 

used in the secretion prediction analyses including some originating from 

transcriptomes that could have been truncated. Therefore, the number of 

proteins predicted for secretion, 46 out of 149 (30.9%), based on the 

bioinformatic programs SignalP and SecretomeP, are likely an underestimate 

(Table 1.1). Previous work describing salivary proteome from aphids with 
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genome sequences and gland/head specific RNAseq generated sequences, also 

identified a large number of proteins from aphid saliva, collected in sugar and 

amino acid-based diets, with no prediction for secretion (Thorpe et al., 2016; 

Boulain et al., 2018). Boulain et al. (2018) reported 37/51 (72.5%) of the pea 

aphid salivary proteins with a secretion prediction. Thorpe et al. (2016), studying 

three different aphid species, green peach aphid, black cherry aphid, and bird 

cherry-oat aphid, reported only 61/204 (30%) secretion prediction of the identified 

salivary proteins. Taken together, this information indicates that the current 

bioinformatic prediction programs are likely limited in their ability to identify aphid 

secreted proteins. 

 

Effector Prediction  

Here we reported the use of a machine learning plant-pathogenic fungi effector 

prediction program, EffectorP, for prediction of aphid effectors (Sperschneider et 

al., 2016; Sperschneider et al., 2018). We confirmed the use of EffectorP as a 

possible program for identifying aphid effector proteins by successfully subjecting 

the well-characterized aphid effectors C002 and Me10 to EffectorP analysis 

(Mutti et al., 2008; Atamian et al., 2013; Pitino and Hogenhout, 2013; Chaudhary 

et al., 2019). Interestingly, EffectorP predicted 20/149 of the cowpea aphid 

proteins as effectors. Among these 20 proteins, is the functionally characterized 

Me10 effector and three proteins which have been predicted for effector function 

(Atamian et al., 2013; Elzinga et al., 2014; Thorpe et al., 2016; Chaudhary et al., 
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2019). Orthologs of Me10 have been identified in multiple aphid species. Me10 

has been detected in plant tissues fed on by aphids and expression of Me10 in 

plants has been shown to enhance the performance of potato aphid on tomato 

and green peach aphid on N. benthamiana (Atamian et al., 2013; Chaudhary et 

al., 2015; Chaudhary et al., 2019). In addition, Me10 was shown to interact with 

the tomato scaffold protein Fourteen-Three-Three isoform 7 (TFT7) and 

predicted to interfere with a mitogen-activated protein kinase defense signaling 

pathway (Chaudhary et al., 2019).  

The remaining three previously predicted putative effectors are carbonic 

anhydrase, superoxide dismutase, and peptidyl-prolyl cis-trans isomerase 

(PPIase). The latter two proteins were identified in the proteomes of the pea 

aphid salivary glands (Carolan et al., 2011). While carbonic anhydrases have 

been identified in aphid saliva, superoxide dismutase and PPIase have not been 

previously reported in aphid saliva (Rao et al., 2013; Nicholson and Puterka, 

2014; Chaudhary et al., 2015; Loudit et al., 2018). A carbonic anhydrase and a 

superoxide dismutase have been shown to be under positive selection further 

implicating these proteins as effectors (Thorpe et al., 2016). While clear roles for 

carbonic anhydrases and PPIases have not been characterized in plant immune 

responses, superoxide dismutases are attributed to detoxify reactive oxygen 

species (ROS), the well-known defense signaling molecule. 

Among the EffectorP identified putative effector proteins, that had not 

been previously identified in aphid saliva or as a putative effector, is AcDCXR 
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(Table 1.1, Supplemental Table 1). DCXR has been identified in the pea aphid 

salivary gland but has not been reported in the saliva of this aphid species 

(Carolan et al., 2011; Boulain et al., 2018). Interestingly, pea aphid homolog of 

AcDCXR as well as homologs from five additional aphid species with genome 

sequences, do not have a secretion signal peptide. The homolog from the cotton 

melon aphid does have a secretion signal suggesting that DCXR is one of the 

differential pest arsenals utilized by a subset of aphid species. An increase in 

DCXR accumulation was reported in a virulent biotype of greenbug infesting 

resistant wheat (Pinheiro et al., 2014). Additionally, enhanced accumulation of 

DCXR in response to heat/UV stress as well as predation by parasitoids in the 

potato aphid were reported from whole insects (Nguyen et al., 2008; Nguyen et 

al., 2009). Taken together, this information suggest that aphids may have 

evolved different roles for DCXR to deal with stress conditions in the plant and 

within the aphid itself. 

 

Diacetyl/L-xylulose reductases  

In mammals DCXRs are reported to be oxidoreductases for monosaccharides 

and dicarbonyls. Human DCXR was first discovered while investigating the 

disease pentosuria and found that an enzymatic defect in DCXR was the cause 

of the high excretion of L-xylulose. This lead to the conclusion that L-xylulose is a 

possible substrate of DCXR (Wang and Van Eys, 1970). DCXR has been shown 

also to catalyze reactions with other sugars. For example, xylitol is a sugar 
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alcohol that is transported through the phloem as a carbon source (Lewis and 

Smith, 1967; Lemoine et al., 2013). Xylitol can be converted to xylulose and be 

used in the pentose phosphate pathway to generate glycolytic intermediates as a 

source of energy. Since the AcDCXR catalyzes the reversible reaction between 

xylulose and xylitol, the enzyme may provide the aphid an additional mode of 

generating energy. 

DCXR also participates in the reductive metabolism of carbonyls. In this 

role, the enzyme is considered as a defense mechanism against harmful 

carbonyls (Nakagawa et al., 2002; Ebert et al., 2015; Yang et al., 2017). These 

molecules lead to formation of AGEs by reacting with lysine, cysteine and 

arginine, thus inactivating proteins (Thornalley, 2006; Ahmed and Thornalley, 

2007). One of these harmful carbonyls is methylglyoxal which is reactive α-β-

dicarbonyl ketoaldehyde. Interestingly, methylglyoxal has been shown to 

accumulate in a number of plant species under various abiotic stresses (Yadav et 

al., 2005a; Hossain et al., 2009; Mustafiz et al., 2014; Rahman et al., 2015; 

Borysiuk et al., 2018). Recently, methylglyoxal has also been implicated in biotic 

stresses. Increases in methylglyoxal levels were detected in tobacco plants 

exposed to the bacterium Pseudomonas syringae, or the Mungbean yellow 

mosaic virus, or to the fungus Alternaria alternata (Melvin et al., 2017). In 

addition, exogenous application of methylglyoxal in wheat and rice plants 

upregulated antioxidant and defense-related genes indicating a role for 

methylglyoxal in plant defense (Kaur et al., 2015; Li et al., 2017). In this work we 
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showed that aphid feeding also enhanced accumulation of methylglyoxal in 

cowpea and pea, suggesting methylglyoxal also functions in aphid defense. 

Since methylglyoxal levels in aphid infested leaves were mostly transient, this 

suggests that aphids are able to counteract methylglyoxal accumulation possibly 

through AcDCXR activity. 

 Transient expression of AcDCXR indicates that this enzyme is localized in 

the plant cell cytoplasm. Likewise, both AcDCXR substrates tested in this study, 

methylglyoxal and xylitol/xylulose, are also located in the cell cytoplasm. In 

plants, the pentose phosphate pathway where xylitol/xylulose are used, takes 

place in both the cytoplasm and plastids. Methylglyoxal is generated in multiple 

pathways in the cytoplasm and in various organelles (Phillips and Thornalley, 

1993; Dennis and Blakeley, 2000; Kruger and von Schaewen, 2003).  

The transient expression of AcDCXR increased the fecundity of the 

cowpea aphid most likely due to its effect on one or both of these two substrates; 

either by increasing the obtained nutrient content and/or through diminishing 

defense responses. This increase in fecundity was seen despite no differences in 

the survival of both adult and nymphal stages of the aphid. Transient or stable 

overexpression of a number of aphid effectors in various plant species including, 

Arabidopsis, tomato, pea and N. benthamiana also yielded increases in aphid 

fecundity but no effect on aphid survival suggesting that overexpression of 

multiple effectors may be needed to observe a pronounced change in aphid 

survival.  
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In this work, using a classical and a novel bioinformatics programs, 

SignalP and EffectorP, respectively, we identified a novel aphid effector, 

AcDCXR. The functional annotation of DCXR and in vitro biochemical analysis of 

AcDCXR lead us to identify methylglyoxal as a potential novel metabolite 

involved in aphid defense. Therefore, identification of novel effectors may lead to 

the discovery of yet unknown defense pathways that may lead to novel 

approaches to engineer pest/pathogen resistance in crops.
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Table 1.1. Cowpea aphid salivary proteins identified for secretion or effector 
function using bioinformatic programs. 
Accession ACYPI Description (BLASTP) SignalP Secret

omeP 
EffectorP 

GAJW010007
30.1_3 

009769 glyceraldehyde-3-phosphate 
dehydrogenase [Aphis gossypii] 

  
X 

AG009127-PA 088094 histone H4-like, partial [Sipha flava] 
 

X X 

NP_240299.1 085083 protein lin-28 homolog isoform X1 
[Sipha flava] 

  
X 

AG010231-PA 23752 carbonic anhydrase 2-like [Aphis 
gossypii] 

X 
 

X 

GAJW010009
39.1_3 

006727 triosephosphate isomerase [Aphis 
gossypii] 

  
X 

GAJW010004
01.1_4 

000057 putative diacetyl/L-xylulose reductase 
[Aphis citricidus] 

X 
 

X 

Rpa07060.t1-
protein 

000028 nucleoside diphosphate kinase-like 
isoform X1 [Rhopalosiphum maidis] 

  
X 

Rpa13763.t1-
protein 

004622 probable pseudouridine-5'-phosphatase 
[Rhopalosiphum maidis] 

  
X 

GAJW010003
99.1_1 

001643 ribosomal protein S19e-like 
[Acyrthosiphon pisum] 

 
X X 

NP_239859.1 000693 co-chaperonin GroES [Buchnera 
aphidicola str. APS (Acyrthosiphon 
pisum)] 

 
X X 

GAJW010026
12.1_4 

002607 ras-related protein Rab-7a-like 
[Rhopalosiphum maidis] 

  
X 

Rpa11900.t1-
protein 

003541 peptidyl-prolyl cis-trans isomerase-like 
[Aphis gossypii] 

  
X 

GAJW010015
25.1_4 

008224 Uncharacterized protein 
LOC114123729 [Aphis gossypii] 
(Me10/Mp58) 

X 
 

X 

GAJW010050
83.1_5 

006909 dihyropteridine reductase [Aphis 
gossypii] 

  
X 

GAJW010003
15.1_5 

000041 cytochrome c-like [Aphis gossypii] 
  

X 

GAJW010007
73.1_5 

000058 twinstar [Acyrthosiphon pisum] 
 

X X 

GAJW010015
73.1_3 

I007471 Superoxide dismutase [Cu-Zn] [Aphis 
gossypii] 

  
X 

AG013923-PA 006002 protein dj-1beta-like isoform X2 
[Melanaphis sacchari] 

  
X 

AG015946-PA 26018 uncharacterized protein 
LOC114132136 [Aphis gossypii] 

 
X X 

GAJW010009
73.1_1 

000031 ribosomal protein S12 [Acyrthosiphon 
pisum] 

  
X 

AG001995-PA 000422 apolipophorins-like [Aphis gossypii] X 
  

AG007466-PA 002298 soluble trehalase [Aphis glycines] X 
  

AG008787-PA 000288 glucose dehydrogenase [FAD, 
quinone]-like [Aphis gossypii] 

X 
  

AG009504-PA 005582 glucose dehydrogenase [FAD, 
quinone]-like [Melanaphis sacchari] 

X 
  

Rpa18947.t1- 009964 endochitinase [Rhopalosiphum maidis] X 
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protein 

AG005369-PA 000986 uncharacterized protein 
LOC114133079 [Aphis gossypii] 

X 
  

AG011655-PA 009915 endoplasmin homolog [Aphis gossypii] X 
  

AG005025-PA 002622 calreticulin [Aphis gossypii] X 
  

GAJW010019
96.1_3 

009755  protein disulfide-isomerase 
[Melanaphis sacchari] 

X 
  

Rpa07735.t1-
protein 

37407 uncharacterized protein 
LOC113549759 [Rhopalosiphum 
maidis] 

X 
  

Rpa04366.t1-
protein 

005594 protein disulfide-isomerase A3-like 
[Rhopalosiphum maidis] 

X 
  

AG011982-PA 004904 uncharacterized protein 
LOC114121223 [Aphis gossypii] 

X 
  

AG008256-PA 004432 uncharacterized protein 
LOC114132390 [Aphis gossypii] 

X 
  

Rpa01411.t1-
protein 

008926 protein disulfide-isomerase A6 
homolog [Rhopalosiphum maidis] 

X 
  

AG011980-PA 25151 uncharacterized protein 
LOC107882155 [Acyrthosiphon pisum] 

X 
  

AG001228-PA 001479 phospholipase A1-like [Aphis gossypii] X 
  

AG014046-PA 000975 calumenin-A-like [Aphis gossypii] X 
  

AG001716-PA 007690 uncharacterized protein 
LOC100166851 precursor 
[Acyrthosiphon pisum] 

X 
  

AG000496-PA 50398 RCC1 domain-containing protein 1 
[Aphis gossypii] 

X 
  

AG002007-PA 003669 puromycin-sensitive aminopeptidase 
isoform X2 [Aphis gossypii] 

X   

AG012271-PA 000817 peroxidase-like [Aphis gossypii] X   

GAJW010005
21.1_1 

008165 60S ribosomal protein L4 
[Rhopalosiphum maidis] 

X   

GAJW010028
04.1_6 

000056 calmodulin [Bombyx mori] 
 

X 
 

MYZPE13164
_0_v1.0_0000
72220.1 

086010 histone H2B [Myzus persicae] 
 

X 
 

AG009875-PA 007671 histone H3-like [Diuraphis noxia] 
 

X 
 

AG015809-PA 003625 citrate synthase 1 [Aphis gossypii] 
 

X 
 

Rpa01379.t1-
protein 

007342 annexin B9-like isoform X2 
[Rhopalosiphum maidis] 

 
X 

 

GAJW010002
99.1_6 

002483 eukaryotic initiation factor 4A 
[Acyrthosiphon pisum] 

 
X 

 

GAOM010009
16.1_4 

000087 bicaudal [Acyrthosiphon pisum] 
 

X 
 

BAH71147.1 010042 40S ribosomal protein S7-like 
[Acyrthosiphon pisum] 

 
X 

 

AG001482-PA 002577 adenylate kinase isoenzyme 1 [Aphis 
gossypii] 

 
X 

 

Mca25739.t1-
protein 

006705 ump-cmp kinase isoform X2 [Myzus 
persicae] 

 
X 

 

AG001456-PA 009018 inositol monophosphatase 1-like 
 

X 
 



 140 

[Aphis gossypii] 

AG004283-PA 21663 lipase member H-B-like isoform X1 
[Aphis gossypii] 

 
X 

 

GAJW010010
81.1_4 

004620 complement component 1 Q 
subcomponent-binding protein, 
mitochondrial [Aphis gossypii] 

 
X 

 

AG012940-PA 006879 importin-5 [Aphis gossypii] 
 

X 
 

GAJW010018
54.1_3 

009959 protein lethal(2)essential for life [Aphis 
gossypii] 

 
X 

 

Mca14412.t1-
protein 

000100 40s ribosomal protein s4 [Diuraphis 
noxia] 

 
X 
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Fig 1.1. Gene ontology (GO) of the Cowpea aphid salivary proteins. Cowpea 
aphid salivary proteins were identified by LC-MS/MS and protein content were 
determined using a number of aphid genomes and the transcriptomes of cowpea 
aphid and potato aphid. 
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Fig 1.2. Gene ontology (GO) of putative Cowpea aphid effectors. Cowpea aphid 
putative effectors were identified by analyzing the salivary proteins with SignalP, 
SecretomeP and EffectorP. 
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Fig 1.3. DCXR amino acid sequence alignment. Alignment of AcDCXR from 
cowpea aphid (Aphis craccivora), and orthologs from the cotton melon aphid 
(Aphis gossypii; XP_027848224.1) and the pea aphid (Acyrthosiphon pisum; 
NP_001119641.1) using Clustal Omega (Sievers et al., 2011). The secretion 
signal found in the cowpea aphid and cotton melon aphid using SignalP is 
underlined (Bendsten et al., 2004b; Armenteros et al., 2019). The active site for 
short-chain dehydrogenases/reductases is made up of a YXXXK motif with an 
upstream N and S (Marchler-Bauer et al., 2017). The residues forming the active 
site are indicated with the asterisks.  
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Fig 1.4. Recombinant AcDCXR purified from E. coli. pDEST17-AcDCXR was 
expressed in E. coli and induced with 0.5 mM IPTG. Aliquots of the purification 
products were run on 12% SDS−PAGE. M is the protein standard, E1 and E2 are 
the first (150 mM imidazole) and second (200 mM imidazole) elutions from the 
Ni-NTA column. The expected 6xHis tagged AcDCXR size is 28.3 kDa. 
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Fig 1.5. Recombinant AcDCXR oxidation activity. Xylitol oxidation by cowpea 
aphid recombinant AcDCXR. A) Various concentrations of NADP+ were used to 
oxidize 200 mM xylitol in the presence of 10 μg of AcDCXR. Reactions 
containing no AcDCXR (Blank) or no xylitol (Xyl) were used as controls. B) 
Lineweaver-Burk plot of xylitol oxidation. Data represent average of two technical 
replicates from a single experiment. The experiment was repeated once with 
similar results. 
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Fig 1.6. Recombinant AcDCXR reduction activity. Methylglyoxal reduction by 
cowpea aphid recombinant AcDCXR. A) Various concentrations of methylglyoxal 
were reduced with 200 mM NADPH in the presence of 10 μg of AcDCXR. 
Reactions containing no AcDCXR (Blank) or no methylglyoxal (MG) were used 
as controls. B) Lineweaver-Burk plot of methylglyoxal reduction. Data represent 
average of two technical replicates from a single experiment. The experiment 
was repeated once with similar results. 
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Fig 1.7. Western blot analysis of GFP expression in Pisum sativum cv ZP1130. 
Leaves were infiltrated with Agrobacterium tumefaciens containing pEAQ-
DEST1-GFP and samples were collected at 2, 3, 5,7, 8, 9, 10 days post 
infiltration (dpi). Samples were extracted with urea-thiourea lysis buffer and 25 ug 
of protein was loaded onto 12% SDS-PAGE. GFP was detected with anti-GFP at 
1:2000 dilution. Lower panel is Ponceau S Red staining of Rubisco to show 
protein loading. 
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Fig 1.8. AcDCXR effect on aphid performance. Agrobacterium tumefaciens strain 
AGL01 was used to transiently express pEAQ-HT-DEST1-GFP and pEAQ-HT-
DEST1-AcDCXR in Pisum sativum cv. ZP1130. Adult cowpea aphid adults were 
placed the infiltration site to lay nymphs and removed 24 hours later. A) The 
survival rate of the nymphs after 8 days on the site of infiltration. B, C) A single 
adult was transferred to a new infiltration site of the same construct and the B) 
survival of the adult and C) fecundity were monitored. Graphs show the mean 
with error bars representing ±SE of the mean for n = 43 for GFP and n = 45 for 
AcDCXR from three independent experiments. *** P < 0.001 as determined by 
generalized linear models (GLM). 
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Fig 1.9. In planta subcellular localization of the recombinant AcDCXR. A. 
tumefaciens strain GV3101 containing pCAMBIA-1300-GFP or pCAMBIA-1300-
AcDCXR-mScarlet were co-infiltrated into N. benthamiana leaves. Three days 
after agroinfiltration, leaf epidermal cells were used in confocal microscopy.  
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Fig 1.10. Methylglyoxal levels induced by aphid infestation. A) Cowpea and B) 
pea plants were exposed to a heavy infestation of cowpea aphids. Leaves were 
harvested at 1, 2, and 3 days post infestation. Uninfested plants of the same age 
were used as controls. Graphs show the mean with error bars representing ±SE 
of the mean of n = 6 for cowpea, from two independent experiments, and n = 3 
for pea, from a single experiment, with two technical replicates each. *P < 0.05, 
**P < 0.01, and ***P < 0.001 as determined by nested ANOVA followed by 
multiple comparisons of means. 
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Chapter Two 

