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Abstract 

 

Insects use enzymes associated with labial salivary glands or guts to detoxify 

plant defensive compounds or suppress plant induced defenses. Current studies 

suggest that the activity of these enzymes can be affected by diet due to two main 

factors: plant secondary metabolites or nutritional quality. How different plant diets 

affect the enzyme activity of Spodoptera exigua (Hübner) caterpillars is not well 

understood. Therefore, the objective of this research is to understand how plant diet 

affects the activity of the caterpillar enzymes: glucose oxidase (GOX), ascorbate 

peroxidase (APOX), glutathione S-transferase (GST), trypsin and carboxylesterase. 

Caterpillars were transferred to plants or artificial diet for 48 hours to compare the 

effects of diets on enzyme activity. The plant diets are Arabidopsis thaliana, 

Medicago truncatula or Solanum lycopersicum. As well, starved or artificial diet 

controls were used. 

Caterpillars fed on Arabidopsis had higher glutathione S-transferase (GST), 

carboxylesterase and trypsin activity compared to other plant diets. GST activity of 

caterpillars fed on Arabidopsis was more than 7 times or 4 times higher than 

caterpillars fed on tomato or Medicago, respectively. Trypsin activity of caterpillars 

fed on Arabidopsis was almost twice or more than 5 times higher than caterpillars fed 

on tomato or Medicago, respectively. Arabidopsis-fed caterpillars had almost 3 times 

of carboxylesterase activity than that of Medicago-fed caterpillars. This result was 

mimicked by adding extracts of Arabidopsis plants to artificial diet, which suggests 

that it may be plant secondary metabolites that activated these enzymes. As for GOX 

and trypsin, the nutritional quality (protein-to-digestible carbohydrate ratio, P:C ratio) 

played an role in determining enzyme activity. The high level of protein in the 

artificial diet increased GOX activity, while trypsin activity was induced by low 

protein level. Caterpillars fed on the 24P:17C diet had twice the GOX activity 

compared to caterpillars fed on the 25P:39C diet. Caterpillars fed on the 25P:39C diet 

had more than twice the trypsin activity than 24P:17C fed caterpillars. Therefore, the 

enzyme activity of S. exigua caterpillars strongly correlated with the diets that insects 

feed on. 
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Résumé 

 

Les insectes utilisent des enzymes associées aux glandes salivaires labiales ou au 

système digestif pour détoxifier les molécules de défense des plantes ou atténuer leurs 

défenses induites. Les études récentes suggèrent que l’activité de telles enzymes peut 

être affectée par l’alimentation à travers deux facteurs principaux : les métabolites 

secondaires des plantes et la qualité nutritionnelle. La manière dont différents régimes 

de plantes affectent l’activité enzymatique de chenilles de Spodoptera exigua 

(Hübner) est mal connue. C’est pourquoi l’objectif de cette étude est de comprendre la 

façon dont différents régimes de plantes affectent l’activité des enzymes suivantes des 

chenilles : le glucose oxydase (GOX), l’ascorbate peroxydase (APOX), le glutathion 

S-transférase (GST), la trypsine et le carboxylesterase. Les chenilles furent transférées 

sur des plantes ou sur une alimentation artificielle pendant 48 heures afin de comparer 

les effets de l’alimentation sur l’activité enzymatique. Les régimes végétaux sont 

Arabidopsis thaliana, Medicago truncatula et Solanum lycopersicum. Des contrôles à 

jeun et d’autres nourris avec une alimentation artificielle furent utilisés. 

  Les chenilles nourries avec Arabidopsis avaient une activité supérieure du 

glutathion S-transférase (GST), du carboxylesterase et de la trypsine comparativement 

aux chenilles nourries avec d’autres régimes. L’activité du GST des chenilles nourries 

avec Arabidopsis était respectivement plus de 7 fois et 4 fois supérieure à celle de 

chenilles nourries sur des plants de tomates ou de Medicago. L’activité de la trypsine 

des chenilles nourries avec Arabidopsis était respectivement plus de 2 fois et 5 fois 

supérieure à celle de chenilles nourries sur des plants de tomates ou de Medicago. Les 

chenilles nourries avec Arabidopsis avaient près de 3 fois plus d’activité du 

carboxylesterase que les chenilles nourries avec Medicago. Ce résultat fut imité en 

ajoutant des extraits d’Arabidopsis dans la nourriture artificielle, ce qui suggère que 

ces enzymes pourraient être activées par des métabolites secondaires. En ce qui a trait 

au GOX et à la trypsine, la qualité nutritionnelle (ratio de protéines et de glucides 

assimilables, ratio de P:G) a joué un rôle dans le contrôle de l’activité enzymatique. 

Le ratio élevé de protéines dans la nourriture artificielle a augmenté l’activité du 

GOX, tandis que l’activité de la trypsine a été induite par un ratio de protéines faible. 

Les chenilles nourries avec un mélange à 24P:17G avaient un niveau d’activité du 

GOX 2 fois supérieur à celui des chenilles nourries à un ratio de 25P:39G. Les 

chenilles nourries avec un mélange à 25P:39G avaient un niveau d’activité de la 
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trypsine plus de 2 fois supérieur à celui des chenilles nourries à un ratio de 24P:17G. 

Ainsi, l’activité enzymatique de chenilles de S. exigua est fortement corrélée avec 

l’alimentation qui leur est fourni. 
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1. Introduction  

1.1. General introduction 

During the process of co-evolution, the interaction between insect herbivores 

and plant hosts have gained much attention. Understanding how insects protect 

themselves from deleterious effects of the numerous plant defenses can potentially 

lead to future pest control. Plant defenses, physical or chemical defenses, can be 

broadly categorized into three strategies: direct defense, indirect defense or tolerance 

(Karban and Baldwin, 1997). Among chemical defensive strategies, plant nutritional 

quality and the presence of constitutive or induced secondary metabolites are of key 

importance (Tallamy and Raupp, 1991). In fact, specific groups of compounds are 

often associated with plant families (Bennett and Wallsgrove, 1994). Generally, these 

secondary metabolites can affect insect behavior or their growth, development and 

reproduction (Harborne, 1993).  