Characterization of Cowpea Aphid Infestation on Susceptible and Resistant 

Cowpea 
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Abstract 

One of the most important crops for semiarid areas of world is cowpea (Vigna 

unguiculata). Cowpea is able to thrive in the hot and dry growing conditions in 

these parts of the world. While cowpea is able to withstand these abiotic 

stresses, it faces a number of biotic stresses, among which is the cowpea aphid 

(Aphis craccivora). Cowpea aphid is a major pest of cowpea and infestations are 

highly destructive especially on young plants. Aphids can be classified based on 

their ability to generate damage on their host plant at low population levels 

(phytotoxic) or not (nonphytotoxic). To better understand cowpea aphid induced 

damage on susceptible cowpea, variable aphid densities and systemic versus 

local infestation assays were employed to compare plant damage caused by 

both high and low cowpea aphid densities. Results from these assays revealed 

presence of cowpea aphid damage at low aphid density infestations, indicating 

cowpea aphids are phytotoxic to cowpea. In cowpea, resistance to the cowpea 

aphid has been previously identified in an African cowpea germplasm and near 

isogenic lines (NILs) were generated in the California blackeye cultivar 

background. To better characterize this resistance, aphid performance was 

compared between the two NILs. Using no choice assays, the resistance was 

found to affect aphid survival, fecundity and growth. Using choice assays, a 

preference by cowpea aphids for the susceptible NIL was observed. Electrical 

penetration graph (EPG) analysis revealed that the resistance is partially phloem 

based, with aphids feeding on the resistant plants struggling to ingest phloem 
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sap. Taken together, these results indicate that cowpea aphids are phytotoxic 

and the resistance originating from an African breeding line can be described as 

having both antibiosis and antixenosis components. 
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Introduction 

Cowpea (Vigna unguiculata) is one of the most important sources of food in 

semi-arid regions of the world (Singh et al., 2002). Not only is cowpea an 

important source of food in these areas of the world, it also contributes as an 

important cover crop and as fodder (Langyintuo et al., 2003; Timko and Singh, 

2008). Cowpea is vital to this region because it is able to withstand the harsh 

growing conditions such as heat and drought stress (Hall et al., 2002; Hall, 

2004). Cowpea can also withstand other negative growth conditions such as low 

soil fertility and has a better tolerance to soil pH ranges compared to other 

legumes (Elawad and Hall, 1987; Fery, 1990).  

While cowpea has a robust ability to withstand abiotic stressors, it faces 

numerous biotic stresses. The cowpea aphid (Aphis craccivora) is one of the 

most important of these biotic stresses. Aphids feed by navigating their flexible 

hypodermic needlelike stylets through plant tissues to reach the phloem sap, with 

minimal mechanical damage to the plant (Tjallingii and Esch, 1993; Tjallingii, 

2006). Though it afflicts minimal mechanical damage, cowpea aphid infestation 

can lead to both direct and indirect damage. Direct plant damage caused by 

cowpea aphids is manifested as chlorosis, stunted growth and pseudogalling of 

the leaves (Jackai and Daoust, 1986; Goggin et al., 2017; Omoigui et al., 2017). 

The indirect damage occurs in two major ways. The first is by excreting 

honeydew, or insect waste product, onto above ground plant parts leading to the 

growth of sooty molds which block photosynthesis and reduce marketable 
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product value (Reynolds, 1999). The second indirect damage is by acting as viral 

vectors and transmitting plant viruses. Cowpea aphids act as viral vectors for 

over 50 plant viruses including the notorious cowpea-aphid-borne mosaic virus 

(Chan et al., 1991; Singh, 2014). 

Aphids can be classified based on the amount of damage they generate in 

their host plants. Aphids that cause little or no observable damage to plant under 

low population can be classified as nonphytotoxic. Nonphytotoxic aphids include 

the pea aphid (Acyrthosiphon pisum) and the green peach aphid (Myzus 

persicae). Alternatively, phytotoxic aphids are able to generate damage in their 

host plants at low population. Two of the most economically important phytotoxic 

aphids are the Russian wheat aphid (Diuraphis noxia) and greenbug (Schizaphis 

graminum) (Miles, 1999; Nicholson et al., 2012; Nicholson and Puterka, 2014). 

Both phytotoxic aphid species are able to generate damage like chlorosis and 

pseudogalling at low densities eventually leading to reduced grain yield (Burd 

and Burton, 1992; Burd et al., 1993). 

To control aphid populations, experts recommend the use of chemical 

insecticides; however, in the areas of the world where cowpea is grown 

insecticide use is not always an option (Singh and Allen, 1980; Obopile, 2006; 

Souleymane et al., 2013). The limiting factors for pesticide use include cost, loss 

of beneficial insects, and adverse effects on the environment (Souleymane et al., 

2013). Without the use of pesticides, prolonged cowpea aphid infestations can 

cause over 50% losses in crop yield (Obopile, 2006). This highlights the need for 
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identifying endogenous cowpea resistance to cowpea aphids to better protect 

cowpea from aphid infestations. An endogenous source of cowpea aphid 

resistance was previously identified in an African breeding line (IT97K-556-6) 

(Souleymane et al., 2013). Using recombinant inbred lines (RILs), derived from a 

susceptible California blackeye cultivar (CB27) and the resistant African breeding 

line (IT97K-556-6), the sources of the resistance were mapped to two 

quantitative trait loci (QTLs). The resistance QTLs were found to be a major QTL, 

QAC-vu7.1, and a minor QTL, QAC-vu1.1 (Huynh et al., 2015). The mechanism 

of the resistance mediated by these two QTLs remains unknown.  

Plant resistance to insects has been classified into three different 

subcategories: antibiosis, antixenosis, and tolerance (Smith, 1989). Resistance 

with antibiosis effects the insect biology and growth, while antixenosis type 

resistance effects the insect behavior. Tolerance on the other hand is the ability 

of the plant to withstand insect damage.  

Taking advantage of aphids being phloem feeders, an electrical 

penetration graph (EPG) could be employed to measure aphid feeding behavior 

within the plant tissues through electrical waveforms (Tjallingii, 1988). An EPG is 

performed by securing one electrode to an aphid and placing the other electrode 

in the soil next to plant roots. When the aphid feeds on the plant, the electrical 

circuit is complete, generating different waveforms for each step in the feeding 

activity of the aphid as its stylets migrate through plant tissues delivering saliva 

and acquiring plant sap (Tjallingii, 1988; Tjallingii et al., 2010). EPGs have been 
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used to characterize plant resistance to aphids by comparing aphid feeding 

behavior on resistant and susceptible plants. It can also be used to identify where 

in the leaf tissues the aphid encounters the resistance (Tjallingii, 2006; Sun et al., 

2018).  

In the present study, direct damage caused by cowpea aphid to 

susceptible cowpea and the mechanism of cowpea resistance to cowpea aphids 

was characterized. Susceptible cowpea responses to cowpea aphids were 

evaluated by using controlled and uncontrolled aphid densities and monitoring 

the aphid induced damage. To elucidate the mechanism of resistance to cowpea 

aphids conferred by the two QTLs, a pair of cowpea near-isogenic lines (NILs) 

2014-008-51-82 and California blackeye 46 (CB46) were used. CB46 is a 

susceptible California blackeye cultivar. The NIL 2014-008-51-82 has the CB46 

background plus two resistance QTLs from the resistant African breeding line 

(IT97K-556-6) (Huynh et al., 2015); it was developed by marker-assisted 

backcrossing as part of the Blackeye varietal improvement program at UC 

Riverside (Huynh and Roberts, pers. comm.). Therefore, these two NILs were 

used in aphid reproduction, behavioral and feeding assays. 
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Materials and Methods 

 

Plant and aphid growth conditions 

Two lines of cowpea (Vigna unguiculata), CB46 and its NIL 2014-008-51-82, 

were grown in UC Mix 3 soil (agops.ucr.edu/soil/) in 24 oz plastifoam cups and 

fertilized weekly with MiracleGro (18−18−21; Stern’s MiracleGro Products). 

Plants were grown in a pesticide free plant growth room at 26-30°C and 16:8 

light:dark photoperiod.  

The cowpea aphids (Aphis craccivora) were collected from a field in 

Riverside, California, in the summer of 2016. Since then, the aphids were reared 

on cowpea line CB46 in a pesticide free greenhouse or a plant growth chamber 

and maintained at 26−30°C with a 16:8 light:dark photoperiod. 

 

Aphid population damage assay 

One-week old susceptible cowpea plants were infested with 15 mixed stages of 

3rd instar, 4th instar, and adults of cowpea aphids or cotton melon aphids (Aphis 

gossypii) for 15 days. Plants were encased in plastic pollination bags with minute 

holes (Seedburo, SKU: S27) to restrict aphids to the plant and were maintained 

at 22–28°C with a 16:8 light:dark photoperiod for 15 days.  

The cowpea aphid infestation levels were at two different aphid densities, 

with one density of aphids maintained at a constant 15 aphids on the entire plant 

(constant cowpea aphid density), and a second density where aphids were 



 159 

allowed to grow and reproduce without any numeric restriction (variable cowpea 

aphid density). To keep the cowpea aphids at a constant density, newborn 

nymphs were removed daily, and the population was maintained at 15 aphids. 

Newborn nymphs were kept when the number of the original aphids dropped 

below 15. The cotton melon aphids were allowed to grow without any numeric 

restriction like the variable cowpea aphid density (variable cotton melon aphid 

density). The damage symptoms induced by the aphids were monitored 

periodically throughout the experiment. The damage symptoms monitored were 

the presence of chlorosis, pseudogalling, and/or stunted growth. For each aphid 

density or species, 8-10 plants were used. The experiment was performed three 

times. 

 

Local vs systemic damage assay 

A single unifoliate leaf of one-week old susceptible cowpea plants was infested 

with 15 mixed stages of 3rd instar, 4th instar, and adults of cowpea aphids using a 

mesh sleeve bag, at 22–28°C with a 16:8 light:dark photoperiod for 15 days. 

Damage symptoms including presence of chlorosis, pseudogalling, and/or 

stunted growth were monitored periodically throughout the 15 days on the 

uninfested areas of the plant. After 15 days, the mesh sleeves were removed and 

the symptoms on the infested leaves as well as on the entire plants were 

documented. Three plants were infested per experiment and the experiment was 

performed three times.  
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Electrical penetration graph  

A DC-EPG system was used for the electrical penetration graph (EPG) analysis 

(Tjallingii, 1988). Aphids were tethered to a 12.5 μm gold wire on their dorsal 

abdomen using a water-based silver glue (Cervantes and Backus, 2018). After 

an hour-long starvation period, aphids were placed on the abaxial side of a two-

week old unifoliate leaf and a second electrode was placed in the soil of the 

potted plant. Simultaneous recordings for eight aphids were performed on a 

Giga-8 DC-EPG amplifier for 8 hours. The aphid-plant systems were housed in a 

Faraday cage in a climate-controlled room at 24 ± 1°C. Each recording session 

had half of the aphids on susceptible plants and half on resistant plants. At the 

end, a total of 25 susceptible and 30 resistant EPGs were obtained and 

analyzed. The analysis of the EPG variables and waveforms were performed 

with PROBE 3.5 software (EPG systems, www.epgsystems.eu) naming 

convention based (Ebert et al., 2015). The calculations were performed with 

EPG-Calc 6.1 software (Giordanengo, 2014).  

 

Aphid choice assay  

A large modified petri dish arena was placed above two 2-week-old cowpea 

plants, one of each resistant and susceptible lines. The arena had two 2 cm 

holes in the bottom of the plate cut-out on either end, directly across from each 

other, each exposing a leaf surface from either the resistant or the susceptible 

lines. A third 2 cm hole was directly in the center and was where the aphids were 

about:blank
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introduced. Twenty adult apterous cowpea aphids were collected in a modified 

50 mL conical tube and starved for an hour. The modified conical tube was then 

inserted into the hole and fastened in the center of the arena and aphids were 

allowed to choose between the exposed leaves. The number of aphids feeding 

on each leaf was recorded at 2, 3, 6, and 24 hours after exposure to the aphids. 

The experiment was performed four times with 4 – 5 plant pairs used per 

experiment.  

 

Aphid growth rate assay 

Ten cowpea aphid adults were clip caged onto the adaxial side of a CB46 or 

2014-008-51-82 leaf. After 24 hours, the adult aphids were removed, and ten 

newborn nymphs were left on the leaf in the clip cage. After six days, the 

surviving aphids were counted and weighed with a microbalance (CN HG 01.121, 

Sartorius).  

The mean relative growth rate (MRGR) was calculated as the difference of 

logarithms of the mean weight of day-old aphid nymphs and the mean weight of 

the surviving aphid nymphs divided by the number of days (MRGR = (logWsurviving 

– logWday-old) / Number of days). Twelve biological replicates were used per each 

cowpea genotype. 

 

 

 



 162 

Aphid fecundity assay 

Age synchronized one-day old adult aphids were developed by clip-caging adult 

apterous aphids to the adaxial side of a susceptible cowpea plant to lay progeny. 

After 24 hours, the adult aphids were removed with a fine tip paint brush and the 

first instars were allowed to develop to maturity. A single, age synchronized, one-

day-old adult cowpea aphid was transferred to a new a two-week-old unifoliate 

leaf of cowpea lines CB46 and 2014-008-51-82 and clip-caged on the adaxial 

side. The cages were monitored daily, for one week, and the survival of the adult 

aphid and the number of nymphs laid were recorded. After counting, the newly 

laid nymphs were removed. For each cowpea line, a total of 16 plants were used 

and each plant was infested with a single adult aphid.  
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Results 

 

Damage caused by cowpea aphids  

Cowpea aphids generate an inordinate amount of damage to cowpea in the field. 

This damage caused by cowpea aphids includes chlorosis, pseudogalling, and 

stunted growth. As cowpea aphid population level can reach high levels on 

cowpea crop, the high aphid numbers could be the reason for the damage seen 

rather than the phytotoxicity of the aphid. To check if cowpea aphid population 

density affects the damage generated in cowpea, susceptible cowpea plants 

underwent a population damage evaluation with cowpea aphids. Three different 

aphid population densities were screened to observe the effect of the damage: 

constant cowpea aphid density, a variable cowpea aphid density, and a variable 

cotton melon aphid density. The cotton melon aphid was chosen because it is 

phylogenetically closely related to the cowpea aphid but is not adapted to 

cowpea and causes no damage to the plant (Song et al., 2016).  

 The constant cowpea aphid density was maintained at 15 aphids 

(constant cowpea aphid density) on the entire plant for the duration of the 

infestation. The variable cowpea aphid density started at 15 aphids and was left 

alone to grow without any intervention to the aphid density. The cotton melon 

aphid was treated like the cowpea aphid variable population density. 

In the variable cowpea aphid density, all three measured symptoms, 

chlorosis, pseudogalling, and stunted growth, were observed (Figs 2.1, 2.2). 
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These damage symptoms first became apparent at the end of week one and 

increased in severity by the end of week 2. Damage symptoms were also seen in 

the constant cowpea aphid density, with the majority of the damage symptoms 

observed as pseudogalling (Fig 2.1B). Unlike the variable cowpea aphid density, 

where every plant exhibited at least one of the expected symptoms, only half of 

the constant cowpea aphid density plants exhibited a symptom(s) (Fig 2.1D). 

Damage symptoms on the constant cowpea aphid density plants were localized 

to areas where aphids clustered (Fig 2.3). 

As expected, no damage was observed on plants with the variable cotton 

melon aphid density (Fig 2.1). After the 15-day infestation period, the total 

number of aphids was calculated for the variable aphid densities. The cotton 

melon aphid density was found to be on average less than 15 aphids, equivalent 

to the number of aphids used for the constant cowpea aphid density (Fig 2.4), 

while the variable cowpea aphid density had more than 15-fold higher aphids 

than either of the other two aphid populations.  

 

Local vs systemic damage  

It is unclear whether damage symptoms, such as chlorosis, is limited to 

infestation sites or can be manifested systemically in uninfested tissues. To 

determine if the damage generated by cowpea aphid is localized to the 

infestation site, 15 cowpea aphids were caged to a single unifoliate leaf for 15 

days. Periodically the uninfested areas of the plants were examined for damage 
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symptoms. No damage was observed in uninfested tissues of the plant. After the 

infestation period, the mesh sleeve bag was removed from the infested leaf and 

the entirety of the plants were examined thoroughly for damage symptoms. The 

only damage observed was on the infested unifoliate leaf (Fig 2.5). 

 

Life performance 

Initial no choice assays indicated a stark difference in the number of aphid 

population growth on resistant and susceptible cowpea lines (Fig 2.6). The 

cowpea aphids feeding on susceptible plants had about 5-fold higher numbers 

than those on the resistant plants. This difference in number could be due to 

changes in the aphid reproduction rate, survival, or aphid growth indicating 

antibiosis. To evaluate whether the cowpea resistance mediated by the two QTLs 

involves antibiosis, the life performance of cowpea aphids was monitored on the 

resistant and susceptible lines.  

To explore if the antibiosis affected the adult aphids, single age-

synchronized one-day-old adult aphids were clipped caged onto leaves. The 

aphid’s fecundity and survival were monitored for a week (Fig 2.7). Adults 

feeding on the resistant cowpea had significantly lower fecundity than aphids 

feeding on the susceptible line (Fig 2.7A, GLM, Chisq = 41.704, P < 0.001). Adult 

aphid survival was also significantly lower on the resistant line compared to the 

susceptible (Fig 2.7B, GLM, Chisq = 8.049, P = 0.005).  



 166 

To investigate whether cowpea resistance affected the growth rate of the 

aphid, ten newborn aphid nymphs were caged onto either susceptible or resistant 

plants. The weight of another cohort of newborn nymphs were measured and 

used as the baseline weight. After six days, significantly more nymphs survived 

on the susceptible plants compared to the resistant plants (Fig 2.8A). This is 

consistent with what was observed with the adult cowpea aphid survival. The 

growth rate of the nymphs was evaluated by calculating the mean relative growth 

rate (MRGR) of now six-day old nymphs. The nymphs feeding on the susceptible 

plants had significantly higher MRGR than the nymphs feeding on the resistant 

plants (Fig 2.8B). Combined these no choice life performance results showed 

that the resistance in cowpea line 2014-008-51-82 involves antibiosis and has 

negative effects on the aphid’s ability to reproduce, survive, and grow. 

 

Electrical penetration graph  

An in-depth look at the cowpea aphid feeding on resistant and susceptible 

cowpea lines through EPG analysis identified multiple significant differences 

between them. Overall, the aphids feeding on the susceptible cowpea line had a 

significantly longer probing time than the aphids feeding on the resistant cowpea 

line; 30 more minutes of stylets inserted in plant tissues out of 8 hours of 

recordings (Figs 2.9, 2.10, Table 2.1). One of the notable differences observed 

between the two plant lines was the inability of over half the aphids, feeding on 

the resistant cowpea line, to ingest phloem sap while 96% of aphids feeding on 
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the susceptible cowpea line were able to do so (Fig 2.9, Table 2.1). Besides sap 

ingestion, additional differences were observed in the behavior of cowpea aphids 

feeding on the two cowpea lines. The aphids feeding on the susceptible cowpea 

line spent one hour less in the pathway phase than aphids feeding on the 

resistant cowpea line. This difference indicates that aphids on the resistant 

cowpea are spending more time trying to reach the phloem than those on the 

susceptible cowpea line.  

For the cowpea aphids that were able to reach the phloem sieve element, 

differences were observed in both salivation and ingestion phases on the 

different lines. Aphids feeding on the susceptible cowpea salivated significantly 

more frequently than on the resistant line but not for longer periods of time (Fig 

2.9, Table 2.1). Aphids feeding on the susceptible cowpea reached the phloem 

tissues almost 2 hours faster, ingested more frequently and fed twice longer than 

on resistant cowpea.  

 

Host selection behavior 

Host selection can reveal clues on the mechanism of resistance employed by the 

resistant plant and determine whether deterrence occurs and hence the 

involvement of antixenosis. To explore this, adult apterous cowpea aphids were 

placed in a petri dish arena and allowed to settle on either the susceptible or 

resistant cowpea plants (Fig 2.11). Plants were monitored at 2, 3, 6 and 24 

hours. Participation to choose a plant by aphids at 2, 3 and 6 hours was low, and 
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aphids were equally present on resistant and susceptible leaves. However, at 24 

hours, aphid participation was high, and aphids had a significant preference for 

the susceptible cowpea over the resistant (Fig 2.12). This indicates that aphids 

are either attracted to the susceptible cowpea or are deterred from the resistant. 

This attraction or deterrence indicates that cowpea resistance has also an 

antixenosis component.  
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Discussion 

Cowpea aphid infestation leads to significant damage on susceptible cowpea 

plants. In the current work, all plants without aphid population control, manifested 

at least one of the damage symptoms (chlorosis, pseudogalling, and stunted 

growth) under investigation. These results are consistent with previous work with 

susceptible cowpea and cowpea aphids that found severe damage could be 

seen from infestations initiated from only 10 aphids (Ofuya, 1995). Interestingly, 

when the cowpea aphid population was kept at constant levels on susceptible 

cowpea, plants displayed at least one of the anticipated damage symptoms. 

Being able to generate damage at a low constant density levels, cowpea aphids 

should be considered as phytotoxic aphids like the Russian wheat aphid and 

greenbug (Miles, 1999; Nicholson et al., 2012; Nicholson and Puterka, 2014). 

While damage was observed on plants with constant aphid density, the damage 

level did not match the variable cowpea aphid density indicating the damage 

done does have some density dependence. Regardless on the infestation 

density, the damage was observed only on the infested leaves and not 

systemically. Taken together, the cowpea aphid is a phytotoxic aphid that 

becomes more phytotoxic as its population rises. However, unlike the Russian 

wheat aphid and greenbug, the cowpea aphid’s induced symptoms are localized 

to the infestation sites and are not systemic (Deol et al., 2001).  

 Cowpea aphids did not produce damage symptoms on the resistant 

cowpea NIL. The resistance was originally identified in an African breeding line 
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through lack of damage symptoms (Souleymane et al., 2013). The QTLs that 

were mapped to confer this resistance were crossed and backcrossed into a 

known susceptible cowpea generating NILs that were used in this study (Huynh 

et al., 2015; Huynh and Roberts, pers. comm.). Therefore, the NILs exhibited the 

characteristic lack of symptoms associated with the original African breeding line 

further demonstrating that the two QTLs are responsible for the resistance.  

Besides the phenotypic differences seen between the two cowpea NILs, 

major differences were observed in the cowpea aphids’ behavior on these plants. 

One of these was the difference in the buildup of aphid population levels. After 6 

days, the aphid population on the susceptible cowpea was 5-fold higher than the 

population on the resistant cowpea (Fig 2.6). This difference in population growth 

between the two cowpea lines is similar to what is reported for the soybean aphid 

(Aphis glycines) growth on susceptible and resistant soybean (Glycine max) over 

a similar time period (Studham and MacIntosh, 2013). The population difference 

indicates that the conferred resistance has an antibiosis component. The 

reduced fecundity of adult aphids and the low MRGR on resistant plants 

compared to susceptible (Figs 2.7, 2.8) further demonstrated a role for antibiosis. 

The decreased aphid growth rate observed on resistant cowpea is similar to 

cowpea aphid resistance identified in Medicago truncatula (Kamphuis et al., 

2012). Taken together, the cowpea resistance has an antibiosis component and 

it affects the ability of the aphid to survive, reproduce and grow. The resistance 

was not limited to antibiosis as cowpea aphid behavior was also affected by the 
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resistance. Considering that aphids had significant higher preference for 

susceptible cowpea compared to resistant, this resistance mediated by the two 

QTLs also has an antixenosis component. Therefore, the mechanism of the 

resistance from the African breeding line conferred by the two QTLs includes 

both antibiosis and antixenosis. 

Using EPG, significant differences were observed in a number of 

parameters between the aphids feeding on susceptible cowpea and those 

feeding on resistant cowpea. Considering the effect of the resistance on aphid 

development and fecundity, it is not surprising that the biggest difference in aphid 

feeding behavior between the two lines of cowpea was the phloem sap ingestion. 

Cowpea aphids feeding on susceptible cowpea were able to reach the phloem 

sieve element and have their first sap ingestion significantly faster than aphids 

feeding on the resistant cowpea. They also spent a significantly longer time 

ingesting sap than the aphids feeding on the resistant cowpea. This indicates 

that resistance conferred by these QTLs appears to be partially phloem based. 

The difference in phloem sap ingestion time indicates the aphids feeding on the 

resistant line had trouble ingesting sap. Interestingly, while there was a difference 

in the phloem ingestion, there was no significant difference in the salivation time. 

Typically, phloem-based resistances are associated with differences in salivation 

time (Kamphuis et al., 2012; Sun et al., 2018). However, significant differences in 

ingestion time, in the absence of a difference in salivation time, have been 

reported for the phloem-based resistance in Medicago truncatula to the 
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bluegreen aphid (Acyrthosiphon kondoi) (Klinger et al., 2005). Aphids feeding on 

susceptible cowpea also spent longer time in the plant with a shorter time in the 

pathway phase, indicating that some aspect of the resistance is encountered 

before the aphid reaches the phloem sieve element. 

 EPG analyses also indicated a difference in the amount of time aphids 

spent feeding in the plant (Fig 2.9, Table 2.1). Aphids feeding on the susceptible 

cowpea had a longer probing time than the aphids feeding on the resistant 

cowpea. Taken together, the cowpea aphids had a more significant preference 

for the susceptible than resistant cowpea and fed longer on susceptible plants. 

Further investigations of the cowpea NILs, using global gene expression analysis 

and defense hormone profiles, may shed light on the defense signaling pathways 

and molecular mechanisms of the antibiosis and antixenosis. 
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Table 2.1. Cowpea aphid feeding and probing parameters on susceptible and 
resistant cowpea. 
 

Feeding and probing parameters measured from the aphids feeding on the 
different cowpea varieties, n = number of individual aphids, and # = number 
of phases measured. The statistics used are the following: 1 GLM 
(family=poisson), 2 GLM (family=Gamma), 3 Fisher’s exact test, and 4 Cox model. 
 

    
Susceptible 

(n=25)   
Resistant  

(n=30) 
Statistical 

Results 

Probing 
time 

# 1 22.04 ± 3.418  27.733 ± 2.240 

Chi-sq = 
17.738 ; P < 
0.001 *** 

Duration² 7.068 ± 0.191   6.477 ± 0.190 
Chi-sq = 4.649 ; 
P = 0.031 * 

Pathway 
phase  

# 25.04 ± 3.463  30.633 ± 2.210 

Chi-sq = 
15.305 ; P < 
0.001 *** 

duration 3.315 ± 0.314   4.544 ± 0.250 
Chi-sq = 8.853 ; 
P = 0.003 ** 

Xylem 

# 1 ± 0  1 ± 0 
Not enough 
repetition 

duration 0.923 ± 0.197  0.962 ± 0.215 

N3 12% (3/25)   10% (3/30) 

Sieve 
element 
salivation 

# 5.64 ± 0.789  3.852 ± 0.416 

Chi-sq = 
14.388 ; P < 
0.001 *** 

duration 0.615 ± 0.121  0.917 ± 0.166 
Chi-sq = 2.226; 
P = 0.136 NS 

n 100% (25/25)   90% (27/30) P = 0.242 NS 

Phloem 
sap 
ingestion 

# 3.667 ± 0.560  2.5 ± 0.442 

Chi-sq = 
34.286; P < 
0.001 *** 

duration 2.899 ± 0.446  1.429 ± 0.394 
Chi-sq = 4.089; 
P = 0.043 * 

n 96% (24/25)   46,7% (14/30) P < 0.001 *** 

Time to 
first4 

2.306 ± 0.383  3.942 ± 0.672 

Chi-sq = 
22.619; P < 
0.001 *** 
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Fig 2.1. The number of cowpea plants showing damage symptoms after 
infestation by cowpea aphids or cotton melon aphids. The damage symptoms 
observed were A) chlorosis, B) pseudogalling, C) stunted growth, and D) no 
damage present. The constant cowpea aphid density was maintained at 15 
aphids for the entirety of the experiment. The variable cowpea aphid density and 
cotton melon aphid density were allowed to grow without any restrictions. The 
experiment was performed three times with 10 plants per aphid density each time 
except one replicate of cotton melon aphid had only 8 plants (constant cowpea 
aphid n = 30, variable cowpea aphid n =30, variable cotton melon aphid n = 28). 
Values are expressed as the mean and SE. Analyses were performed with one-
way ANOVA followed by Tukey’s HSD test. Asterisks indicate significant 
differences ** p < 0.01, and *** p < 0.001. 
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Fig 2.2. Susceptible cowpea plants infested with cowpea aphids or cotton melon 
aphids. The constant cowpea aphid density was maintained at 15 aphids for the 
entirety of the experiment. The variable cowpea aphid density and cotton melon 
aphid were allowed to grow without any restrictions. Plants were photographed 
13 days after infestation. 
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Fig 2.3. Damage on cowpea leaves from the constant cowpea aphid density 
infestation. Damage from the constant cowpea aphid density group occurred 
when cowpea aphids were mostly localized to one area. Both images show 
pseudogalling. Leaves were photographed 15 days after infestation. 
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Fig 2.4. Cowpea aphid and cotton melon aphid population growth on susceptible 
cowpea plants. The constant cowpea aphid density was maintained at 15 aphids 
for the entirety of the experiment. The variable cowpea aphid density and cotton 
melon aphids were allowed to grow without any restrictions. Plants were infested 
for 15 days. The experiment was performed three times with 10 plants per aphid 
density each time except one replicate of cotton melon aphid that had only 8 
plants (constant cowpea aphid n = 30, variable cowpea aphid n =30, variable 
cotton melon aphid n = 28). Values are expressed as the mean and SE. 
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Fig 2.5. A cowpea plant infested with cowpea aphids only at a single unifoliate 
leaf. Fifteen cowpea aphids were caged on a single unifoliate leaf for 15 days. 
The only damage seen on the plant is on the infested caged unifoliate leaf.  
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Fig 2.6. Cowpea aphid population growth on susceptible and resistant cowpea 
plants. Plants were infested with 20 adult aphids for 6 days. The difference in 
aphid population between the two plant lines (n=15) was analyzed using two-
tailed Student’s t-test. Asterisks indicate significance ** p < 0.01. 
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Fig 2.7. Adult cowpea aphid performance on susceptible and resistant cowpea. 
A) Fecundity of age synchronized one-day-old adult aphids on resistant or 
susceptible plants. Values are the means and SE of 16 biological replicates. B) 
Survival rate of one-day-old adults on susceptible or resistant cowpea. Aphid 
performances were monitored for 7 days. The asterisks indicate a significant 
difference between aphids on susceptible and resistant cowpea plants (GLM, 
Chi-sq = 41.704 ; *** p < 0.001 for the daily fecundity and Cox model, Chi-sq = 
8.049; ** p = 0.005 for the aphid survival rate). 
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Fig 2.8. Cowpea aphid nymphal growth rate and survival on susceptible and 
resistant cowpea. Ten newborn nymphs were clip caged onto a single leaf of 
susceptible or resistant plants (n-12) for 6 days. Values are the means and SE of 
12 biological replicates. A) Nymphal survival. B) Mean relative growth rate 
(MRGR) [MRGR = (logWsurviving – logWday-old) / Number of days]. Average weight 
of 20 day-old nymphs were used as base value. Analysis was performed by 
Student’s t-test. Asterisks indicate significance ** p < 0.01. 
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Fig 2.9. Electrical penetration graphs (EPGs) of cowpea aphids feeding on 
susceptible and resistant cowpea. Probing time indicates the time the aphid 
stylets were in the plant. The pathway phase indicates the time the aphid stylets 
are in the mesophyll or parenchyma cells (C phase + potential drops). The xylem 
phase indicates the time the aphid stylets are in the xylem (G phase). The sieve 
element salivation is the time the aphid is salivating into the sieve element (E1 
phase). The phloem sap ingestion is the time the aphid is ingesting the plant 
phloem sap (E2 phase). The time to first ingestion is the average time it took for 
the aphid to first ingest phloem sap. Data is based on 25 and 30 aphids tested on 
susceptible and resistant cowpea, respectively. The asterisks indicate a 
significant difference between the plants (GLM models, * p < 0.05, ** p < 0.01, *** 
p < 0.001). 
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Fig 2.10. Representative EPG waveform patterns of cowpea aphids feeding on 
A) susceptible cowpea, and B) resistant cowpea. 
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Fig 2.11. Large petri dish arena used for cowpea aphid choice assays. Aphid 
were introduced through the hole in the center of the arena with either a 
susceptible or resistant cowpea leaf exposed in the holes on either side. 
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Fig 2.12. Aphid choice assays. Twenty cowpea aphids were introduced into a 
large petri dish arena to choose between a unifoliate leaf from susceptible or 
resistant cowpea lines on either side. Values are the mean and SE of 19 
biological replicates. The number of adult aphids on either leaf line was 
documented at the indicated time points. Two-way ANOVA (genotype x time 
points), followed by Tukey HSD. Asterisks indicate significance * p < 0.05, ** p < 
0.01, *** p < 0.001. 
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Chapter Three 

Molecular Characterization of Susceptible and Resistant Cowpea 

Responses to Cowpea Aphid Infestation 
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Abstract 

Cowpea (Vigna unguiculata) is a crucial crop for regions of the world that are 

prone to both heat and drought. It is able to withstand these harsh conditions, but 

it faces a number of other limiting factors. One of these limiting factors is the 

cowpea aphid (Aphis craccivora), a phytotoxic aphid, that generates damage in 

cowpea even at low population levels. Resistance to the cowpea aphid has been 

identified in an African cowpea line. This resistance was mapped to two 

quantitative trait loci (QTLs) and near isogenic lines (NILs) were generated in 

California blackeye cultivar background. Various aphid infestation approaches 

and behavioral assays identified the mechanism of the resistance as both 

antibiosis and antixenosis. To understand the molecular mechanism of 

susceptibility and resistance, the NILs were used in 1-day and 6-days aphid 

infestation regiment and subjected to RNAseq to identify differentially expressed 

genes (DEGs). Major differences between the susceptible and resistant cowpea 

were identified including the involvement of multiple plant hormones and defense 

related genes. A set of DEGs, encoding leucine-rich-repeat motifs or receptor like 

kinases, identified in the resistant cowpea line are leading candidates for further 

exploration as the source of resistance. 
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Introduction 

Cowpea (Vigna unguiculata) is a grain that is grown mostly in sub-Saharan 

Africa. In 2018, over 6 million tonnes were produced in this region of the world 

alone (FAO, 2020). The importance of cowpea as a crop in this region is because 

it has high nutritional value and is able to withstand the harsh growing conditions 

of drought and heat stress (Hall et al., 2002; Hall, 2004). Cowpea has a high 

protein content, around 30%, and is a source of vitamins and minerals (Singh et 

al., 2002a; Singh, 2014).  