At the same time, insects have evolved strategies to overcome these plant 

defenses. Biochemical resistance, which is of primary importance to insects, includes 

the increased metabolic capability of detoxifying enzymes, such as carboxylesterases 

and glutathione S-transferases (GSTs) (Brattsten, 1988; Li et al., 2007). These 

enzymes can make plant chemicals more hydrophilic to increase their excretion or 

convert them into nontoxic forms (Ahmad and Hopkins, 1993).  

Plant defenses can generate oxidative stress caused by reactive oxygen species 

(ROS), such as hydrogen peroxide (H2O2) (Bolwell and Wojtaszek, 1997; Mittler, 

2002). High levels of ROS damages cells by reacting with cellular macromolecules 

(Pardini, 1995). To reduce the negative effects caused by ROS, insects use anti-

oxidative enzymes such as ascorbate peroxidase (APOX) to scavenge H2O2 by 

converting it to H2O (Asada, 1992).  

Another common plant defense is proteinase inhibitors (PIs) which act on 

insect gut-associated proteinases, such as trypsin (Bernays and Chapman, 1994; 

Felton and Gatehouse, 1996; Stotz et al., 1999; Carlini and Grossi-de-sá, 2002). These 

PIs impede protein digestion and can lead to a decrease in the availability of amino 

acids needed by the insect (Broadway and Duffey, 1986a; Broadway, 1995; Koiwa et 

al., 1998; Zhu-Salzman et al., 2003). If the host plant has this defense, in response, 

some insect species are able to change their gut proteinases to a PI-tolerant form 

(Lopes et al., 2004).  

In addition to these gut-associated enzymes, insects produce effectors in the 
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oral secretions (OS) to suppress the induction of plant defenses (Eichenseer et al., 

1999; Kahl et al., 2000; Musser et al., 2002; Wu et al., 2012). One of these effectors, 

glucose oxidase (GOX), is believed to be involved in suppressing the induction of 

defenses in several plant species (Musser et al., 2002; Zong and Wang, 2004; Bede et 

al., 2006; Diezel et al., 2009; Tian et al., 2012).  

The activity of these enzymes involved in detoxification or suppression of 

induced plant defence can be affected by the diet that the insect feeds on (Merkx-

Jacques and Bede, 2005; Babic et al., 2008; Afshar et al., 2010; Wang et al. 2009; 

Patankar et al., 2000; Xue et al., 2010; Celorio-Mancera, 2011). This may reflect two 

dietary factors: either nutritional quality or secondary metabolites (Babic et al., 2008; 

Hu et al., 2008; Bernays and Chapman, 2000). Diet nutritional composition, such as 

the protein-to-digestible carbohydrate (P:C) ratio, is a major factor influencing the 

labial salivary GOX activity of caterpillars of the cotton bollworm, Helicoverpa 

armigera and the beet armyworm, Spodoptera exigua (Babic et al., 2008; Hu et al., 

2008). Meanwhile, plant secondary metabolites can also affect insect enzymes 

activities. Often allelochemicals induce detoxification enzyme activity (Snyder and 

Glendinning, 1996; Bernays and Chapman, 2000). 

Spodoptera exigua (Hübner), the beet armyworm, is an important agricultural 

pest insect. They are generalist pests, which means they can feed on a wide range of 

host plants including numerous important crop species such as corn, cotton, soybeans, 

peanuts, cabbage, tomatoes and peppers (Pearson, 1982). The broad host range 

requires S. exigua caterpillars to have mechanisms to protect themselves against 

diverse plant defenses. There are already some results suggesting that the diets can 

affect the activity of several S. exigua caterpillar enzymes. For example, caterpillars 

fed on Chinese cabbage had higher carboxylesterase activity compared to those fed on 

maize, sweet peppers and asparagus lettuce (Zhang et al., 2011).  

In this research, S. exigua caterpillar responses to the plants Arabidopsis 

thaliana, Medicago truncatula or Solanum lycopersicum are compared to insects kept 

on artificial diet or starved. Specifically, the activity of GOX, APOX, GST, 

carboxylesterase and trypsin were analyzed. For enzymes that showed diet-specific 

difference, the responsible aspect of the diet, such as the nutritional quality or plant 

extract, was further investigated. 
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1.2. Hypotheses 

Feeding on different plant diets, generalist S. exigua caterpillars face varying 

qualities and quantities of secondary metabolites and nutritional quality. 

Therefore, the activity of anti-oxidative, detoxifying and digestive enzymes 

may change depending on the diet. 

 

1.3. Objectives 

A. Identify the effect of plant diet (A. thaliana, M. truncatula or S. 

lycopersicum), artifical diet or starvation on the glucose oxidase (GOX) or 

ascorbate peroxidase (APOX) activity in S. exigua caterpillar labial salivary 

glands and the glutathione S-transferase (GST), trypsin or carboxylesterase 

activity in S. exigua caterpillar guts. 

B. Identify the effect of dietary nutritional quality on enzymes that showed a 

diet-specific difference. 

C. Identify the effect of a A. thaliana methanol extract on gut-associated 

enzymes that showed a diet-specific difference. 
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2. Literature Review 

2.1. Plant-insect interactions 

2.1.1. Plant defenses against caterpillar herbivory  

Plants have evolved diverse defensive mechanisms against phytophagous 

insect herbivores. Plant defenses, physical or chemical defenses, can be broadly 

categorized into two strategies: direct defenses or indirect defenses (Karban and 

Baldwin, 1997).  

 

2.1.1.1. Direct plant defense 

Plants can protect themselves against herbivorous insects by directly 

negatively affecting their preference, such as the selection of host plants or other 

behaviors like oviposition and feeding or insect performance, such as growth, 

development and reproduction (Howe and Schaller, 2008). Direct plant defense 

against herbivorous insects include morphological features serving as physical 

defenses, such as thorns and spines or chemical defenses, such as secondary 

metabolites, digestibility reducing proteins and anti-nutritive enzymes (Howe and 

Schaller, 2008). All of these traits can be expressed constitutively as preformed 

resistance factors or induced in response to the attack of insect herbivores (Karban 

and Baldwin, 1997).  

Constitutive defenses do not require insect attack to be produced. There is 

wide variation in the composition and concentration of constitutive defenses, which 

can range from mechanical defenses to chemical protection (Karban and Baldwin, 

1997).  