Cowpea germplasm and current cowpea lines grown as crop, present a 

large phenotypic variation in plant growth and time to maturity. It can take 

between 50 – 160 days to complete one cycle from seed to seed (Singh, 2014). 

Cowpea development is similar to other beans. After planting, seeds take 4 – 7 

days to germinate and germination gives the emergence of cotyledons, also 

known as the VE stage, before developing unifoliate leaves, also known as the 

VC stage. After the VC stage, the plants grow with alternating trifoliate leaves 

designated as the “V” followed by the number of nodes with fully developed 

leaves (Davis et al., 1991; Naeve, 2018) .  

Despite its ability to withstand harsh growing conditions, cowpea is prone 

to various biotic stresses including insect attacks. An insect, the cowpea aphid 

(Aphis craccivora), is especially a devastating pest (Obeng-Ofori, 2007; Singh, 

2014). Aphids feed on their host plant’s phloem sap and they reach the phloem 

using a piercing-sucking mouthpart or stylets. They insert their flexible 
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hypodermic needlelike stylets into the plant and navigating to the phloem with 

minimal mechanical damage (Tjallingii and Esch, 1993; Tjallingii, 2006). Not only 

does the cowpea aphid feeding mode minimize mechinical damage, aphids also 

deposit saliva on their way to the phloem and in the phloem to suppress damage. 

This deposition of saliva benefits the aphid as the saliva both facilitate feeding 

and disrupts plant defense responses and metabolism (Miles, 1999; Will et al., 

2007).  

Cowpea aphid induced cowpea loss can exceed over 50% of the grain 

yield. To deal with these enormous losses, it is recommended to use chemical 

pesticidies (Obopile, 2006). However, in sub-Saharan Africa where large acrage 

of cowpea is grown, pesticide use is not always an option. Pesticides are 

expensive, and have additional undesirable consequences including loss of 

benefical insects and contamination of the environment (Souleymane et al., 

2013). Because of these limiting factors, other strategies have been pursued to 

control aphid populations. The most effectivie of these strategies has been host-

plant resistance (Huynh et al., 2013; Souleymane et al., 2013; Huynh et al., 

2015; Togola et al., 2020). Large numbers of cowpea lines have undergone 

screening with aphids to identify resistant lines through monitoring aphid-induced 

damage symptoms (Souleymane et al., 2013; Togola et al., 2020). Symptoms of 

cowpea aphid infestation on susceptible genotypes include chlorosis, necrosis 

and twisting of the leaves or pseudogalling (Fig 3.1). One of the most promising 

sources of cowpea aphid resistance was identifed in an African breeding line 
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(IT97K-556-6) (Souleymane et al., 2013). The source of the resistance was 

crossed with the susceptible California blackeye cultivar 27 (CB27) generating 

recombinant inbred lines (RILs). This RIL population underwent a field-based 

screen for aphid induced damage and the resistance was mapped to two 

quantitative trait loci (QTLs), a major QTL, QAC-vu7.1, and a minor QTL, QAC-

vu1.1 (Huynh et al., 2015). The IT97K-556-6 line was crossed to and 

backcrossed with California blackeye cultivar 46 (CB46) to the generate resistant 

near-isogenic line (NIL) 2014-008-51-82 (Huynh et al., 2015; Huynh and Roberts, 

pers. comm.).  

The mechanism of this resistance was first explored in Chapter Two. Initial 

tests monitoring aphid-induced damage on the susceptible CB46 cowpea line, 

showed that damage symptoms on this genotype can be seen as early as a 

week after infestation. Damage symptoms can be seen with as few as 15 aphids 

indicating the severity of this pest. In contrast, no damage symptoms were 

observed on the resistant NIL 2014-008-51-82 infested with aphids monitored for 

2 weeks. In addition, the number of aphids on the resistant plants were five-fold 

lower than those on susceptible. No choice assays showed that both aphid 

survival and fecundity are reduced on the resistant cowpea. Additional 

experiments showed that aphid growth rate was also impeded on the resistant 

plants indicating that the resistance involves antibiosis. Moreover, aphid choice 

assays demonstrated that after 24 hours, there was a significant preference for 

susceptible cowpea over the resistant. Furthermore, monitoring aphid feeding on 
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both cowpea lines by electrical penetration graphs (EPGs), demonstrated a 

significant difference in sap ingestion on these cowpea lines. Aphids feeding on 

the resistant cowpea struggled to ingest sap, indicating the resistance is at least 

partially phloem based. The preference of aphids for susceptible plants coupled 

with the EPG data, showing that aphids spent less time feeding on resistant 

plants, indicated the existence of also an antixenosis component to this 

resistance.  

The first line of active defense in plants is known as pattern-triggered 

immunity (PTI). PTI is induced by perception of microbe/herbivore-associated 

molecular patterns from pathogens/pests by plasma membrane localized pattern 

recognition receptors (PRRs). Recognition by these receptors initiates an 

immune response that enables the plant to defend itself (Jones and Dangl, 2006; 

Boller and Felix, 2009). If pests/pathogens are able to evade PTI through use of 

their defense modifying effector proteins, then plants come to rely on a second 

line of defense known as effector-triggered immunity (ETI). PTI is the weaker of 

the defenses while ETI is a more robust defense and is initiated through 

intracellular receptors. These intracellular receptors are also known as resistance 

(R) proteins (Jones and Dangl, 2006). The majority of R proteins contain both 

nucleotide-binding (NB) and leucine rich repeat (LRR) motifs (Takken and 

Goverse, 2012). Pest/pathogen recognition by the R proteins can happen in a 

number of ways. Direct recognition, where R protein acts as a receptor for the 

pest/pathogen effector (Jones and Dangl, 2006). There are two models for 



 196 

indirect recognition of an effector by the R protein: the guard model and the 

decoy model. In the guard model the R protein guards the protein target of the 

effector and any modifications made to it (Dangl and Jones, 2001). Similar to the 

guard model, in the decoy model the R protein monitors a plant protein that 

mimics the effector’s target. If the effector protein binds to the decoy, it is 

trapped, and recognized by the R protein initiating ETI (van der Hoorn and 

Kamoun, 2008). A variation of the decoy model is known as the integrated decoy 

model that has a decoy as a domain within the R protein (Cesari et al., 2014).  

The cowpea resistant loci, QTL, QAC-vu7.1, and QTL, QAC-vu1.1, 

encompass large genomic regions and the identity of the gene(s) contributing to 

this resistance remain unknown (Huynh et al., 2015). Although multiple 

resistance genes have been identified to aphids in different plant species, to date 

only three of these resistance genes have been cloned (Ahman et al., 2019; 

Nalam et al., 2019). The first cloned aphid resistance gene was the tomato 

(Solanum lycopersicum) Mi-1.2 gene, originating from the wild tomato species 

Solanum peruvianum, confers resistance to the potato aphid (Macrosiphum 

euphorbiae) (Rossi et al., 1998; Vos et al., 1998). Another cloned R gene is Vat 

from melon (Cucumis melo) that confers resistance to the cotton-melon aphid 

(Aphis gossypii) (Pitrat and Lecoq, 1982; Dogimont et al., 2014). Both R genes 

encode classical R proteins with coiled-coil NB-LRR (CC-NB-LRR; CNL) 

domains. Interestingly, both genes have been found to confer more than just 

resistance to an aphid species. Whereas Mi-1.2 confers also resistance to three 
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species of root-knot nematodes (Meloidogyne arenaria, M. incognita and M. 

javanica), whiteflies (Bemisia tabaci), and psyllids (Bactericera cockerelli) 

(Kaloshian et al., 1995; Milligan et al., 1998; Nombela et al., 2003; Casteel et al., 

2006), the Vat gene confers also resistance to multiple viruses transmitted by the 

cotton-melon aphid (Pitrat and Lecoq, 1982; Boissot et al., 2016). The most 

recent identified and cloned R gene is the Arabidopsis (Arabidopsis thaliana) 

SIEVE ELEMENT-LINING CHAPERONE1 (SL1). SLI1 confers resistance to the 

green peach aphid (Myzus persicae) and encodes a small heat shock like protein 

that likely functions by lining the sieve elements and obstructing the ability of the 

aphid to feed (Kloth et al., 2017; Ahman et al., 2019). 

To better understand the resistance in cowpea, this chapter explores 

aphid behavior through dispersal assays and the molecular mechanisms of this 

resistance through gene expression analysis using RNAseq. For the RNAseq 

analysis early (1-day) and late (6-day) infestation timepoints were used to 

explore both the initial and late effects. These timepoints were chosen to both 

accommodate for cowpea aphid non-preference for resistant cowpea, identified 

with the EPGs and choice assays, and the effect of prolonged aphid feeding on 

both resistant and susceptible cowpea. The number of differentially expressed 

genes (DEGs) indicate that transcription activity is higher at the early timepoint in 

the susceptible line while this high activity is present at the late time point in the 

resistant line. The DEGs in the early timepoint in the susceptible line indicate 

increases in protein biosynthesis activities among others. The DEGs in the late 
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timepoint in the resistant line indicate increased activity in signal transduction and 

defense related processes.  
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Materials and Methods 

 

Plants and Aphids Growth Conditions 

The cowpea aphids were collected in the summer of 2016 from a field in 

Riverside, California. The aphids have been reared on cowpea line California 

blackeye 46 (CB46) in a pesticide free greenhouse or a plant growth chamber 

(Conviron) at 26−30°C with a 16:8 light:dark photoperiod. 

Both cowpea lines, CB46 and the nearly isogenic line (NIL) 2014-008-51-

82, were grown in UC Mix 3 soil (agops.ucr.edu/soil/) in 24 oz plastifoam cup and 

fertilized weekly with MiracleGro (18−18−21; Stern’s MiracleGro Products). 

Plants were maintained in a pesticide free plant growth room at 26-30°C with 

a16:8 light:dark photoperiod.  

 

RNAseq Experimental Design  

Two-week-old plants from both cowpea lines were infested with 20 adult 

apterous aphids on a single unifoliate leaf and enclosed in a mesh sleeve bag. 

Control non-infested plants received an empty mesh sleeve bag. Samples were 

collected at 1 and 6 days after infestation. Each sample consisted of three 

unifoliate leaves pooled from three plants. Five biological replicates, each 

consisting of three pooled plants, per line were used. For both plant lines, the 

number of aphids were counted on the six-day before harvest. The cowpea 

aphids were removed by immersing the leaves in water and gently removing any 
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remaining aphids with a fine-tip paintbrush. Non-infested control plants were 

treated the same way. Leaves were immediately frozen in liquid nitrogen and 

stored at -80°C until RNA extraction.  

 

RNA Extraction and Library Preparation  

Leaf tissues were ground to a fine powder in liquid nitrogen with a mortar and 

pestle. Total RNA from leaves was isolated using NucleoSpin RNA Plant kit 

(Macherey-Nagel). RNA was quality checked and quantified by Bioanalyzer RNA 

Nano Kit (Agilent, Santa Clara, CA, USA). RNA samples were prepared for 

Illumina sequencing using the NEB Ultra II RNAseq stranded kit (New England 

Biolabs, Ipswich, MA, USA) with unique dual index adapters following 

manufacturers recommendations. Individual libraries were pooled based on 

BioAnalzyer molarities (Agilent, Santa Clara, CA, USA) and sent to UCLA for 

2x150 bp sequencing on a NovaSeq 4000 (Illumina, San Diego, CA, USA) and 

demultiplexed with BCL2FASTQ. 

 

Analysis of RNAseq 

Raw RNA-Seq reads were assessed for quality FastQC; (Andrews, 2010) and 

edited using BBDuk (sourceforge.net/projects/bbmap/). Remaining adapter 

artifacts were trimmed using default settings (from the right with k=23, mink=11, 

hdist=1). Reads were mapped to the annotated cowpea reference genome (V. 

unguiculata v1.2; Phytozome) using hisat2.1.0 with a k value of 5, minimum 
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intron length of 30 bases, and maximum intron length of 3000 bases (Kim et al., 

2019). Reads ranged from 69-94% alignment but averaged 87% (Table 3.1), a 

high rate of alignment given the repetitive nature of the genome (Lonardi et al., 

2019). Counts obtained from Hisat were filtered to remove zero and low count 

genes using filterByExpr (min.count=20), and remaining genes were compared 

for differential gene expression using EdgeR-limma (Robinson et al., 2009; 

Ritchie et al., 2015; Law et al., 2016) The linear model y~0+trt was used to 

compare all treatment combinations. Counts were normalized using 

voomWithQualityWeights to account for sample heterogeneity among treatment 

conditions (Supplemental File 1). 

Genes were determined significant at the adjusted P value (FDR) <0.05 

and logFC ≥0.6 or ≤-0.6 (fold change ≥1.5 or ≤-1.5). Genes of interest were 

extracted from contrasts after multiple testing for each contrast separately 

(decideTests: method = “separate”, i.e., topTable). Contrasts of treatments and 

their combinations were made as defined in Table 3.2. GO analyses were 

performed following (Bonnot et al., 2019) where best hit Arabidopsis thaliana IDs 

were used to identify GO terms in Panther (Mi et al., 2018). Categories were 

separated by up or down-regulated genes per contrast and considered enriched 

at FDR <0.05. Enriched families were clustered by semantic similarity in REVIGO 

(Supek et al., 2011) using default settings to visualize GO terms among contrasts 

and reduce redundancy by extracting terms with “dispensability” (d) ≤ 0.1. Most 

unique terms are highlighted using d ≤ 0.05. A subset of the DEGs were further 
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annotated using their matching A. thaliana IDs in TAIR and UniProt to identify 

molecular function (Berardini et al., 2015; UniProt Consortium, 2019). Predicted 

cowpea protein sequences of others were further annotated using TMHMM V2.0 

and NCBI Conserved Domain searches (Marchler-Bauer et al., 2017; Krogh et 

al., 2001). 
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Results 

 

Analysis of DEGs 

To determine what genes underlie resistance to cowpea aphid, the transcriptional 

response of V. unguiculata lines CB46 and 2014-008-51-82, were surveyed after 

1-day and 6-days of aphid infestation. These timepoints were selected based on 

previous observations how aphids behave on resistant plants. Cowpea aphids do 

not prefer resistant cowpea and feed significantly less on this genotype based on 

EPG and choice tests. Therefore, the 1-day time point will capture these early 

interactions. The 6-day time point was selected based on aphid growth studied 

where a significant increase in aphid population and appearance of damage 

symptoms was observed on the susceptible compared to the resistant line. This 

time point will also capture the effect of prolonged aphid feeding on both resistant 

and susceptible cowpea. Each treatment had non-infested controls and 5 

biological replicates, each consisting of 3 pooled leaves from different plants. The 

average number of reads for each sample was 68.2 million, with 87% alignment 

to the cowpea genome (Table 3.1). DEGs were identified from multiple contrasts 

with transcripts having a false discovery rate (FDR) of < 5% and a log-fold 

change (LFC) ≥ 0.6 or ≤ -0.6 (Table 3.2).  

The resistant cowpea line had 480 unique upregulated DEGs and 594 

unique downregulated DEGs at 1-day and 6-day timepoints combined (Fig 3.2). 

The majority of these DEGs were found at the 6-day timepoint with only 31 and 
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78 genes upregulated and downregulated, respectively, at 1-day. In the 

susceptible cowpea line, there were 776 unique DEGs upregulated and 271 

unique DEGs downregulated the at 1-day and 6-day timepoints combined. Unlike 

the resistant cowpea line, the majority of the DEGs in the susceptible cowpea 

line were at the 1-day timepoint with 552 genes upregulated and 223 

downregulated.  

 

Gene Ontology (GO) Analysis 

GO enrichment analysis was performed to elucidate the function of the DEGs. At 

1-day, there was a high number of DEGs from a number of different GO 

classifications in the susceptible line while there were no GO classifications from 

the resistant line because of the very low number of DEGs at this timepoint (Fig 

3.3). There were three GO classifications that were in the highest LFC category. 

These were biosynthetic process (GO:0009058), nitrogen compound metabolic 

process (GO:0006807), and ribosome biogenesis (GO:0042254). At a slightly 

lower LFC were cellular component organization or biogenesis processes 

(GO:0071840), cellular metabolic process (GO:0044237), cellular process 

(GO:0009987), metabolic process (GO:0008152), and ncRNA metabolic process 

(GO:0034660). 

 The GO classifications for downregulated genes were much less in the 

susceptible line at the 1-day time point, with only 3 GO classifications: regulation 

of multicellular organismal development (GO:2000026), response to oxygen-
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containing compound (GO:1901700), response to stimulus (GO:0050896). 

Similarly, in the resistant cowpea line at 1-day there was also only 3 GO 

classifications for the downregulated DEGs: chloroplast relocation 

(GO:0009902), phenylpropanoid metabolic process (GO:009698), and response 

to blue light (GO:0009637). 

In the susceptible line, there were less DEGs and GO classifications at 6-

day than at 1-day. The 5 GO classifications present at 6-day were immune 

system process (GO:0002379), interspecies interaction between organisms 

(GO:0044419), leaf abscission (GO:0060866), response to hypoxia 

(GO:0001666), and response to stimulus (GO:0050896). Similar to the resistant 

cowpea line at 1-day, that lacked upregulated GO classification, the susceptible 

cowpea line at 6-day lacked downregulated GO classification because of the low 

number of DEGs in this treatment and time point.  

In the resistant cowpea at 6-day, similar to the number of DEGs, there 

were more downregulated GO classifications than upregulated. There were only 

4 GO classifications in the upregulated DEGs: interspecies interaction between 

organisms (GO:0044419), protein phosphorylation (GO:0006468), response to 

chemical (GO:0042221), and response to stimulus (GO:0050896). The 

downregulated GO classifications interestingly had one overlap with upregulated, 

response to stimulus (GO:0050896). There was also an overlap with the 

upregulated 1-day susceptible with the cellular process (GO:0009987). While 

cellular process (GO:0009987) involved genes were upregulated at a higher LFC 
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at the 1-day timepoint in the susceptible line, cellular process genes were 

downregulated at the 6-day timepoint in the resistant line (Fig 3.3). The other GO 

classifications in the 6-day downregulated resistant cowpea were: cellular lipid 

metabolic process (GO:0044255), circadian rhythm (GO:0007623), inorganic 

anion transport (GO:0015698), localization (GO:0051179), organic hydroxy 

compound metabolic process (GO:1901615), photosynthesis (GO:0015979), 

photosynthesis light reactions (GO:0019684), plastid organization (GO:0009657), 

regulation of biological control (GO:0065008), response to light stimulus 

(GO:0009416), and rhythmic process (GO:0042254). 