Induced resistance occurs in response to insect damage and these plant 

responses can lead to reduced preference and/or performance of the herbivores 

(Karban and Myers 1989). Like constitutive defenses, these inducible plant defenses 

include morphological features and chemical composition (Walling, 2000; Gatehouse, 

2002; Howe and Schaller, 2008). For example, levels of proteinase inhibitors (PIs) in 

tomato and potato plants increase under insect attack or mechanical wounding (Green 

and Ryan 1972). Many of these inducible traits are also present constitutively, which 

means that these two protective mechanisms are tightly connected (Stahl, 1888; 

Fraenkel, 1959). For example, the trichomes on the plants’ surface can protect the 

plants by acting as physical barriers to prevent small insects from contacting the leaf 
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surface or limit their movement (Wilkens et al., 1996; Chu et al., 2003). Glandular 

trichomes often cantains substances that repel insect herbivores or deter them from 

feeding (antixenosis) (Wilkens et al., 1996; Chu et al., 2003, Ranger et al., 2004; 

Wang et al., 2004; Hare, 2005). Generally, they are constitutively produced in plants 

and are effective at deterring insect herbivory (Myers and Bazely 1991; Schoonhoven 

et al. 2005). However, trichome density in some plant species can increase in 

response to insect feeding, therefore, trichomes are also considered as an inducible 

resistance trait (Bjorkman and Anderson, 1990; Agren and Schemske, 1993; 

Fernandez, 1994).  

Moreover, like increased trichome density, most inducible defensive traits are 

not only restricted to the site of attack but also expressed in non-infested (systemic) 

parts of the plant (Green and Ryan 1972; Ryan and Moura 2002). Therefore, a signal 

must be generated locally as a consequence of insect feeding and transported to 

distant sites of the plants and induce plant defense throughout the plant (Howe and 

Schaller, 2008).  

 

2.1.1.2. Indirect plant defense 

Unlike direct plant defense that directly affects the preference and 

performance of the insect herbivores, indirect plant defense protects the plants by 

attracting natural enemies of the herbivores (Heil, 2008). For example, in response to 

caterpillar herbivory, many plants release volatile compounds that attract arthropods, 

birds and predators as well as parasitoids of the herbivore (Heil, 2008). By doing this, 

the host plant can limit the amount of damage caused by herbivores (Janzen, 1966; 

van Loon et al., 2000; Fritzsch Hoballah and Turlings, 2001; Tooker and Hanks, 

2006). In addition to releasing volatiles, some plant species attract predatory 

arthropods by providing shelter, such as leaf domatia or offering attractive food 

sources, such as food bodies or extrafloral nectar (Heil, 2008; Koptur, 1992). 

 

2.1.1.3. Plant secondary metabolites 

Among the mechanisms employed by plants to defend themselves against 

insect herbivory, the presence of constitutive or induced secondary metabolites is of 

key importance (Tallamy and Raupp, 1991). Unlike primary metabolites, secondary 

metabolites are organic compounds that are not directly involved in the normal 

growth, development or reproduction of plants (Fraenkel, 1959; Whittaker and Robert, 
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1970). By increasing plant fitness, these secondary metabolites play an important role 

in plant adaptation to their environment (Bourgaud et al., 2001). There are several 

ways these chemicals increase plant fitness. For example, they can be antibiotic, 

antifungal or antiviral, and, thus, these chemicals are able to protect plants from 

pathogens or herbivores (Bourgaud et al., 2001). They may also suppress germination 

or growth of other plants (allelopathy) (Bourgaud et al., 2001). Therefore, these 

secondary metabolites are multifunctional compounds that target many biological 

macromolecules, such as proteins (enzymes, receptors, ion-channels or structural 

proteins), nucleic acids or membranes (Harborne, 1993). 

Plant secondary compounds are usually classified according to their 

biosynthetic pathways (Harborne, 1999). Generally, there are three large molecule 

classes: phenolics, terpenes and steroids and alkaloids (Bourgaud et al., 2001). 

Specific groups of compounds are often associated with plant families (Bennett and 

Wallsgrove, 1994). For example, Solanaceous plants, such as tomatoes, often contain 

alkaloids in their trichomes (Bennett and Wallsgrove, 1994; Duffey and Stout, 1996). 

Arabidopsis plants use the glucosinolate-myrosinase system to protect themselves, 

while Medicago sp. contain protective saponins (Bennett and Wallsgrove, 1994; 

Bones and Rossiter, 2006; de Geyter et al., 2007). All of these plant examples use 

proteinase inhibitors (PIs) as part of their defense (Richardson, 1977). These 

compounds and proteins can act as feeding deterrents or cause detrimental effects on 

insect growth, development and reproduction (Tallamy and Raupp, 1991).  

 

2.1.1.4. Plant nutritional quality 

Generalist insects are able to feed on diverse plant species that vary in their 

nutritional quality and secondary metabolites. Plant nutritional quality can affect the 

preference and performance of herbivorous insects (Awmack and Leather, 2002). In 

this situation, insect herbivores need to choose the optimal diet for their growth, 

reproduction and/or fitness (Scriber and Slansky, 1981; Awmack and Leather, 2002). 

The ratio of dietary protein-to-digestible carbohydrate (P:C) is one component that 

can be selected by insect herbivores, such as caterpillars and locusts (Simpson and 

Abisgold, 1985; Lee et al., 2002 and 2003). For example, previous results from our 

lab show that caterpillars of the beet armyworm, S. exigua, prefer a protein-biased 

diet of 22P:20C (Merkx-Jacques et al., 2008). Dietary proteins are important to 

insects as they provide the nitrogen needed by insects for growth and reproduction 
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(Lee, 2007). For example, S. exigua caterpillars do not grow well on a diet containing 

less than 0.6% casein (Broadway and Duffey, 1986b). To prevent insect herbivores 

from obtaining enough protein, plants often produce PIs that bind to and inhibit 

digestive proteases in the insect gut (Broadway, 1995). Moreover, some jasmonic 

acid-inducible plant proteins, such as arginase and threonine deaminase, also disrupt 

digestive processes in the insect gut by catabolizing essential amino acids (Chen et al., 

2005). 

As well, certain nutritional factors of host plants affect the amount of food 

consumed. For example, older and tough leaves, which often contain increased fiber 

and lignin than younger and tender leaves, can wear down the cutting surface of the 

mandibles of the imported willow leaf beetle, Plagiodera versicolora (Raupp, 1985). 

Thus, it can reduce the feeding rate of the beetles and, ultimately, result in declined 

performance (Raupp, 1985). 

After the food has been ingested, it needs to be digested and absorbed by the 

insect. According to Turunen (1985), this process requires dietary water which may 

be limiting for caterpillars feeding on leaves. After the guts absorbs these nutrients, 

the insect allocates a portion of them to growth and nutrient accumulation with the 

remaining portion to be used to supply energy and for metabolic processes (Slansky, 

1990). During this process, certain essential nutrients are required such as linolenic 

acid (C18:3. Bracken 1982; Turunen 1983). The lack of linolenic acid results in poor 

adult emergence and wing deformities in several Lepidoptera species (Turunen 1983). 

 

2.1.2. Insect resistance against toxic chemicals 

To detoxify plant allelochemicals, there are generally three mechanisms used 

by insect herbivores, namely behavioral adaption, modified physiological processes 

and biochemical resistance mechanisms (Brattsten, 1988). 

Behavioral adaption refers to insect behaviors that reduce their exposure to 

toxic compounds (Brattsten, 1988; Sparks et al., 1989). Behavioral resistance 

mechanisms can be further subdivided into stimulus-dependent mechanisms that 

require contact with the allelochemicals, such as increased repellency and irritancy, 

and stimulus-independent mechanisms, such as exophily (Georghiou, 1972; 

Lockwood et al., 1984). 

Physiological resistance is when insect herbivores can reduce the toxicity of 

plant chemicals through insect physiology. Compared to biochemical resistance, in 
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physiological resistance, chemicals are not broken down, but instead the insects cope 

with the chemicals by altering one or more physiological functions, such as rapid 

excretion of ingested deterrents or by sequestrating components in body 

compartments (Brattsten, 1988; Sparks et al., 1989). Also, insects may have proteins 

that bind to plant toxins (Brattsten, 1988; Sparks et al., 1989). Another insect 

physiological mechanism is to strengthen the integument to reduce the absorption of 

plant compounds (Brattsten, 1988; Sparks et al., 1989). 

The third category of insect resistance is biochemical resistance (Brattsten, 

1988). This is probably the most important for insects. Biochemical resistance in 

herbivorous insects occurs by either increasing detoxifying enzymes and/or by 

reducing target site sensitivity (Li et al., 2007). Target-site insensitivity is a widely 

occurring counter defense used by insects mainly against plant-derived toxins of the 

nervous system such as sodium-potassium ATPases (Vaughan and Jungreis, 1977; 

Moore and Scudder, 1985).  

Associated with insect guts and other tissues, a large number of enzymes 

operate in concert to detoxify plant defensive compounds, such as cytochrome P450 

monooxygenases, transferases and hydrolases (Brattsten, 1988; Glendining, 2002). 

Generally, there are two steps that lead to the detoxification of these toxic chemicals 

by the insect (Ahmad and Hopkins, 1993). Plant compounds are either converted to 

more hydrophilic products or further conjugated with glutathione, glucose or sulfate 

before being excreted (Ahmad and Hopkins, 1993). For example, insects detoxify 

plant phenolics by adding glucose to the phenolic compounds, catalyzed by the 

enzyme phenol β-glucosyltransferase (Ahmad and Hopkins, 1992, 1993). Conjugation 

with glucose results in increased water solubility and more rapid excretion (Smith, 

1968; Ahmad et al., 1986; Ahmad and Hopkins, 1992, 1993). Insects have many gut-

associated enzymes involved in this process such as glucosyltransferase (Yang, 1976). 

These enzymes can be regulated by many ways. Insects can increase gene 

expression. For example, the African malaria mosquito, Anopheles gambiae increases 

GST gene expression when they are exposed to hydrogen peroxide (H2O2. Ding et al., 

2005). Another strategy used by the stable fly, Stomoxys calcitrans, is to activate 

zymogens through catalytic processing (Moffat and Lehane, 1990). S. calcitrans store 

trypsin in a zymogen form to avoid proteolytic damage to their guts. After a blood 

meal, these flies activate zymogens to digest proteins (Moffat and Lehane, 1990). The 

signal to initiate the processing may be the ingested proteins (Lehane et al., 1995). 
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Another level of regulation is through enzyme secretion. When the beet armyworm, S. 

exigua caterpillars are fed on balanced or nutritionally-poor diets, secretion pathways 

are accelerated compared to those fed a protein-rich diet (Afshar et al., 2013). This 

may be the reason for the lower LSG GOX activity observed in S. exigua caterpillars 

fed a protein-poor diet (Afshar et al., 2013). 

 

2.1.3. Insects can suppress inducible plant defenses 

The major strategy insects have to cope with plant noxious componuds are 

detoxification enzymes; however, another strategy used by some insect species is to 

suppress the induction of these chemical defenses. According to Reymond et al. 

(2000), many genes, such as those involved in the synthesis of aromatic metabolites 

(e.g., CCR and COMT) are strongly induced by mechanical damage but lower when 

Arabidopsis was attacked by the caterpillars of the European cabbage butterfly, Pieris 

rapae. In Nicotiana attenuata, wound-induced gene expression of proteins involved 

in defense signaling and accumulation, were repressed by feeding of the tobacco 

hornworm, Manduca sexta compared to mechanical wounding (Samach et al., 1995; 

Hamberg et al., 1999; Van der Hoeven and Steffens, 2000; Hermsmeier et al., 2001; 

Schittko et al., 2001).  

How feeding of some insect species help to minimize the activation of a subset 

of defense-related genes is not well understood. However, research points to the 

involvement of effectors in the oral secretions (OS) of some insect species that can 

prevent the plant from mounting an inducible response (Eichenseer et al., 1999; 

Felton and Eichenseer, 1999; Kahl et al., 2000; Musser et al., 2002; Wu et al., 2012). 

For example, the OS from M. sexta applied to wild tobacco, N. attenuata, prevents the 

production of the defensive alkaloid nicotine (Winz and Baldwin, 2001). OS secreted 

onto the plant during feeding are a combination of gut-derived regurgitant, secretions 

from the ventral eversible gland (VEG) and salivary secretions from the labial and 

mandibular salivary glands (Peiffer and Felton, 2009; Zebelo and Maffei, 2012).  