 

Upregulated DEGs in Susceptible and Resistant Cowpea 

The DEG analysis in both susceptible and resistant cowpea identified major gaps 

in the gene annotation. Because cowpea is a non-model organism and its 

genome was only released in 2019, many of the DEGs identified lacked 

annotation (Lonardi et al., 2019). To address this, manual functional annotation 

was performed for a subset of the DEGs. These DEGs were those upregulated in 

only one of the cowpea genotypes at the same time point. Initial analysis based 

on the Phytozome genome resources, the upregulated DEGs in the susceptible 

cowpea were 599 and 225 for 1-day and 6-day, respectively, and the upregulated 

DEGs in the resistant cowpea were 47 and 511 for 1-day and 6-day, respectively. 

At the two genotype/time combinations with the most DEGs, susceptible 1-day 

(120 DEGs) and resistant 6-day (162 DEGs), had the most DEGs without 
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annotations. These genes did not have A. thaliana IDs and could not be used in 

TAIR analysis (Berardini et al., 2015). For further analysis, these DEGs, 

susceptible 1-day and resistant 6-day, as well as DEGs without annotation and 

A. thaliana IDs in susceptible 6-day (85 DEGs) and resistant 1-day (8 DEGs) 

were excluded from further analysis as described in Table 3.3. 

 Overwhelmingly in susceptible 1-day, the DEGs corresponded to 

components of protein biosynthesis. This was reflected in the GO analysis in the 

biosynthetic process and ribosome biogenesis classifications (Fig 3.2). Of the 

original 599 DEGs, 206 were part of the protein biosynthesis process. This 

indicates that aphid infestation of susceptible plants leads to high level of protein 

biosynthesis. These DEGs, involved in proteins biosynthesis, were excluded from 

further analysis. Additional DEGs, such as histone-related and those involved in 

DNA replication were also excluded from further analysis. After the DEG 

exclusions for the susceptible line, there were 220 and 121 for 1-day and 6-day 

respectively, and for resistant line there were 31 and 307 for 1-day and 6-day 

respectively. 

 The molecular function of the remaining genes from each contrast was 

surveyed in TAIR and UniProt and assigned to categories (Fig 3.4). In the 

susceptible 1-day, there was about an equal distribution of transcription factors 

(5%), ubiquitin related genes (5.5%), methylation related genes (6%), and genes 

involved in secondary metabolites (4.5%) (Fig 3.4A). The highest percentage of 

these DEGs (57%), were involved in numerous different functions and could not 
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be categorized. Inspection of phytohormone related genes did not identify a 

dominant phytohormone pathway. The two well-known defense hormones, 

salicylic acid (SA) (2%) and jasmonic acid (JA) (1.5%) associated genes were 

found at similar proportions. Further examination of the phytohormone DEGs 

revealed that the majority were involved in either biosynthesis or regulated by the 

phytohormone, and there were a few DEGs that acted as regulators of or 

catabolized the phytohormone (Fig 3.5). 

In the susceptible 6-day, there was a higher percentage of transcription 

factors (15.7%), and ubiquitin related genes (14.9%) (Fig 3.4B). In the 

susceptible 6-day, there was also a high level of cell wall/cytoskeleton related 

genes present (14.9%). The high level of ubiquitin related genes for both 

susceptible 1-day and 6-day suggests the existence of high level of protein 

turnover due to aphid infestation. Similar to susceptible 1-day, there was no 

dominant defense phytohormone pathway identified with both SA and JA 

associated genes found at about equal percentage, around 5%. There were 

however higher percentage of other phytohormone associated genes. Ethylene 

(ET) and abscisic acid (ABA) associated genes were the highest phytohormone 

associated genes, each present at 7.4%. Auxin (IAA) (4.1%) and cytokinin (CK) 

(1%) associated genes were also present. Similar to the susceptible 1-day, the 

majority of the DEGs were involved in either biosynthesis or regulated by the 

phytohormone. Less DEGs present at this treatment/time acted as regulators or 

catabolized the phytohormone (Fig 3.5). 
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 The resistant 1-day had the fewest total DEGs. Because of the lack of 

DEGs (Fig 3.2) it was omitted from molecular function analysis. In contrast, the 

resistant 6-day had the most DEGs present after exclusion of the genes as 

indicated above and in Table 3.3. The two most prevalent categories for the 

resistant line at 6-day besides the other category (28.7%) were kinases (11.8%) 

and transcription factors (16%) (Fig 3.4C). This suggests the existence of a high 

signal transduction activity in these plants. Transcription factors were also 

represented at high percentage in the susceptible 6-day (15.7%) and similar 

families of transcription factors, such as ethylene response factor (ERF) genes 

and zinc finger transcription factors, were present in both resistant and 

susceptible 6-day. However, the individual transcription factor family member 

was different between the two cowpea lines. In contrast, one of the well-known 

defense-related transcription factors, the WRKY transcription factors, were not 

present in the susceptible 6-day but were present in the resistant 6-day (Table 

3.4).  

Like the susceptible line, no dominant defense phytohormone pathway 

could be identified in the resistant 6-day. The SA (2.6%) and JA (3.3%) 

associated genes were at similar percentages. Though there were more DEGs 

involved in negative regulation and catabolism of these phytohormones than in 

the susceptible line at either timepoint, there were still more DEGs involved in 

biosynthesis and regulated by the phytohormone in the resistant 6-day (Fig 3.5).  
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 Within in these categories in the resistant 6-day, there were identifiable 

defense related categories including mitogen activated protein kinases (MAPKs), 

WRKY transcription factors, and LRR encoding genes, all with known roles in 

plant defense to microbial pathogens and some have been also implicated in 

aphid defense. Interestingly, the MAPK category was not identified in the 

susceptible interaction (Table 3.4). In contrast, one of the WRKY transcription 

factors in the resistant 6-day, WRKY70, with known roles in aphid resistance in 

tomato, is also present in both resistant 6-day and susceptible 1-day (Atamian et 

al., 2012).  

 There were multiple types of LRR encoding genes among the upregulated 

DEGs among the different contrasts. The predicted proteins of these LRR 

encoding genes were further annotated using NCBI Conserved Domain search 

and TMHMM V2.0 to identify additional domains in the proteins (Marchler-Bauer 

et al., 2017; Krogh et al., 2001). In the susceptible 1-day, two of the LRR proteins 

had kinase domains and transmembrane domains (Vigun09g096400.1, 

Vigun09g054500.1) indicating that both are receptor-like kinases (RLKs) (Table 

3.4). In susceptible 6-day, only one LRR protein (Vigun04g017600.1) had a 

kinase domain and transmembrane domain and therefore is an RLK. The other 

LRR proteins (Vigun02g097700.1, Vigun03g273200.1) in susceptible 6-day 

encoded proteins with CNL domains. In resistant 6-day, there were six LRR 

encoding genes among the upregulated DEGs. Of these six, five 

(Vigun03g371200.1, Vigun03g350500.1, Vigun09g096400.1, Vigun03g097900.1, 
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Vigun03g435500.1) had kinase domains and transmembrane domains and are 

RLKs. Interestingly, one of these RLKs (Vigun09g096400.1) overlapped with the 

susceptible 1-day. The sixth LRR encoding gene (Vigun02g204100.1) in the 

resistant 6-day did not have any other predicted domains. 

Over the course of the experiment, the plants had grown from 2-week-old 

to almost 3-week-old. During this period, cowpea plants have developed from the 

VC stage, with only unifoliate leaves, to the V1 phase with trifoliate leaves and 

some even entering the V2 phase (Fig 3.6). Therefore, the identified DEGs were 

also those involved in plant growth and development. To account for these 

changes in growth and development, indicated by the DEG for the contrast 

"Time" (Table 3.2), DEGs for the later aphid infestation timepoints were 

normalized to both changes in control plants for each genotype as well as the 

initial infestation time point for each genotype. This normalization was done to 

remove genes involved in normal senescence that were not aphid induced, as 

well as only slightly induced aphid DEGs at the initial timepoint. To identify 

possible sources of the aphid resistance, this contrast is especially important in 

the resistant line. There were 202 DEGs upregulated in the resistant line in this 

new contrast, Aphid Res Dev. Three of these 202 DEGs were previously 

identified in Table 3.4 as LRR encoding genes (Vigun02g204100.1, 

Vigun03g371200.1, Vigun03g350500.1), with two of them being RLKs. The  
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upregulation of these three in both resistant 6-day and in Aphid Res Dev 

suggests these three are aphid upregulated and suggests they are playing a role 

in aphid resistance.  
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Discussion 

In this chapter, the transcriptomes of susceptible and resistant cowpea were 

investigated after cowpea aphid infestation. While transcriptome analysis of 

cowpea infested with aphids had not been studied previously, there have been 

numerous studies in another legume, soybean (Glycine max), infested with the 

soybean aphid (Aphis glycines). Like cowpea aphids, soybean aphids cause 

soybean significant economic losses and damage, including pseudogalling. 

These losses occur during heavy infestations which can lead up to a 40% crop 

yield loss (Wu et al., 2004; Ragsdale et al., 2007). A number of sources of 

resistance to the soybean aphid have been identified in different soybean 

cultivars and plant introductions (PIs). Nine of these resistance sources have 

been characterized at some level (Hesler et al., 2013; Zhang et al., 2017). 

Among these is the source of the Rag1 (Resistance to Aphis glycines) gene and 

is the one best described. Rag1 was originally identified in the soybean cultivar 

Dowling and the resistance was found to involve both antibiosis and antixenosis 

(Hill et al., 2004; 2006a; b; Li et al., 2007; Kim et al., 2010).  

Multiple transcriptomic analyses of soybean with Rag1 have been 

performed. In a comparison of the resistant Dowling to the susceptible Williams 

82 cultivar, the resistant plants had more than double of DEGs than the 

susceptible at 6 hours post infestation. By 12 hours post infestation, the DEGs 

were at the same level between the two cultivars. Some of the early DEGs in the 

resistant plants were genes involved in the defense hormones SA and JA 
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signaling pathways and the phenylpropanoid pathway (Li et al., 2008). A major 

limitation of this study was the lack of an identical genetic background of the 

resistant and susceptible soybean cultivars. Other transcriptomic studies of Rag1 

based resistance used related, but not NILs, LD16060 (resistant) and SD01-76R 

(susceptible) soybean cultivars. Interestingly, at 1-day post aphid infestation, 

there were no DEGs in the resistant soybean plants and only a small number of 

DEGs were present in the susceptible (Studham and MacIntosh, 2013). The low 

level of DEGs in the resistant soybean at 1-day is similar to the results of this 

study that had resistant cowpea 1-day with the lowest DEGs of any other 

contrast (Fig 3.2) (Studham and MacIntosh, 2013). The lack of DEGs in the 

resistant soybean in response to the aphid at 1-day is believed to be a result that 

either the plant response is fast, earlier than one day after infestation, or that the 

resistance is constitutive (Li et al., 2008; Studham and MacIntosh, 2013). 

However, another major limitation of these soybean studies was the use of 

microarray instead of RNAseq. The microarray could be missing the probe 

necessary to identify the DEGs involved in the resistance. In contrast, the limited 

DEGs in the resistant line of cowpea at 1-day in this study, is most likely due to 

lack of aphid feeding. Based on EPG analysis from Chapter Two, aphids 

struggled to feed on resistant plants during an 8-hour inspection. The lack or 

limited aphid feeding could explain the low DEGs at the early time point in the 

resistant line.  
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 In contrast to the 1-day resistance interaction, there were notable 

differences between susceptible soybean and cowpea 1-day infestations with 

their respective aphids. In the susceptible soybean 1-day, there were only 49 

DEGs upregulated in response to soybean aphid while there were 552 unique 

DEGs upregulated in susceptible cowpea 1-day after cowpea aphid infestation 

(Fig 3.2) (Studham and MacIntosh, 2013). These DEGs in the susceptible 

cowpea had a high representation of function in protein biosynthesis. Besides 

protein biosynthesis, there were DEGs for diverse molecular functions (Fig 3.4A). 

This high level of multiple activities could be the result of both initial plant 

defenses against the aphid as well as the beginning of aphid induced 

manipulation to generate a sink in the plant (Ahman et al., 2019). 

At 7-day post aphid infestation, there were more DEGs in the susceptible 

soybean than at 1-day (Studham and MacIntosh, 2013). In contrast, in 

susceptible cowpea, there were fewer DEGs in the susceptible 6-day than in the 

susceptible 1-day (Fig 3.2). This loss of DEGs at an advanced timepoint after 

infestation is not unique to the cowpea system as after 4-days of corn infestation 

with the corn leaf aphid (Rhopalosiphum maidis) DEGs were also closer to 

controls than to earlier infestations (Tzin et al., 2015).  

The susceptible soybean plants were found to have a high level of ABA 

and ET associated genes after 7-day aphid infestation (Studham and MacIntosh, 

2013). A similar trend was observed in the 6-day timepoint in the susceptible 

cowpea. Of the phytohormones, ABA and ET had the highest numbers of 
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associated genes (Fig 3.4B). There were also higher IAA associated DEGs in 

susceptible 6-day than 1-day. The susceptible 6-day had the highest level of cell 

wall/cytoskeleton associated DEGs than any of the contrasts. The differential 

regulation of both cytoskeletal genes and those associated in IAA, a hormone 

known to be involved in the formation of true galls by gall forming insects 

(Kutsukake et al., 2019), could be initiating the formation of the pseudogalls (Fig 

3.1). In line with this, at 6-days, upregulation of both ET and IAA pathways were 

seen in susceptible barley (Hordeum vulgare) infested with the Russian wheat 

aphid (Diuraphis noxia) which also generates pseudogalling in its hosts including 

barley (Marimuthu and Smith, 2012). 

 In the resistant cowpea 6-day, there was a high number of transcription 

factors and kinases suggesting signal transduction and gene regulation was 

induced (Fig 3.4C). Most notably, in this signal transduction category were a 

number of known defense pathway genes including MAPKs, LRRs, and WRKYs 

(Table 3.4). There were LRRs and WRKYs in the susceptible cowpea but only a 

few overlapped with those in the resistant. There was no overlap however with 

MAPKs. 

 Three of the most known gene families that have roles in plant defense 

are MAPKs, WRKYs and those that include an LRR motif (Asai et al., 2002; 

Pedley and Martin, 2005). MAPKs are a well-conserved eukaryotic signaling 

cascade proteins that regulate a number of cellular functions including defense 

signaling (Widmann et al., 1999). Pest/pathogen recognition by a receptor leads 
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to the phosphorylation of MAPK kinase kinase (MAPKKK) that in turn 

phosphorylates MAPK kinase (MAPK) which ultimately phosphorylates MAPK. 

Once MAPK is activated, it then phosphorylates other downstream proteins 

leading to cellular defenses such as production of radical oxygen species (Rossi 

et al., 1998) (Pedley and Martin, 2005). The presence of multiple MAPKs in the 

resistant 6-day, and their absence in the susceptible line suggests that MAPK 

cascades are an important component of this aphid resistance (Table 3.4).  

A number of transcription factors are known to regulate plant defense 

including the WRKY family (Singh et al., 2002b). Members of the WRKY 

transcription factor family contain ~60 amino acid domains that bind to the W-box 

promoter region in response to a pest or pathogen (Eulgem et al., 2000; Atamian 

et al., 2012). Several WRKY genes have been identified to be involved in 

resistance to aphids. In tomato, both SIWRKY72a and SIWRKY72b are involved 

in Mi-1-mediated resistance against potato aphids and root-knot nematodes 

(Bhattarai et al., 2010). Another WRKY gene identified in wheat (Triticum 

aestivum), TaWRKY53, is implicated in resistance against the Russian wheat 

aphid (Van Eck et al., 2010).  

The Arabidopsis WRKY70 was discovered to have a complex role in plant 

defense integrating signals from both SA- and JA-regulated defenses (Li et al., 

2004; Li et al., 2006). WRKY70 is involved in both promoting the SA pathway and 

suppressing the JA pathway (Li et al., 2004; AbuQamar et al., 2006; Li et al., 

2006; Knoth et al., 2007). This relationship with SA and JA was also observed in 
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tomato as WRKY70 was upregulated in response to SA and suppressed in 

response to methyl-jasmonate (Atamian et al., 2012). In Mi-1 resistant tomato, 

WRKY70 is induced in response to both potato aphids and root-knot nematodes. 

Silencing WRKY70 through virus-induced gene silencing attenuated the Mi-1-

mediated resistance (Atamian et al., 2012). Interestingly, WRKY70 was 

upregulated in both susceptible and resistant cowpea lines (Table 3.4). The 

upregulation happened at different time points though, early in the susceptible 

and later in the resistant. While some of this difference in timepoints could be 

from the delayed onset of aphid feeding on the resistant line, it also suggests 

aphids maybe manipulating their host to alter plant defense responses in the 

susceptible cowpea. 

Proteins with LRRs motif are also important component of plant defense. 

A majority of R proteins are intracellular LRRs that have NB domains to 

recognize pest/pathogen effector proteins. Recognition of effectors activates R 

proteins which frequently results in hypersensitive response, a well characterized 

programmed cell death (Heath, 2000; Balint-Kurti, 2019). Interestingly, the two 

LRR encoding genes (Vigun02g097700.1, Vigun03g273200.1) that had predicted 

proteins with domains consistent with R proteins were upregulated only in the 

susceptible 6-day and not in the resistant 6-day (Table 3.4). The lack of 

upregulation of these two LRR encoding genes in the resistant line suggests they 

are not necessary for resistance to the cowpea aphid. Alternatively, these two 

LRR encoding genes could be upregulated at different timeline and transiently in 
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the resistant cowpea and therefore were not detected in the time points chosen 

for this study. 

The resistant 6-day had six LRR encoding genes among the upregulated 

DEGs. The majority of these were RLKs which are important component of plant 

defense. RLKs interact with a diverse group of proteins in order to coordinate 

specify signaling responses (Afzal et al., 2008). Like WRKY70, an RLK 

(Vigun09g096400.1) was also upregulated in both the resistant 6-day and the 

susceptible 1-day. The difference in the temporal upregulation of 

Vigun09g096400.1 between the two cowpea lines, could be from the delayed 

aphid interaction in the resistance or it could be due to manipulation by the 

aphids in the susceptible line. Two of the RLKs (Vigun03g371200.1, 

Vigun03g350500.1) in the resistant 6-day were also identified when growth and 

development were accounted for in the Aphid Res Dev contrast (Table 3.4). 