Proteomic analysis of OS from caterpillars, such as the corn earworm, Helicoverpa 

zea revealed that glucose oxidase (GOX) is the most abundant protein identified in the 

labial salivary glands and it is believed to play a role in suppressing the induction of 

defenses in Nicotiana tabacum, N. attenuata, Medicago truncatula and Arabidopsis 

thaliana (Musser et al., 2002; Zong and Wang, 2004; Bede et al., 2006; Diezel et al., 

2009; Tian et al., 2012). The mechanism underlying this is unknown but it is believed 
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that the hydrogen peroxide (H2O2) generated by GOX is an upstream signal activating 

the salicylic acid burst which attenuates jasmonate- and ethylene-induced defenses 

(Diezel et al., 2009; Weech et al., 2008). 

 

2.2. Caterpillar detoxification enzymes and effectors involved in the suppression of 

plant induced defenses 

Caterpillar enzymes involved in the detoxification of plant defense compounds 

or in the suppression of their induced biosynthesis predominantly originate from the 

guts or the labial salivary glands (LSGs). 

 

2.2.1. Caterpillar labial salivary glands and associated enzymes 

Caterpillars have two types of salivary glands, the mandibular salivary glands 

and LSGs. The tubular LSGs found in caterpillars are long, paired tubes, terminating 

blindly at their posterior ends and joining together at the anterior ends to form a short 

common duct that opens in the labium near the mouth (Hakim and Kafatos, 1974). 

The epithelial layer of the labial salivary glands is one cell thick and is covered by a 

basement membrane (House and Ginsborg, 1985). In these tubular glands, the 

posterior portion of each gland is responsible for enzyme secretion (Akai, 1998). The 

short anterior portion, a cuticle-lined duct, conveys the secretion to the common duct, 

and to the outside releasing the secretions from the spinneret (Akai, 1998).  

 

2.2.1.2. The important enzymes of the labial salivary glands 

Enzymes associated with caterpillar LSGs include GOX, which is the most 

abundant protein among the proteins identified in the LSGs of the corn earworm, 

Helicoverpa zea (Tian et al., 2012). There are also other enzymes such as 

carboxylesterase, ecdysone oxidase, ascorbate peroxidase and fructosidase (Mathews 

et al., 1997; Tian et al., 2012). As well, Liu et al. (2004) identified lysozyme. 

 

2.2.1.2.1. Glucose oxidase 

 GOX is an oxidoreductase that catalyzes the oxidation of β-D-glucose to D-

glucono-β-lactone and hydrogen peroxide (Kleppet 1966). This enzyme is highly 

specific for β-D-glucose and does not act on α-D-glucose (Kleppet 1966). So far, 

GOX has been detected in the salivary secretions and/or glands of many insect 

species, such as caterpillars of S. exigua, the corn bollworm, Helicoverpa armigera, 
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the tobacco budworm, Heliothis assulta and the corn earworm, Heliothis zea 

(Eichenseer et al., 1999; Zong and Wang, 2004; Merkx-Jacques and Bede, 2005). 

Among these insects, generalists seem to have relatively high GOX activity compared 

to specialists (Eichenseer et al., 2010). 

The reason why caterpillar labial saliva contains GOX is not understood, 

however, a number of theories have been proposed. Since GOX utilizes oxygen in its 

reaction, one hypothesis is that it helps to maintain a relatively anaerobic midgut 

environment which will help lower the reactivity of plant-derived quinones that can 

react with digested proteins preventing their absorption (Ciucu and Patroescu, 1984; 

Felton and Duffey, 1991a, b; Felton and Gatehouse, 1996). Another idea is that the 

antimicrobial hydrogen peroxide (H2O2) generated by this reaction can kill insect 

pathogens present on the plant leaf surface (Eichenseer et al., 1999; Musser et al., 

2005). The third theory behind the action of GOX involves the suppression of plant-

induced defenses (Felton and Eichenseer, 1999; Musser et al., 2005; Diezel et al., 

2009; Musser et al., 2002; Zong and Wang, 2004; Bede et al., 2006). Since generalist 

insects seem to have relatively high GOX activity compared to specialists, GOX may 

be also involved in expanding the host plant range by insects (Eichenseer et al., 2010). 

In addition, by converting glucose to gluconate, a carbohydrate that cannot be utilized 

by the insect, GOX may allow caterpillars to cope with the detrimental effects of 

excess carbohydrate consumption since plants often contain sufficient or excess 

carbohydrates, such as sucrose, with limited quantity and/or quality of proteins (Bede 

et al., 2006; Matteson, 1980; Scriber and Slansky, 1981; Warbrick-Smith et al., 2006; 

Felton, 1996; Karowe and Martin, 1989).  

Dietary carbohydrate levels can affect transcription of SeGOX in the beet 

armyworm, Spodoptera exigua, which encodes GOX. Afshar et al. (2010) shows that 

the transcript levels of SeGOX increased when dietary carbohydrate increased, 

regardless of protein concentrations. The GOX activity from LSGs of H. armigera is 

significantly increased by higher content of sugar in the diets (Hu et al., 2008). Hu et 

al. (2008) also found that plant secondary metabolites did not affect GOX activity. 

They found that some phenolic compounds, such as chlorogenic acid, rutin and 

quercetin, added to artificial diets had no effect on GOX activity of labial salivary 

glands after H. armigera were fed on these diets. However, GOX activity only 

increased with increasing dietary carbohydrates when caterpillars were fed protein-

rich diets, not on protein-poor diets (Afshar et al., 2010). This may be because when S. 
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exigua caterpillars are fed on nutritionally-poor diets, secretion pathways are 

accelerated compared to those fed a protein-rich diet (Afshar et al., 2013). 