Interestingly, the third LRR encoding gene present in Aphid Res Dev contrast 

had no other domains besides the LRR domain (Vigun02g204100.1). These 

three LRR encoding genes are top candidates for further exploration on cowpea 

aphid resistance. 
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Table 3.1. Alignment statistics for raw reads 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sequencing ID Plant Insect Time total sequences % Aligned M Aligned

adpJM-01 susceptible no aphid day one 45.2 89% 40.3

adpJM-02 susceptible no aphid day one 51.8 88% 45.5

adpJM-03 susceptible no aphid day one 52.0 87% 45.5

adpJM-04 susceptible no aphid day one 40.6 72% 29.0

adpJM-05 susceptible no aphid day one 43.2 85% 36.9

adpJM-06 resistant no aphid day one 52.7 85% 44.6

adpJM-07 resistant no aphid day one 39.7 84% 33.4

adpJM-08 resistant no aphid day one 45.6 88% 40.0

adpJM-09 resistant no aphid day one 43.6 86% 37.4

adpJM-10 resistant no aphid day one 36.0 91% 32.6

adpJM-11 susceptible aphid day one 52.0 85% 44.2

adpJM-12 susceptible aphid day one 68.0 69% 47.0

adpJM-13 susceptible aphid day one 49.3 84% 41.4

adpJM-14 susceptible aphid day one 32.1 83% 26.7

adpJM-15 susceptible aphid day one 64.8 87% 56.1

adpJM-16 resistant aphid day one 62.5 83% 51.8

adpJM-17 resistant aphid day one 76.6 86% 66.1

adpJM-18 resistant aphid day one 64.2 86% 55.0

adpJM-19 resistant aphid day one 57.1 87% 49.4

adpJM-20 resistant aphid day one 36.5 88% 32.0

adpJM-21 susceptible no aphid day six 38.6 89% 34.4

adpJM-22 susceptible no aphid day six 49.3 90% 44.3

adpJM-23 susceptible no aphid day six 47.1 89% 42.0

adpJM-24 susceptible no aphid day six 51.8 89% 45.9

adpJM-25 susceptible no aphid day six 41.6 90% 37.5

adpJM-26 resistant no aphid day six 65.3 88% 57.2

adpJM-27 resistant no aphid day six 44.3 92% 40.6

adpJM-28 resistant no aphid day six 39.4 90% 35.6

adpJM-29 resistant no aphid day six 38.3 85% 32.6

adpJM-30 resistant no aphid day six 47.4 88% 41.9

adpJM-31 susceptible aphid day six 51.1 89% 45.3

adpJM-32 susceptible aphid day six 82.0 92% 75.1

adpJM-33 susceptible aphid day six 45.0 85% 38.3

adpJM-34 susceptible aphid day six 78.9 82% 65.0

adpJM-35 susceptible aphid day six 227.6 91% 208.0
adpJM-36 resistant aphid day six 127.1 94% 119.1
adpJM-37 resistant aphid day six 128.9 85% 110.1
adpJM-38 resistant aphid day six 86.0 93% 79.9
adpJM-39 resistant aphid day six 119.5 92% 110.3
adpJM-40 resistant aphid day six 181.8 94% 170.9

average 68.2 87% 60.2
max 227.6 94% 208.0
min 32.1 69% 26.7
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Table 3.2. Contrasts of treatments and associated DEGs. 

Total numbers of up and down regulated genes at adjusted P (FDR) <0.05. 
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Table 3.3 Molecular Functional categorization of DEGs from susceptible and 
resistant cowpea lines at 1-day and 6-day after aphid infestation. 
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Table 3.4. Upregulated DEGs involved in plant defense in response to cowpea 
aphid infestation.  
 

Asterisks indicate genes that were present in Aphid Res Dev. 
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Fig 3.1. Cowpea aphid induced pseudogalling on cowpea. Leaves of susceptible 
cowpea were photographed 15-days after cowpea aphid infestation. 
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Fig 3.2. Venn diagram illustration of the number of DEGs up or downregulated by 
cowpea aphid infestation of susceptible and resistant cowpea, at the two different 
time timepoints, P (FDR) <0.05 and LFC ≥ 0.6 or ≤ -0.6. Resistant 1-day and 
Resistant 6-day are resistant cowpea with 1-day and 6-day infestations, 
respectively. Susceptible 1-day and Susceptible 6-day are susceptible cowpea 
with 1-day and 6-day infestations, respectively.  
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Fig 3.3. GO analysis of cowpea DEGs up or downregulated by cowpea aphid 
infestation. Cowpea aphids were exposed to either susceptible (Susc) or 
resistant (Res) cowpea for 1-day (D1) or 6-day (D6).  
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Fig 3.4. Molecular functions of upregulated DEGs present only in susceptible or 
resistant cowpea at the same timepoint after cowpea aphid infestation. Unknown 
DEGs, DEGs involved in protein biosynthesis, DNA replication, and histone 
related genes were excluded from this analysis. Due to a limited number of 
DEGs, resistant cowpea at 1-day was also not included. The remaining DEGs in 
susceptible A) 1-day (220 DEGs) and B) 6-day (121 DEGs) and in C) resistant 6-
day (307 DEGs) were categorized. 
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Fig 3.5. Distribution of phytohormone related genes identified from the molecular 
functionally categorized DEGs in susceptible (1-day, 6-day) and resistant cowpea 
(6-day). Genes involved in the biosynthesis or regulated by the phytohormone 
are in black. Genes that act as regulators or involved in the catabolism of the 
phytohormone are in red. The phytohormones monitored are salicylic acid (SA), 
jasmonic acid (JA), ethylene (ET), abscisic acid (ABA), auxin (IAA), and cytokinin 
(CK). 
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Fig 3.6. Development stages of cowpea plants used in the RNAseq experiments. 
During the time course of the aphid infestation, plants developed from the A) VC 
stage (1-day), with a pair of unifoliate leaves, to B) V1 stage (6-day), with 
trifoliate leaves. 
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General Conclusions 

Aphids are plant pests from the order Hemiptera of insects. With over 5000 

species, aphids feed on a wide range of plants including commercial crops 

(McGavin, 1993; Remaudiere and Remaudiere, 1997; Sorenson, 2009). Aphid 

feeding on plants, especially crops, can generate extensive damage and 

economic losses. The focus of this study, cowpea (Vigna unguiculata), can have 

over a 50% loss in crop yield due to cowpea aphid (Aphis craccivora) infestation 

(Obopile, 2006). Cowpea aphids have a worldwide distribution, but they are 

especially a problem in semiarid regions of the world like Sub-Saharan Africa 

(Singh, 2014). The most common control measure to aphid infestations is 

through the use of pesticides. However, in the regions where cowpea is grown, 

pesticide use is limited highlighting the need for endogenous cowpea resistance 

to cowpea aphids (Souleymane et al., 2013; Togola et al., 2020). In order to 

better control cowpea aphids, cowpea-cowpea aphid interactions need to be 

better studied and understood.  

For this purpose, aphid saliva was collected in vitro and the proteome 

content was identified through liquid chromatography tandem mass spectrometry 

(LC-MS/MS) as described in Chapter One. During this analysis a putative aphid 

effector, diacetyl/L-xylulose reductase (DCXR), was identifed and functionally 

characterized in Chapter One. At the beginning of this study, there was no 

information available on the composition of cowpea aphid saliva. While this study 

was in progress, information became available on saliva of a cowpea aphid 
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native to Gabon, Africa (Loudit et al., 2018). While there were similarities in the 

salivary proteome composition of the African cowpea aphids and the cowpea 

aphids from California, used in this study, almost double the number of salivary 

proteins were identified. While a number of these proteins had been previously 

identified in other aphid species saliva, one protein, the salivary enzyme DCXR, 

had not.  

DCXR is a member of short-chain dehydrogenase/reductase that is 

involved in NADPH-dependent reductions of carbohydrates and toxic dicarbonyls 

(Nakagawa et al., 2002; Ishikura et al., 2003; Ebert et al., 2015). It was shown 

that the cowpea aphid recombinant DCXR (AcDCXR) was able to catalyze the 

reversible reaction of xylitol to xylulose, generating a potential additional source 

of energy, as well as detoxify the cytotoxic dicarbonyl methylglyoxal. The 

presence of AcDCXR in cowpea aphid saliva, led to the discovery of 

methylglyoxal accumulation in cowpea in response to the aphid. At low 

concentrations, methylglyoxal has recently emerged as a plant signaling 

molecule to both abiotic and biotic stresses (Hoque et al., 2016; Li, 2016; Melvin 

et al., 2017). Cowpea aphid infestation led to a transient increase in 

methylglyoxal levels in multiple plant species indicating it is a conserved 

response to cowpea aphid infestation. Agrobacterium-mediated transient 

overexpression of AcDCXR on pea (Pisum sativum) increased aphid fecundity. 

This increased fecundity demonstrated AcDCXR as a putative effector, most 
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likely through generation of additional energy for the aphid as well as altering 

plant defense responses.  

Cowpea aphid infestations generate an excessive amount of damage to 

cowpea in the field. The high level of damage generated by cowpea aphids is not 

seen in most plant-aphid interactions. At low populations, aphids that cause little 

to no damage are classified as nonphytotoxic, while aphids that generate 

damage at low populations are classified as phytotoxic (Miles, 1999; Nicholson et 

al., 2012; Nicholson and Puterka, 2014). In Chapter Two, cowpea aphids were 

examined to determine if they were phytotoxic. While an uncontrolled cowpea 

aphid population always generated at least one damage symptom, a cowpea 

aphid population that was kept at a low constant level was also found to generate 

damage symptoms. Damage symptoms present from low aphid populations 

demonstrated that the cowpea aphids are phytotoxic aphids.  

Endogenous resistance to the cowpea aphid has been previously 

identified in the African cowpea breeding line IT97K-556-6 (Souleymane et al., 

2013). This resistance was further explored through recombinant inbred lines 

(RILs), and the source of the resistance was identified as two quantitative trait 

loci (QTL), QAC-vu7.1 and QAC-vu1.1 (Huynh et al., 2015). Near isogenic lines 

(NILs) were developed in the California blackeye cultivar background (Huynh et 

al., 2015; Huynh and Roberts, pers. comm.). The resistance conferred by the two 

QTLs in 2014-008-51-82 was characterized in Chapters Two and Three. 
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The mechanism of resistance conferred by these two QTLs was identified 

as having both antibiosis and antixenosis components as described in Chapter 

Two. Cowpea aphid growth and fecundity were observed on the resistant and 

susceptible NILs. Cowpea aphids feeding on the resistant line had both a slower 

growth rate and lower fecundity than aphids feeding on the susceptible line, 

confirming the resistance has an effect on the aphids’ development and 

reproduction. Monitoring aphid feeding behavior using electrical penetration 

graphs (EPGs) identified a significant difference in sap ingestion from the two 

cowpea lines. Cowpea aphids on the resistant line struggled to ingest sap 

indicating that the resistance is at least partially phloem based. In choice assays 

in Chapter Two and dispersal assays in Appendix A, cowpea aphids were found 

to have significant preference for the susceptible cowpea over the resistant 

confirming that the resistance has an effect on the aphids’ behavior.  

In addition to characterization of the mechanism of resistance in Chapter 

Two, molecular characterization of the resistance was explored in Chapter Three. 

This was achieved by analyzing the transcriptomes of the NILs, after 1-day and 

6-day infestations with the cowpea aphids, using RNAseq. Not many differentially 

expressed genes (DEGs) were identified in resistant 1-day. This is most likely 

due to lack of interaction between the aphid and plant, as the aphids struggled to 

feed early after exposure to plants based on EPG analysis as described in 

Chapter Two. The most DEGs for a single timepoint/treatment were identified in 

the susceptible 1-day. A high representation in these DEGs were genes involved 
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in protein biosynthesis. This could be an indication of either initiation of plant 

defenses against the aphid or the beginnings of aphid induced host manipulation 

to generate a sink in the plant (Ahman et al., 2019). 

In the susceptible 6-day, there was a high level of cell wall/cytoskeleton 

associated DEGs and genes associated with the phytohormones auxin (IAA) and 

ethylene (ET). The ET and IAA pathways are upregulated in barely (Hordeum 

vulgare) after Russian wheat aphid (Diuraphis noxia) infestation and thought to 

be involved in pseudogall formation (Marimuthu and Smith, 2012). The 

upregulation of ET and IAA pathways, as well as cell wall/cytoskeleton 

associated DEGs in cowpea fed on by aphids, is likely part of initiation of the 

pseudogalls. 

In the resistant 6-day, there were a number of DEGs known to be involved 

in the defense related processes. One of these defense genes identified was a 

mitogen activated protein kinases (MAPKs). MAPKs are a well conserved 

signaling cascade proteins that regulate a number of cellular functions like 

defense (Widmann et al., 1999). No MAPKs were found upregulated in response 

to aphid infestation in the susceptible line suggesting their importance for the 

resistance. Another of these DEGs is the transcription factor WRKY70 which has 

been previously implicated in tomato (Solanum lycopersicum) resistance to the 

potato aphid (Macrosiphum euphorbiae) (Atamian et al., 2012). In this study, 

WRKY70 was upregulated in both the susceptible and resistant lines, but at 

different timepoints, early in susceptible and late in the resistant. The difference 
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in timepoints could be from the delayed onset of aphid feeding on the resistant 

line, but it also suggests aphids maybe manipulating their host plant defenses in 

the susceptible cowpea. Other defense related DEGs upregulated in resistant 6-

day were those encoding leucine rich repeats (LRRs). The majority of the LRR 

encoding genes identified in resistant 6-day were identified as transmembrane 

receptor-like kinases (RLKs). RLKs are integral components of plant defense. 

They interact with a diverse group of proteins in order to coordinate specific 

signaling responses (Afzal et al., 2008). Two of the RLKs identified in resistant 6-

day were also identified when accounting for growth and development. A third 

LRR encoding gene was also identified when accounting for growth and 

development, but it contained only an LRR domain. There is little other 

information on these three LRR encoding genes but based on their expression 

patterns they are the top candidates for further exploration of cowpea aphid 

resistance.  
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Appendix A 

Cowpea Aphid Dispersal Assays 
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Introduction 

Choice assays with resistant and susceptible plants were performed to determine 

whether the cowpea aphid resistance conferred by the two QTLs had an 

antixenosis component. Choices assays were monitored at several time points 

within a 24-hour period. More aphids were present on the susceptible cowpea 

than on the resistant after 24 hours. These experiments were described in 

Chapter Two. However, the actual cowpea aphid interaction with the resistant 

and susceptible plants was unknown since the aphids were released between 

the two plant genotypes and little aphid participation occurred until the final 

timepoint. It was not known if the aphids moved between plants and sampled 

them, or they simply chose the susceptible. To account for this lack of interaction, 

aphids were placed directly on either susceptible or resistant leaves and the 

aphids’ dispersal to a leaf of the opposite genotype was monitored. This was 

compared to a baseline dispersal where two plants of the same genotype were 

tested next to each other.  
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Materials and Methods 

 

The rate of cowpea aphid dispersal in response to resistant cowpea was 

measured using behavior dispersal assay as described in Mauck et al., (2010). 

Bioassay arenas developed from 100 x 15 mm petri dishes, with two conjoining 

holes (17 mm2) cut in the center, were used. A unifoliate leaf from two cowpea 

plants were exposed on one side of the conjoining holes. After a 15 -minute chill 

at 4°C, twenty 4th stage instar and adult aphids were placed on a piece of filter 

paper. The filter paper with the chilled aphids was then placed directly on one of 

the exposed leaves (Fig 4.1). The placement of the filter paper on the leaf 

ensured that the aphids contacted the initial leaf they were placed on before 

dispersal. The filter paper was removed after an hour when all aphids had 

dispersed and the location of the aphids were documented at 1, 2, 6, and 24 

hours. The cowpea plants screened against each other included, susceptible with 

resistant, susceptible with susceptible and resistant with resistant. 
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Results 
 

 
A cowpea aphid dispersal assay was utilized to test aphids’ initial response to the 

resistant and susceptible cowpea genotypes. Cowpea aphids were introduced 

directly to either a susceptible or resistant leaf with a leaf of the opposite cowpea 

line directly next to it (Fig 4.1). As control, the same genotype was also tested 

next to each other and is referred to as baseline dispersal. 

Monitoring cowpea aphid dispersal at different intervals for a period of 24 

hours showed that aphids initially placed on the susceptible leaf had a low level 

of dispersion when screened with the resistant leaf and with the susceptible leaf 

(baseline dispersal) (Fig 4.2). Aphids remained on the initial susceptible plant for 

the majority of the replicated experiments. Only at 6 hours, the number of aphids 

on the originating leaf go below 50% (8.7/20 aphids), but the missing aphids did 

not go to resistant leaf, instead, they were elsewhere in the testing arena (Fig 

4.2C). This movement at 6 hours was also seen in the baseline dispersal group 

where the aphids had left the initial leaf they were placed on but did not go to the 

adjoining leaf and were elsewhere in the testing arena. By 24 hours, the majority 

of the aphids were found on the original susceptible leaf they had been placed 

on. At 24 hours, only 19% (3.8/20 aphids) of the aphids were found on the 

adjoining resistant leaf and the baseline dispersal at 24 hours, where susceptible 
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leaves were tested against each other, was only 29.5% (5.9/20 aphids) (Fig 

4.2D).  

Lack of dispersion was also observed at 1 hour when the experiment was 

reversed, and cowpea aphids were initially placed on a resistant cowpea leaf (Fig 

4.3A). However, after 2 hours, less than half of the aphids remained on the 

resistant leaf they were originally placed on (6.5/20 aphids) (Fig 4.3B). The 

aphids had not dispersed to the susceptible plant however and were elsewhere 

in the testing arena. At 24 hours, there were more aphids on the susceptible leaf 

than on the initial resistant leaf they were placed on (Fig 4.3D). This dispersal 

from the resistant to the susceptible leaf was significantly different than the 

baseline dispersal from resistant to resistant leaf. At 24 hours, the baseline 

dispersal was only 27.5% (5.5/ 20 aphids) while the dispersal of aphids placed on 

the resistant leaf and found on the susceptible leaf was 47.5% (9.5/20 aphids). 