 

 

2.2.2. Caterpillar gut and associated enzymes 

2.2.2.1. Caterpillar gut 

The gut of herbivorous caterpillars is a cylinder that connects the mouth with 

the anus (Dow, 1986). Caterpillar guts are simple tubular guts with vestigial foreguts 

and a well-developed midgut needed to process large quantities of plant tissues (Dow, 

1986). Gut pH values are important because they can affect enzyme activity involved 

in digestion or control of solubility and toxicity of ingested poisons, and they can also 

influence the gut flora (House 1974). Lepidopteran larvae usually have alkaline gut 

pH values (Berenbaum, 1980). Some plant-derived compounds act by targeting the 

gut causing either oxidative stress or reduced digestion, lowering the nutritional 

intake (Krishnan and Kodrík, 2006; Bennett and Wallsgrove, 1994). To cope with 

this, insects activate digestive enzymes and have antioxidant enzymes (Ahmad, 1986). 

Gut-associated enzymes, such as glutathione S-transferase, can transfer groups onto 

plant secondary compounds increasing their hydrophilicity to enhance their excretion 

from the insects (Habig et al., 1974). Therefore, three kinds of gut enzymes are 

important for insects: detoxifying enzymes, antioxidant enzymes and proteases. 

 

2.2.2.2. Important enzymes of caterpillar guts 

2.2.2.2.1. Glutathione S-transferase 

Glutathione S-transferases (GSTs) are a major family of multifunctional 

detoxification enzymes (Vontas et al., 2001). GSTs catalyze the conjugation of the 

reduced glutathione (GSH), via its sulfhydryl group, to the electrophilic center of a 

wide variety of substrates, such as many plant-derived toxins or insecticides (Vontas 

et al., 2001). The resultant products are more water-soluble metabolites that are more 

readily excreted (Habig et al., 1974). GSTs can metabolize insecticides by facilitating 

their reductive dehydrochlorination with reduced glutathione as a cofactor rather than 

a conjugate (Clark and Shamaan, 1984). Dehydrochlorination is an important 

mechanism for detoxification of 1,1,1-trichloro-2,2-bis-(p-chlorophenyl) ethane 

(DDT) (Clark and Shamaan, 1984). Since some GSTs can detoxify lipid 

hydroperoxides, α,β-unsaturated aldehydes, lipid epoxides and may involve in the 
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repair of radical-damaged DNA, this group of enzyme is critical in protecting insects 

against oxidative stress (Hayes and Pulford, 1995; Hayes and Strange, 1995; Tew and 

Ronai, 1999). Therefore, several mechanisms might work together to detoxify 

xenobiotics. For example, in the case of pyrethroid resistance, GSTs protect insects 

either by offering a passive protection through binding the insecticide molecules or by 

detoxifying lipid peroxidation products induced by pyrethroids (Kostaropoulos et al., 

2001; Vontas et al., 2001). 

The diversity of reactions catalyzed by GSTs is a result of the broad substrate 

specificities of many individual GST enzymes (Enayati et al., 2005). In insects, GSTs 

can be categorized into three classes (I, II, and III) (Kostaropoulos et al., 2001; 

Ranson and Hemingway, 2005; Tu and Akgul, 2005). GSTs diversity in insects may 

be caused by gene duplications, alternative splicing and genetic rearrangements 

(Ranson et al., 2002; Ranson et al., 1998; Ding et al., 2003; Zhou and Syvanen, 1997). 

GST expression and activity also show tissue- and developmental specificity (Enayati 

et al., 2005). 

GST genes and activity can be induced by plant allelochemicals or 

insecticides. For example, Deng et al. (2009) showed that expression of Slgste2, one 

glutathione S-transferase cDNA of the Oriental leafworm moth, Spodoptera litura, 

was up-regulated by some insecticides, such as 1-naphthyl methylcarbamate 

(carbaryl), DDT, deltamethrin, tebufenozide and Bacillus thuringiensis (Bt). GSTs 

activity increased when the English grain aphid, Sitobion avenae larvae were fed on 

resistant wheat cultivar, which had high concentration of phenolic compounds 

(Leszczynski et al., 1994). Caterpillars of the gypsy moth, Lymantria dispar and 

forest tent caterpillar, Malacosoma disstria fed on aspen leaves supplemented with 

phenolic glycosides had increased GSTs activity compared to the control group 

(Hemming and Lindroth, 2000). GST activity of the Oriental tobacco budworm, 

Helicoverpa assulta larvae fed on chili pepper was lower than those fed on tobacco or 

artificial diet (Wang et al., 2009). The fruit fly, Bactrocera tau fed on balsam pear has 

higher GST activity compared to those fed on cucumber, pumpkin, towel gourd and 

white gourd (Li and Liu, 2007). Even fed on different cultivars of the same species, 

the activity of GSTs of insects can vary (Sintim et al., 2012). Sintim et al. (2012) 

showed that when three insect species, the grasshopper, Atractomorpha lata, the 

green peach aphid, Myzus persicae and the diamondback moth, Plutella xylostella fed 

on eight cultivars of sesame, they had different GST activity. This may be due to that 
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different cultivars produced diversed quantity and quality of chemicals in response to 

these insect herbivores (Sintim et al., 2012).  

 

2.2.2.2.2. Trypsin 

Plants often protect themselves against insect herbivores by proteinase 

inhibitors (PIs), which act on insect gut-associated proteinases (Bernays and 

Chapman, 1994; Felton and Gatehouse, 1996; Stotz et al., 1999; Carlini and Grossi-

de-sá, 2002). Ingestion of plant-derived PIs by insects will impede protein digestion 

and lead to a decrease in bioavailability of essential amino acids required by the insect 

for growth, development and reproduction (Broadway and Duffey, 1986a, b; 

Broadway, 1995; Koiwa et al., 1998; Zhu-Salzman et al., 2003). For example, using 

the artificial diet containing soybean trypsin inhibitor to rear the sugarcane borer, 

Diatraea saccharalis, led to a delay of larval development, increasing the length and 

number of instars and decreasing female longevity (Pompermayer et al., 2001). 

One common target of these inhibitors is serine proteinases, such as trypsin. 

Trypsin preferentially cleaves internal peptide bonds on the carboxyl side of a 

positively charged amino acid, like lysine or arginine (Evnin et al., 1990).  