This affirms the cowpea aphids’ preference for susceptible cowpea and the 

involvement of antixenosis in the resistance. 
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Fig 4.1. A Petri dish arena used for the cowpea aphid dispersal assays. Cowpea 
aphids were introduced into the arena on a filter paper on either a susceptible or 
a resistant leaf. 
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Fig 4.2. Dispersal of cowpea aphids when introduced onto a susceptible cowpea. 
Twenty cowpea aphids were introduced to a cowpea unifoliate leaf on a filter 
paper with the opposite cowpea genotype next to leaf the aphids were placed on. 
The location of the aphids was monitored at A) 1 hour, B) 2 hours, C) 6 hours, 
and D) 24 hours. The baseline dispersal was determined in the same way but 
using two plants of the same genotype next to each other. Dispersal level was 
compared to the baseline dispersal through generalized linear models (GLM) 
followed by Tukey’s HSD test. Asterisks indicate significant differences p < 0.001. 
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Fig 4.3. Dispersal of cowpea aphids when introduced on resistant cowpea. 
Twenty cowpea aphids were introduced to a cowpea unifoliate leaf on a filter 
paper with the opposite cowpea genotype next to leaf the aphids were placed on. 
The location of the aphids was monitored at A) 1 hour, B) 2 hours, C) 6 hours, 
and D) 24 hours. The baseline dispersal was determined in the same way but 
using two plants of the same genotype next to each other. Dispersal level was 
compared to the baseline dispersal through generalized linear models (GLM) 
followed by Tukey’s HSD test. Asterisks indicate significant differences ** p < 
0.01 and *** p < 0.001. 
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Appendix B 

Quantification of Methylglyoxal Levels in Cowpea Leaves in Response to 

Cowpea Aphid Infestation 

 



 257 

Abstract 

Aphids are a serious pest of crops across the world. Aphids feed by inserting 

their flexible hypodermal needlelike mouthparts, or stylets, into their host plant 

tissues. They navigate their way to the phloem where they feed on its sap 

causing little mechanical damage to the plant. Additionally, while feeding, aphids 

secrete proteinaceous effectors in their saliva to alter plant metabolism and 

disrupt plant defenses to gain an advantage over the plant. Even with these 

arsenals to overcome plant responses, plants have evolved ways to detect and 

counter with defense responses to curtail aphid infestation. One of such 

response of cowpea to cowpea aphid infestation, is accumulation of the 

metabolite methylglyoxal. Methylglyoxal is an α,β-dicarbonyl ketoaldehyde that is 

toxic at high concentrations. Methylglyoxal levels increase modestly after 

exposure to a number of different abiotic and biotic stresses and has been shown 

to act as an emerging defense signaling molecule at low levels. Here we 

describe a protocol to measure methylglyoxal in cowpea leaves after cowpea 

aphid infestation, by utilizing a perchloric acid extraction process. The extracted 

supernatant was neutralized with potassium carbonate, and methylglyoxal was 

quantified through its reaction with N-acetyl-L-cysteine to form N-α-acetyl-S-(1-

hydroxy-2-oxo-prop-1-yl)cysteine, a product that is quantified 

spectrophotometrically.  
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The text of this chapter is a reprint of the material as it appears in Bio-

protocol. 

MacWilliams, J. R., Ostaszewska-Bugajska, M., Borysiuk, K., Szal, B. and 
Kaloshian, I. (2020). Quantification of Methylglyoxal Levels in Cowpea 
Leaves in Response to Cowpea Aphid Infestation. Bio-
protocol. DOI: 10.21769/BioProtoc.3795  

 

https://doi.org/10.21769/BioProtoc.3795
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Introduction 

The importance of methylglyoxal in plant response and signaling to various 

stresses is only just beginning to be understood. Various abiotic stresses have 

been shown to lead to an accumulation of methylglyoxal in plants (Yadav et al., 

2005; Borysiuk et al., 2018). This accumulation suggests that methylglyoxal has 

a signaling role in plants (Hossain et al., 2009; Hoque et al., 2016; Mostofa et al., 

2018). Exogenous application of methylglyoxal has been found to upregulate 

antioxidant and defense genes in plants corroborating the role methylglyoxal has 

as a signaling molecule (Kaur et al., 2015; Li et al., 2017). The accumulation of 

methylglyoxal in plants has also been described in response to biotic stresses 

including bacterial, viral and fungal infections (Melvin et al., 2017). Recently, it 

has been shown that cowpea aphid infestation also leads to an increase in 

methylglyoxal level expanding its role in defense against herbivore pests 

(MacWilliams et al., 2020). Three methods have been established for 

quantification of methylglyoxal. Of these three methods, the N-acetyl-L-cysteine 

method by Wild et al. (2012) has been found to measure methylglyoxal in the 

most economical and safest way. The other two methods involve expensive 

enzyme purification or derivatization with an explosive chemical (Racker, 1951; 

Gilbert and Brandt, 1975). N-acetyl-L-cysteine method involves mixing 

methylglyoxal with N-acetyl-L-cysteine to generate N-α-acetyl-S-(1-hydroxy-2-

oxo-prop-1-yl)cysteine which is detected and measured at absorbance 288 nm 

by a spectrophotometer (Fig 5.1). In this protocol, we combine the method by 
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Wild et al. (2012), that simply measures methylglyoxal levels, with extraction of 

methylglyoxal from plant tissues, and measuring its levels in cowpea (Vigna 

unguiculata) leaves after cowpea aphid infestation (Aphis craccivora).  

 



 261 

Materials and Methods 
 

1. Disposable nitrile gloves (Fisher Scientific, catalog number: 19-130-1597)  

2. Lab coat  

3. N95 mask (3M, catalog number: 19-033-524)  

4. 32 oz (946 ml) plastifoam cups (First Street, model: SF32)  

5. White printing paper letter size (8 1/2" x 11") (Office Depot, catalog number: 

841195)  

6. Bug domes (BioQuip)  

7. Fine tip paint brush (academy 775 round size 0; Grumbacher, catalog number: 

14173361639)  

8. Disposable Petri dish (Fisher Scientific, catalog number: FB0875713)  

9. Pipette tips 2 μl, 10 μl, 200 μl, 1,000 μl  

10. Eppendorf tubes (1.5 ml)  

11. Eppendorf tubes (2 ml)  

12. Pellet pestles (Fisher Scientific, catalog number: 12-141-364)  

13. Methacrylate disposable cuvettes (Fisher Scientific, catalog number: 14-955-

127)  

14. UC Mix 3 Soil (Plaster Sand 15.50 cu. ft., peat moss 11.50 cu. ft., KNO3 0.25 

lb., limestone flour 1.50 lb., phosphate 1.25 lb., dolomite 3.75 lb., magnesium 

0.07 lb., iron 0.13 lb., manganese 0.03 lb., zinc 0.05 lb., copper 0.11 lb.) 

(https://agops.ucr.edu/soil-mixing) or similar plaster sand-peat moss mix soil  

15. Cowpea seeds (cv CB46)  
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16. Cowpea aphid colony  

17. Sodium phosphate monobasic (NaH2PO4) (Fisher Scientific, catalog number: 

S369-500)  

18. Methylglyoxal (Sigma-Aldrich, catalog number: M0252-25ML)  

19. N-acetyl-L-cysteine (Alfa Aesar, catalog number: A15409)  

20. 70% Perchloric acid (Macron Fine Chemicals, catalog number: MK-2766-

500)  

21. Potassium carbonate (CK2O3) (Fisher Scientific, catalog number: P208-500)  

22. Sodium hydroxide (NaOH) (Fisher Scientific, catalog number: BP359-212)  

23. Charcoal (Fisher Scientific, catalog number: C270C)  

24. Alkacid wide-range test ribbons (Fisher Scientific, catalog number: A979)  

25. ddH2O  

26. Ice  

27. 100 mM Methylglyoxal (see Recipes)  

28. 100 mM NaH2PO4 buffer (pH 7.0) (see Recipes)  

29. 500 mM N-acetyl-L-cysteine (see Recipes)  

30. 5% Perchloric acid (see Recipes)  

31. 1 M CK2O3 (see Recipes)  

32. 10 mM NaOH (see Recipes)  
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Equipment  

1. Pipettes (P2, P20, P200, P1000)  

2. Microcentrifuge (Beckman Coulter, model: Microfuge 22R Centrifuge)  

3. Spectrophotometer (Beckman Coulter, model: Du 730 Life Science UV/Vis 

Spectrophotometer)  

4. pH meter (Mettler Toledo, model: MP 220 pH Meter)  

5. Electronic balance (Mettler Toledo, model: AG104 Electric Balance)  

6. Plant and aphid growth room or greenhouse maintained at 28 ± 2 °C and 16 h 

light/8 h dark photoperiod  

7. Fume hood  
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Procedure 

 

A. Planting and plant growth  

1. Fill up the plastifoam cups with UC Mix 3 soil. Use a minimum of three plants 

for each infestation time point and for non-infested control (biological replicates).  

2. Plant a single cowpea seed in each cup at around 2.5 cm depth.  

3. Maintain the plants at 28 ± 2 °C for 16 h light/8 h dark photoperiod and water 

as needed.  

4. After 2 weeks, plants will have full grown unifoliate leaves and will be ready for 

infestation.  

 

B. Aphid infestation  

1. Using a wet fine paintbrush, collect apterous (wingless) 4th stage nymphs and 

adult cowpea aphids from a colony and place the aphids in a Petri dish as seen 

in Fig 5.2.  

Note: A cowpea aphid colony is best maintained on young plants with 16 h of 

light at 28 ± 2 °C.  

2. Move the dish with the aphids to the plant growth room where the plants will 

be infested and maintained.  

3. Using the same paintbrush, transfer about 100 aphids to a single unifoliate 

leaf.  
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Notes:  

a. Ensure that the leaf is evenly infest with aphids as seen in Fig. 5.3C.  

b. For multiple time point infestations, infest the plants such that you are able to 

harvest the leaves, from all time points, at the same time. For example, for 24 h 

and 48 h time points, infest on day 1 and day 2 at a similar time of the day and 

harvest the leaves on day 3.  

4. Make a slit in a piece of paper of about 15-mm height and 7-mm width (Fig 

5.3A), and place the paper around the cowpea leaf to form a barrier, to inhibit 

aphids from leaving the leaf, as seen in Fig 5.3. Place a paper barrier on the 

control non-infested plants as well.  

Note: The paper barrier discourages aphids from leaving the leaf, while limiting 

mechanical damage that could be caused by traditional clip cages, used to 

confine aphids on a given location on a leaf.  

5. Move the infested plants into a bug dome and maintain at 28 ± 2 °C for 16 h 

light/8 h dark photoperiod.  

6. Place the non-infested control plants in a different bug dome, adjacent to the 

bug dome containing the aphid-infested plants.  

 

C. Methylglyoxal extraction  

Notes: Because perchloric acid and methylglyoxal are toxic, before starting the 

procedure, take the following safety measures:  
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a. Wear personal protective equipment (PPE), including a lab coat, gloves and 

N95 mask, for handling perchloric acid and methylglyoxal.  

b. Perform all steps in a fume hood.  

c. Have an easily accessible designated waste container, inside the hood, to 

dispose everything that comes in contact with perchloric acid.  

 

1. Move the plants and a balance, for weighing the leaves, near the fume hood.  

2. Mark and weigh appropriate number of empty 1.5 ml Eppendorf tubes and 

record their weights.  

3. Remove the paper barrier, cut the petiole of the infested leaf and immediately 

cut the leaf in half and place a half leaf in a 1.5 ml Eppendorf tube.  

4. Weigh the tube and determine the leaf tissue weight by subtracting the weight 

of the empty tube.  

Note: The weight of half a cowpea 2-week-old unifoliate leaf is around 300 mg.  

5. Add 300 μl of 5% perchloric acid and homogenize the leaf tissue using a 

pestle.  

Notes:  

a. Use 1:1 ratio of mg leaf tissue and μl volume of 5% perchloric acid.  

b. To avoid variability, steps 3-5 should be performed quickly.  

6. Incubate the samples for 15 min at room temperature.  

7. Centrifuge the samples at 13,000 x g for 10 min at 4 °C.  

8. Transfer the supernatant to a new 1.5 ml tube.  
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9. Divide equally the supernatant from each sample into two 1.5 ml tubes to use 

as technical replicates.  

10. Add 10 mg of charcoal to each tube to decolorize the supernatant and 

incubate for 15 min at room temperature.  

Note: Invert the tubes a couple of times during the 15 min incubation.  

11. Neutralize the solution by adding an appropriate volume of 1 M CK2O3.  

 

Note: Use caution when titrating with 1 M CK2O3 and monitor the pH of the 

sample with Alkacid wide-range test ribbons to prevent over-neutralization. For 

250 μl of supernatant, around 45 μl of 1 M CK2O3 is needed. If additional titration 

is needed, use small volumes of 1 M CK2O3.  

12. Centrifuge the samples at 13,000 x g for 10 min at 4 °C.  

Note: If the pellet is floating and is not stuck at the bottom of the tube, repeat the 

centrifugation.  

13. Transfer the supernatant from each tube to a new 1.5 ml tube and keep on 

ice until ready to measure methylglyoxal concentration.  

D. Methylglyoxal standard curve  

1. Prepare a standard curve by adding the reagents in 2 ml tubes as described in 

Table 5.1. 

Notes:  

a. Methylglyoxal is highly toxic and should be handled in a fume hood with proper 

PPE. All steps including the formation and reading of N-α-acetyl-S-(1-hydroxy-2-
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oxo-prop-1-yl)cysteine with the spectrophotometer should also be performed in 

the fume hood for maximum safety, with an easily accessible designated waste 

container for everything that comes in contact with methylglyoxal.  

b. 100 mM methylglyoxal is made fresh in ddH2O.  

2. Add 20 μl of 500 mM N-acetyl-L-cysteine to each tube to start the reaction 

shown in Fig 5.1.  

3. Invert the tubes to mix the reaction and incubate at room temperature for 10 

min.  

 

Notes:  

a. Tubes should be inverted multiple times during the incubation period.  

b. If this protocol is used for measuring methylglyoxal under different stresses or 

different plant species, then, observe the kinetics of the reaction of a sample to 

ensure that the 10 min is a long enough incubation time for the reaction to reach 

a plateau.  

4. Move the samples into cuvettes and using a spectrophotometer detect the 

formation of N-α-acetyl-S-(1-hydroxy-2-oxo-prop-1-yl)cysteine by measuring the 

absorbance at 288 nm.  

5. Plot a standard curve as shown in Fig 5.4.  
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E. Methylglyoxal estimation  

1. For each sample, use a 2 ml tube and label accordingly. In each tube, add 930 

μl of 100 mM NaH2PO4 buffer (pH 7.0).  

Note: 100 mM NaH2PO4 buffer (pH 7.0) should be prepared fresh.  

2. Add 50 μl of each sample to the 2 ml tube with the 100 mM NaH2PO4 buffer.  

3. Add 20 μl of 500 mM N-acetyl-L-cysteine to each tube to start the reaction 

shown in Fig 5.1.  

Note: 500 mM N-acetyl-L-cysteine is prepared fresh in 100 mM NaH2PO4 buffer 

(pH 7.0).  

4. Invert the tubes to mix and incubate at room temperature for 10 min.  

Note: Invert the tubes multiple times during the incubation period.  

5. Move the samples into cuvettes and detect the formation of N-α-acetyl-S-(1-

hydroxy-2-oxo-prop-1-yl)cysteine by measuring absorbance at 288 nm using a 

spectrophotometer.  

Note: If the sample absorbance falls outside of the standard curve, dilute the 

sample and redo the reaction starting at Step E1. 
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Data Analysis  

 

1. Using the methylglyoxal standard curve shown in Fig 5.4, determine the 

methylglyoxal concentration (mM) in the samples by (Abs288 – intercept)/slope.  

2. Multiply the value obtained by 20 [20 being the dilution factor (1,000 μl total 

volume/50 μl of the sample) for the example given above].  

Note: If the samples were diluted before measurement, include that dilution factor 

in the calculation.  

3. Determine the total methylglyoxal content of a leaf sample (μmol g-1 fresh 

weight) by multiplying the methylglyoxal concentration (mM) by the extracted 

sample volume (ml) and dividing by the leaf fresh weight (g).  

4. Average the two technical replicates for the value of a biological replicate. 

Then, determine the value of each time point by calculating the average of the 

different biological replicates.  
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Recipes  

1. 100 mM Methylglyoxal (prepared fresh)  

Add 15.4 μl of methylglyoxal to 984.6 μl ddH2O  

 

2. 100 mM NaH2PO4 buffer (pH 7.0) (prepared fresh)  

Dissolve 0.599 g NaH2PO4 in 50 ml ddH2O. Bring to pH 7 with 10 mM NaOH  

 

3. 500 mM N-acetyl-L-cysteine (prepared fresh)  

Dissolve 81.5 mg N-acetyl-L-cysteine in 1 ml NaH2PO4 buffer (pH 7.0)  

 

4. 5% Perchloric Acid  

Add 1.79 ml 70% Perchloric acid to 23.21 ml ddH2O  

 

5. 1 M CK2O3  

Dissolve 6.91 g CK2O3 in 50 ml ddH2O  

 

6. 10 mM NaOH  

Dissolve 0.4 g of NaOH pellets in 1,000 ml ddH2O 
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Table 5.1. Reagents and concentrations used for developing the methylglyoxal 
standard curve. 
 

Tube  Methylglyoxal 
concentration  

100 mM 
Methylglyoxal  

100 mM NaH2PO4 

buffer (pH 7.0)  

1  0.5 mM  5 μl  975 μl  

2  1 mM  10 μl  970 μl  

3  2 mM  20 μl  960 μl  

4  3 mM  30 μl  950 μl  

5  5 mM  50 μl  930 μl  
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Fig 5.1. Reaction of methylglyoxal with N-acetyl-L-cysteine to form N-α-acetyl-S-
(1-hydroxy- 2-oxo-prop-1-yl)cysteine. Structures were drawn using the online 
resource at http://molview.org. 

http://molview.org/
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Fig 5.2. Collection of cowpea aphids. A) An adult cowpea aphid next to a 
paintbrush. B) Cowpea aphids in a 9-mm Petri dish. 
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Fig 5.3. The paper barrier used to keep aphids on a single leaf. A) The slit in the 
paper allows to insert the paper around the petiole of a leaf. B) A cowpea plant 
with the paper barrier in place. C) A cowpea leaf evenly infested with cowpea 
aphids. 
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Fig 5.4. A standard curve generated by measuring absorbance at 288 nm using 
a spectrophotometer and the methylglyoxal concentrations and reagents in Table 
5.1. 
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Appendix C 

The Effect of Adaptation to Different Host Plants on Potato Aphid Host 

Choice and Endogenous Viral Load 
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Introduction 

Herbivorous piercing-sucking insects have an intimate relationship with their host 

plants. A majority of herbivorous insects are limited to a specific host plant 

species or small range of host plants due to specific plant defenses or plant 

nutritional composition (Futuyma and Moreno, 1988; Forister et al., 2012). 

Currently, the adaption by insects to their host plants is of great interest (Simon 

et al., 2015; Birnbaum and Abbot, 2018). With enhanced understanding of insect 

adaption to their host plants, a better management strategy can be employed 

against crop pests. 

Aphids are major crop pests with more than 5000 species known to date 

(Blackman and Eastop, 2000). Most aphids are specialists and have a narrow 

range of plant hosts while some aphids are generalists and have a wide range of 

plant hosts (Peccoud and Simon, 2010). Aphids feed by inserting their flexible 

hypodermal needle like stylets into the plant tissues navigating to the plant 

phloem to feed on the plant’s phloem sap. On the way to the phloem and in the 

phloem, aphids deposit saliva to facilitate feeding, alter plant physiology and 

disrupt plant host defense responses (Miles, 1999; Will et al., 2007). 

The pea aphid (Acyrthosiphon pisum) is a legume specialist feeding on 

different leguminous crops such as lentils, beans, peas, alfalfa, and clover 

(Ferrari et al., 2006; Frantz et al., 2006; Ferrari et al., 2008; Peccoud et al., 

2009). The pea aphid has been chosen as the model aphid species with over 15 

biotypes of the aphid documented (Peccoud et al., 2009; Peccoud et al., 2015). 
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Each of these biotypes is a specialist that feeds on only one or a few closely 

related plant hosts (Peccoud et al., 2009). These biotypes have a differing fitness 

level and survival rate on these different host species, but all can survive on fava 

bean (Vicia faba) (Sandström, 1994; Sandström and Pettersson, 1994; Peccoud 

et al., 2009).  

 Differential gene expression has been investigated in multiple pea aphid 

biotypes fed on their natural host plant compared to feeding on the common host 

fava bean. Interestingly, little differences in gene expression were identified 

among a specific biotype fed on different host plants (Eyres et al., 2016; Boulain 

et al., 2019). The differences in gene expression were mostly detected among 

the different aphid biotypes (Boulain et al., 2019). This lack of gene expression 

change on different plant hosts, may explain why the pea aphid is a specialist 

and unable to colonize a wide host range like the generalist green peach aphid 

(Myzus persicae) (Eyres et al., 2016; Mathers et al., 2017; Boulain et al., 2019). 

Further examination of host responses to pea aphids, found changes in plant 

defense hormones. When non-native pea aphid biotypes fed on different non-

adapted host plants, higher levels of plant defense hormones jasmonic acid (JA) 

and salicylic acid (SA) were detected on these non-adapted plants compared to 

those fed on by the native pea aphid biotype (Sanchez-Arcos et al., 2016). 

In contrast to pea aphids, the green peach aphid is a genuine generalist 

that is able to colonize more than 100 different plant species from 40 families 

(Peccoud et al., 2009; CABI, 2020). The green peach aphid is able to accomplish 
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this broad generalism through rapid transcriptional plasticity of aphid-specific 

genes (Mathers et al., 2017). Unlike pea aphids, when green peach aphids were 

transferred from host to host multiple gene clusters of aphid-specific genes were 

differentially expressed (Eyres et al., 2016; Mathers et al., 2017; Boulain et al., 

2019). Of these gene clusters, cathepsin B cysteine proteases were thought to 

be the most important cluster for green peach aphid colonization. When the 

green peach aphids were transferred between host plants, different cathepsin B 

genes differentially expressed as early as two days after transfer. The 

importance of the cathepsin B genes was confirmed by knocking down the 

expression of a group of them through plant-mediated RNAi. Interestingly, the 

effect of knocking down these genes on aphid survival and fecundity were only 

detected on Arabidopsis thaliana but not on Nicotiana benthamiana (Mathers et 

al., 2017). 

The potato aphid (Macrosiphum euphorbiae) is another generalist aphid 

with a wide host range of over 200 plant species from 20 different families (CABI, 

2019). The potato aphid is able to survive on these many different plants, but it 

prefers plants from the Solanaceae family, especially potato (Solanum 

tuberosum) and tomato (Solanum lycopersicum) (Blackman and Eastop, 2000). 

The potato aphid like other aphids is known to act as a vector to a number of 

economically important plant viruses (Chan et al., 1991; Xu and Gray, 2020). 

Several aphid-specific viruses have been identified to date including three 

from the potato aphid. Transcriptomic analysis of the potato aphid identified the 
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existence of three novel potato aphid viruses, Macrosiphum euphorbiae virus 1-3 

(MeV-1, MeV-2 and MeV-3). Transmission of all three viruses is suspected to be 

vertically from mother to nymph (Teixeira et al., 2016; Teixeira et al., 2018). 

However, MeV-1 was shown to be also horizontally transmitted through its host 

plant as it was detected in plant tissues fed on by virus-infected aphids (Teixeira 

et al., 2016), and naïve aphids feeding on tomato plants previously infested with 

MeV-1 aphids, became infected with MeV-1 (Kaloshian, Unpublished). MeV-2 

was also detected in the host plant tissue, but it is unclear if it is transmitted 

horizontally (Teixeira et al., 2018). The effects and roles of these three viruses on 

their aphid host are not well understood.  

Some aphid viruses have been identified to have symbiotic effects on their 

aphid host, such as, the rosy apple aphid virus (RAAV), dyaphis plantaginea 

densovirus (DplDNV), and Acyrthosiphon pisum virus (APV) (van der Wilk et al., 

1997; Ryabov et al., 2009; Lu et al., 2019). The beneficial effects of these viruses 

vary but each have a role in helping their host aphid. DplDNV induces winged 

morphs of the rosy apple aphid (Dysaphis plantaginea) that help disperse the 

aphid colony. Rosy apple aphids infected with DplDNV have a lower fecundity 

but, interestingly, the presence of RAAV decreases this lost fecundity (Ryabov et 

al., 2009). APV infection of pea aphids increased the aphid survival on the low-

fitness host Vicia villosa through lowering the JA defense hormone levels (Lu et 

al., 2019). 
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In this study I investigated the long-term effects of adaptation of a tomato 

biotype of a potato aphid adapted to different host plants. I also investigated 

whether adaptation to new hosts affected MeV-1, MeV-2 and MeV-3 levels and 

the possibility that these viruses have a role in the aphid adaptation to a new 

host.  
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Materials and Methods 

 

Potato aphid colonies 

A colony of potato aphids isolate WU11, was imported from France to California 

and maintained on tomato for over two decades. Potato aphids were adapted to 

new sets of hosts from this original tomato colony. These hosts include fava 

bean, cotton (Gossypium hirsutum), and Arabidopsis. These aphids were 

maintained exclusively on their adapted hosts for over 2.5 years. The tomato, 

fava bean, and cotton colonies were maintained in a pesticide-free greenhouse 

at 20-30°C in separate large cages supplemented with light for a 16-hour light 

photoperiod. The Arabidopsis colony was maintained in a growth chamber 

(Conviron) at 20°C with 16-hour light photoperiod. 

 

Plant growth 

Tomato cvs. UC82 or EP7, fava bean (cv Windsor), and cotton were grown in UC 

Mix 3 soil (https://agops.ucr.edu/soil-mixing) in 32 oz plastifoam cups. Wild-type 

Arabidopsis Col-0 plants were grown in sunshine mix (SunGro). The plants were 

maintained in a pesticide free plant growth room at 22-24 C with 16-hour light 

photoperiod. Plants were fertilized weekly with MiracleGro (18-18-21; Stern’s 

MiracleGro Products). 
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Potato aphid choice assay  

An arena developed from a large petri dish had two 2 cm holes in the bottom of 

the plate, cut-out directly across from one another on either end of the plate. Two 

4-week-old plants were positioned at the two holes farthest apart and a leaf from 

each of the two plants was made accessible to the aphids through each of these 

holes. A third 2 cm hole was cut-out at the center of the plate. A threaded ring 

was made by cutting out the center of a 50 ml conical tube cap. This threaded 

ring was glued onto the bottom of the dish surrounding the center hole. To hold 

the aphids, a 50 ml conical tube was cut 2 cm below the threads. A mesh was 

glued to the cut section. Twenty 4th stage nymphs and adult apterous aphids 

were placed in this modified tube and starved for an hour.  

To introduce the aphids into the arena, the modified tube was attached to 

the bottom of the petri dish, by screwing it into the threaded ring. Aphids were 

allowed to choose between the plant they were adapted to and a set of plant 

species including fava bean, cotton and Arabidopsis as well as the original host, 

tomato. Aphids were also allowed to choose between non-adapted hosts. The 

number of aphids on each plant was recorded at 1, 6, and 24 hours. Four to six 

plant pairs were used per experiment. Experiments were performed at least 

twice. 

 

 

 



 287 

RNA extraction and RT-PCR 

Ten aphids (4th stage nymph or adult) were collected from each colony for RNA 

extraction using TRIzol (Invitrogen). RNA extraction and RT-PCR were 

performed as described by Teixeira et al. (2016). Extracted RNA was treated with 

DNase I (New England Biolabs) and 2 μg RNA from each sample was 

reverse‐transcribed using SuperScript III reverse transcriptase (Invitrogen) and 

oligo‐dT primer. The PCR was performed with iQ SYBR Green Supermix (Bio-

Rad) using gene-specific primers (Table 6.1) and amplification consisted of 3 min 

at 95°C, 40 cycles of 15 s at 95°C, 30 s at 57°C, and 30 s at 72°C, 15 min at 

72°C, followed by the generation of a dissociation curve. The generated 

threshold cycle CT was used to calculate the transcript abundance relative to 

aphid ribosomal protein (L27) gene (∆∆CT). The transcript levels in aphids on the 

original host tomato was adjusted to 1 for comparisons.  

 

Statistical analysis 

Choice assays were analyzed using two-way ANOVAs (genotype x time points) 

followed by Tukey HSD, performed using GraphPad PRISM (GraphPad 

Software, San Diego, California USA). The comparison of the 6-hour time points 

was analyzed using a one-way ANOVA, followed by Tukey HSD performed using 

GraphPad PRISM (GraphPad Software, San Diego, California USA). 
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For RT-PCR statistical analysis, a one-way ANOVA followed by Tukey 

HSD was performed using GraphPad PRISM (GraphPad Software, San Diego, 

California USA). 
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Results 
 

Choice assay  

Potato aphid colonies adapted to three different plant species were used in 

choice experiments to determine if the adaptation to their new host plants altered 

aphid host preference. Choice assays were performed using modified petri dish 

arenas that allowed the choice between two plant species. Aphids were allowed 

to choose between the plant they were adapted to and either the original plant 

host tomato or other plant species. Irrespective to the plant species potato aphids 

were adapted to, overwhelmingly aphids chose tomato as the preferential host 

(Figs 6.1-6.3). Both the cotton and Arabidopsis adapted colonies significantly 

chose tomato by one hour after initiation of the experiment (Figs 6.1A, 6.2A). By 

six hours, all three adapted colonies had significantly chosen tomato irrespective 

of the species of the other plant (Figs 6.1-6.3). Examining the aphid choices at 

the six hours, between the different plant species they were adapted to and 

tomato, the cotton adapted colony had the highest numbers preferring tomato 

and the highest aphid participation (Fig 6.4; P = 0.0022). Taken together, these 

results indicate that even after successful adaptation to a new plant host, potato 

aphids continued to prefer their original host tomato. 

 In contrast to the choices performed with tomato, the different plant 

adapted colonies had much less of a host preference when tomato was not an 

option. The adapted host were screened against the other plants and two of the 
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three colonies tested had no preference between the plant they were adapted to 

and the other plant species tested after 24 hours (Figs 6.1, 6.2). The fava bean 

adapted colony however, when assayed with fava bean and Arabidopsis, 

significantly higher number of aphids chose fava beans (P <0.001) over 

Arabidopsis (Fig 6.3C). This difference in choice was detected as early as six 

hours (P = 0.0469) and it became more significant by 24 hours (P < 0.001) (Fig 

6.3C). Interestingly, the cotton adapted colony had a significant preference to 

Arabidopsis over cotton at the 1-hour time point but this preference was no 

longer significant at 6 or 24 hours (Fig 6.1C). 

 

Detection of aphid viruses 

All three novel potato aphid viruses, MeV-1, MeV-2, and MeV-3 were originally 

identified and analyzed in the original tomato host colony of potato aphids 

(Teixeira et al., 2018; Teixeira et al., 2016). After the adaption of the potato 

aphids to the other host plants, the titer of these potato aphid viruses was 

examined in each colony through RT-PCR. Adult aphids and 4th stage nymphs 

were used to for these evaluations. There was variation in the titer levels of all 

three viruses within the four different colonies. There was no aphid colony that 

had the highest viral titers. However, the fava bean adapted colony had an 

overall lowest viral titer, displaying the lowest viral titers for both MeV-1 and MeV-

2 and the same low level for MeV-3 as the Arabidopsis adapted colony (Fig 6.5). 

The other three aphid colonies had variable levels of viral titers.  
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The highest MeV-1 titer was found in the Arabidopsis adapted colony. The 

MeV-1 titer was significantly higher in the Arabidopsis adapted colony compared 

to both the cotton and fava bean adapted colonies (Fig 6.5A). However, the 

Arabidopsis adapted colony had the lowest viral titer for MeV-3 out of all the 

potato aphid colonies (Fig 6.5C). MeV-3 was the only virus the fava bean 

adapted colony did not have the lowest viral titer for. The cotton adapted colony 

was found to have the highest MeV-2 and MeV-3 titers (Figs 6.5B, 6.5C). In the 

original tomato colony, the viral titer was never the highest nor the lowest.  
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Table 6.1. List of primers used. 

 

 

Primer Sequence Reference 

L27F CCGAAAAGCTGTCATAATGA Atamian et 

al. 2013 

L27R GGTGAAACCTTGTCTACTGTTACATCTT Atamian et 

al. 2013 

MeV-1F CATTACCAGCGCTTCTGTCA This Study 

MeV-1R ATGGCGACTAGCCTACGAGA This study 

MeV-2F ATTGGGCCGTGAAACATTTG This study 

MeV-2R AATAGGCGCAGAGATGGACG Teixeira et al. 

2018 

MeV-3F ACATTCTCATCCCCACCAAT This study 

MeV-3R AGCCAATTTAGTACCATCACTACGT Teixeira et al. 

2018 
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Fig 6.1. Choice assays of potato aphids adapted to cotton. Potato aphids were 
collected from a cotton adapted aphid colony and introduced into a large petri 
dish arena to choose between hosts. Twenty potato aphids (4th stage and adults) 
in each arena. A) Aphids chose between a cotton leaf and a tomato leaflet. 
Fourteen plant pairs were tested in 5 different experiments. B) Aphids chose 
between a cotton leaf and a fava bean leaf. Ten plant pairs were tested in 2 
different experiments. C) Aphids chose between a cotton leaf and an Arabidopsis 
leaf. Ten plant pairs were tested in 2 different experiments. Graphs show the 
mean number of aphids on either host at the designated time points with error 
bars representing SE of the means. Statistical analysis was done using two-way 
ANOVA (genotype x time points), followed by Tukey HSD; asterisks indicate 
significance * p < 0.05, ** p < 0.01, *** p < 0.001.  
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Fig 6.2. Choice assays of potato aphids adapted to Arabidopsis. Potato aphids 
were collected from an Arabidopsis adapted aphid colony and introduced into a 
large petri dish arena to choose between hosts. Twenty potato aphids (4th stage 
and adults) in each arena. A) Aphids chose between an Arabidopsis leaf and a 
tomato leaflet. Fourteen plant pairs were tested in 5 different experiments. B) 
Aphids chose between an Arabidopsis leaf and a cotton leaf. Ten plant pairs 
were tested in 2 different experiments. C) Aphids chose between an Arabidopsis 
leaf and a fava bean leaf. Ten plant pairs were tested in 2 different experiments. 
Graphs show the mean number of aphids on either host at the designated time 
points with error bars representing SE of the means. Statistical analysis was 
done using two-way ANOVA (genotype x time points), followed by Tukey HSD; 
asterisks indicate significance *** p < 0.001.  
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Fig 6.3. Choice assays of potato aphids adapted to fava bean. Potato aphids 
were collected from a fava bean adapted aphid colony and introduced into a 
large petri dish arena to choose between hosts. Twenty potato aphids (4th stage 
and adults) in each arena. A) Aphids chose between a fava bean leaf or tomato 
leaflet. Fourteen plant pairs were tested in 5 different experiments. B) Aphids 
chose between a fava bean leaf or cotton leaf. Ten plant pairs were tested in 2 
different experiments. C) Aphids chose between a fava bean leaf or Arabidopsis 
leaf. Ten plant pairs were tested in 2 different experiments. Graphs show the 
mean number of aphids on either host at the designated time points with error 
bars representing SE of the means. Statistical analysis was done using two-way 
ANOVA (genotype x time points), followed by Tukey HSD; asterisks indicate 
significance *** p < 0.001.  
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Fig 6.4. Aphids adapted to new hosts overwhelmingly chose their original host 
tomato. The 6-hour time points of each of the choice experiments with tomato as 
one of the hosts and the newly adapted host as the other host to choose from. 
Fourteen plant pairs were tested with 20 potato aphids (4th stage and adults) 
each in 5 different experiments. Graphs show the mean number of aphids on 
either host at 6 h with error bars representing SE of the means. Statistical 
analysis was done using one-way ANOVA, followed by Tukey HSD; asterisks 
indicate significance ** p < 0.01.  
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Fig 6.5. Potato aphid virus transcript levels in the potato aphid colonies adapted 
to different hosts. Ten potato aphids (4th stage or adult) were collected from each 
colony and the levels of A) MeV-1, B) MeV-2 and C) MeV-3 were quantified 
using the aphid ribosomal gene L27 and compared to the respective virus levels 
in aphids on the original host tomato. Error bars represent SE of the mean of 
three biological replicates with two technical replicates each. Statistical analysis 
was done with one-way ANOVA, followed by Tukey HSD; asterisks indicate 
significance * p < 0.05, ** p < 0.01. 
 
 

 