To overcome trypsin inhibitors in their diet, insects have several mechanisms 

such as expressing new proteinases that are insensitive to the inhibitor (Mazumdar-

Leighton and Broadway, 2001a,b). The corn earworm, Helicoverpa zea larvae express 

two different trypsin isozymes depending on if larvae are fed on control or inhibitor-

containing diet (Volpicella et al., 2003). The tobacco budworm, Heliothis virescens 

larvae also vary their complement of trypsin enzymes when fed on control or 

inhibitor-containing diet (Brito et al., 2001). Herbivorous insects can also regulate 

midgut trypsins by differential regulation of multiple genes encoding different 

digestive proteinases (Broadway, 1995; Jongsma and Bolter, 1997; Bown et al., 

2004). For example, in response to dietary inhibitors, like soybean Kunitz trypsin 

inhibitor, there was an initial up-regulation of all proteinases genes in the caterpillars 

of the cotton bollworm, Helicoverpa armigera, which is followed by a down-

regulation of genes that encode proteinases sensitive to the inhibitors but sustained 

expression of genes encoding inhibitor-insensitive proteinases (Bown et al., 1997).  
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2.2.2.2.3. Carboxylesterase 

Carboxylesterases are hydrolases that use water molecules to cleave ester 

bonds turning target chemicals into corresponding alcohols and acids (Wheelock et 

al., 2005). In addition, some carboxylesterases also hydrolyze phosphoester and 

amide bonds (Wheelock et al., 2005). Carboxylesterase is a widely spread group 

enzyme in the insect kingdom and so far, in the ESTHER database, there are more 

than 318 nucleotide sequences for genes that encode carboxylesterase (Hotelier et al., 

2004). Carboxylesterase can be divided into 14 major clades (Oakeshott et al., 2005). 

The oldest group is the neuro-developmental class (Oakeshott et al., 2005). The 

second group is the secreted catalytic class (Oakeshott et al., 2005). The third group is 

the intracellular catalytic class with dietary detoxification functions (Oakeshott et al., 

2005). 

In insects, carboxylesterases are important for insecticide resistance. Three 

different classes of agrochemicals, pyrethroids, organophosphates (OPs) and 

carbamates, can be detoxified by carboxylesterases (Ahmad, 1986; Casida and 

Quistad, 1998; Shan and Hammock, 2001; Oakeshott et al., 2005). Midgut 

carboxylesterase activity increases when caterpillars of the tobacco budworm, 

Heliothis virescens, are exposed to profenofos (Harold and Ottea, 1997). In general, 

carboxylesterases bind to the substrates and hydrolyze them (Wheelock et al., 2005). 

In the Australian sheep blowfly, Lucilia cuprina, substitution of amino acids at the 

acyl pocket of the carboxylesterase increased the overall activity compared to the wild 

type of enzyme (Devonshire et al., 2007). 

In insects, carboxylesterases are regulated in many ways, including gene 

amplification, selection for and expression of mutant carboxylesterases and enhanced 

transcription of non-amplified, structural genes (Wheelock et al., 2005). For example, 

overproduction of carboxylesterase E4 or its paralog FE4 protein enables the green 

peach aphid, Myzus persicae to degrade diverse insecticides including OPs, 

carbamates, and pyrethroids (Field and Devonshire, 1998). Carboxylesterases can be 

induced by plant allelochemicals such as rutin, the indole alkaloid gramine etc. 

(Ghumare et al., 1989; Gao et al., 1998; Mu et al., 2006; Cai et al., 2009). The 

increased carboxylesterase activity is probably because some xenobiotics or 

insecticides can induce the encoding genes. For example, Poupardin et al. (2008) 

found one gene encoding a carboxylesterase (CCE) was significantly induced in 

fourth stage larvae of the yellow fever mosquito, Aedes aegypti larvae following the 
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exposure to xenobiotics or insecticides (atrazine, copper, fluoranthene, permethrin 

and temephos). 

Plant diet can affect herbivore carboxylesterase activity. For example, in the 

Oriental tobacco budworm, Helicoverpa assulta, larvae fed on chili pepper have 

lower carboxylesterase activity than those fed on tobacco and artificial diet (Wang et 

al., 2009). In the beet armyworm, S. exigua, carboxylesterase activity was the highest 

in larvae feeding on Chinese cabbage, but decreased by nearly 60% if caterpillars 

were fed on maize seedlings (Zhang et al., 2011). In the silverleaf whitefly, Bemisia 

tabaci, populations on cabbage had higher carboxylesterase activity levels compared 

with garden egg populations (Avicor et al., 2013). Insecticides added into diets can 

also increase carboxylesterase activity (Gao and Liang, 1993). 

 

2.2.2.2.4. Ascorbate peroxidase 

When caterpillars feed on plants, plant allelochemicals can cause oxidative 

stress (Bolwell and Wojtaszek, 1997; Mittler, 2002). The high levels of reactive 

oxygen species (ROS), such as superoxide anion radicals, singlet oxygen, hydrogen 

peroxide and highly reactive hydroxyl radicals can negatively affect insects in several 

ways (Waris and Ahsan, 2006). They can damage the cells by reacting with the 

membrane lipids and this will impair the absorption of ingested nutrients in the 

midgut (Ahmad and Pardini, 1990; Bi and Felton, 1995). Proteins are also vulnerable 

to oxidative damage. This can lead to protein denaturation (Stadtman, 1990, 1991; 

Dean, 1991). ROS also react with DNA, which can lead to mutations (Pardini, 1995).  

Hydrogen peroxide (H2O2) is an important ROS. In addition to direct toxicity 

toward herbivores, it can also protect plants by contributing to cell wall strengthening, 

triggering the hypersensitive response in plant protection against pathogens or acting 

as signal molecule for the induction of defense genes (Wu et al., 1995; Mehdy et al., 

1996; Kuźniak and Urbanek, 2000). Ascorbate peroxidase (APOX) can reduce H2O2 

levels by converting it to H2O (Asada, 1992). In insects, APOX is more efficient than 

catalase to catalyze the breakdown of H2O2 (Summers and Felton, 1993; Barbehenn et 

al., 2001). APOX may also scavenge lipid peroxides (Mathews et al., 1997). APOX 

has been detected in the gut fluid of several species such as the forest tent caterpillar, 

M. disstria, the white-marked tussock moth, Orgyia leucostigma and the corn 

earworm, H. zea (Mathews et al., 1997; Barbehenn et al., 2001).  

Insect gut APOX activity can be affected when plant allelochemicals like o-
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dihydroxyphenols and tannic acid are added to the diets (Barbehenn, 2002; Lukasik et 

al., 2009). Caterpillars of the Egyptian cottonworm, Spodoptera littoralis fed on 

potato leaves rich in allelochemicals, such as chlorogenic acid and tannins, have 

higher APOX activity in comparison to those reared on semi-artificial diets (Krishnan 

and Kodrík, 2006). The level of APOX activity was higher in the African maize stalk 

borer, Busseola fusca larvae fed on non-transformed maize plants compared to those 

fed on Bt maize plants (George and Gatehouse, 2013). However, this probably does 

not reflect ROS levels since control plants do not produce higher levels of H2O2 than 

transgenic plants (George and Gatehouse, 2013). 

 

2.3. Experimental models 

2.3.1. Caterpillars 

Spodoptera exigua (Hübner), the beet armyworm, is a well-known agricultural 

pest. The beet armyworm originated in Southeast Asia but has now spread all over the 

world with a wide range of host plants including numerous important crop species, 

such as corn, cotton, soybeans, peanuts, cabbage, tomatoes and peppers (Pearson, 

1982). The life cycle of this insect can be completed in as few as 24 days (Wilson, 

1934). The voracious larvae feed on both plant foliage and fruit. When the caterpillars 

feed on the host plants, they secret enzymes (Wilson, 1934). Although the whole 

profile of these enzymes are not well understood, several enzymes have been 

characterized such as detoxification enzymes like GST (Wang et al., 2006). 

 

2.3.2. Plants 

Generally, plants in different families have distinctive phytochemicals to 

defense themselves (Bennett and Wallsgrove, 1994). Responses of caterpillar to three 

plant diets were compared: these plants are Arabidopsis thaliana, Medicago 

truncatula or Solanum lycopersicum that protect themselves with glucosinolates, 

saponins and alkaloids, respectively. 

 

2.3.2.1. Arabidopsis thaliana 

A. thaliana is a member of the Brassicaceae family native to Europe and Asia 

(Mitchell-Olds, 1995). With the relatively short life cycle and small genome, 

Arabidopsis is a popular model organism in plant biology and genetics. Arabidopsis 

contains aliphatic, aromatic and indole glucosinolates as defensive chemicals (Hogge 
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et al., 1988). Glucosinolates are a class of over 130 organic compounds that contain 

sulfur and nitrogen and are derived from glucose and amino acids (Halkier and 

Gershenzon, 2006). They occur as secondary metabolites of plants almost exclusively 

from the order Capparales, which contains 15 families, including the Brassicaceae, 

Capparaceae, and Caricaceaein (Rodman et al., 1996). Glucosinolates are sulfur-rich 

thioglucosides, while myrosinases are thioglucosidases that hydrolyze glucosinolates. 

Glucosinolates occur throughout the tissues of the plant, whereas myrosinases are 

only found in scattered myrosin cells (Kelly et al., 1998). Thus, these two components 

are found in different cells within the same tissue. However, when caterpillars feed on 

the plant and damage the tissue, these two materials come into contact resulting in the 

hydrolysis of the thioglucosidic bond of glucosinolates by myrosinase leading to the 

release of glucose and an unstable aglycone (Chew, 1988; Rask et al., 2000; Bones 

and Rossiter, 2006). Depending on the plant species, the structure of the glucosinolate 

side chain, the reaction conditions and the presence of associated proteins, the 

aglycone rearranges to different biologically active products, including 

isothiocyanates, oxazolidine-2-thiones, nitriles and epithionitriles (Fenwick et al., 

1983; Chew, 1988; Rask et al., 2000; Lambrix et al., 2001). Many of these hydrolysis 

compounds are toxic to insects, especially the isothiocyanates (Lichtenstein et al. 

1962; Zhang et al., 1992; Vaughn and Berhow, 1998; Tierens et al., 2001). For 

example, Li et al. (2000) showed that allyl-isothiocyanates are toxic upon feeding to 

the diamondback moth, Plutella xylostella and the southern army worm, Spodoptera 

eridania. 

 

2.3.2.2. Medicago truncatula  

M. truncatula, a member of the Fabaceae family, is distributed mainly around 

the Mediterranean basin (Frugoli and Harris, 2001). This plant is a close relative of 

the important forage crop alfalfa, Medicago sativa (Frugoli and Harris, 2001). The 

relatively high level of synteny between legume genomes, together with its self-

fertilising nature, short regeneration time and its capacity to be regenerated from cell 

culture lines make it an ideal legume model (Jorrin et al., 2006).  

Medicago sp. contains numerous triterpenoid-derived saponins (Avato et al., 

2006). The concentrations of saponins in Medicago is about 0.15-0.22% of the dry 

weight (Tava and Odoardi, 1996; De Geyter et al., 2007). These saponins are a 

mixture of triterpene glycosides with medicagenic acid, hederagenin, zahnic acid and 
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soyasapogenols as the main aglycone (Oleszek, 1996). Saponins can increase 

mortality levels, lower food intake, reduce weight, decrease reproduction and cause 

retardation and disturbances in development of pest insects (De Geyter et al., 2007). 

The negative effects of saponins on insects have been demonstrated on a wide variety 

of species including the flower beetle, Tenebrio molitor, the European grape moth, 

Lobesia botrana, the European corn borer, Ostrinia nubialis and a number of other 

insects (Pracros, 1982; Tava et al., 1992; Nozzolillo et al., 1997). The mechanism for 

this action is probably that saponins could either make the food less attractive to eat 

(repellent/deterrent activity), cause problems for digestion, cause moulting defects or 

have toxic effects on cells (De Geyter et al., 2007). Saponins form complexes with 

proteins and, by this mechanism, they stop and curb digestion in insect guts (Ishaaya 

and Birk, 1965; Potter et al., 1993). Saponins can form insoluble complexes with 

sterols, thereby preventing their absorption (Shany et al., 1970). Interference with 

sterol metabolism may affect the production of insect hormones such as ecdysteroids 

that control molting (Sehnal, 1989). They can interact with and permeabilize midgut 

cells, which can lead to a reduction in their ability to transport nutrients (Francis et al., 

2002). All these insecticidal activities are exerted only when the sugar component is 

cleaved off by gut glycosylases to liberate the active aglycone (Adel et al., 2000). 

 

2.3.2.3. Solanum lycopersicum 

Tomato is an important vegetable crop in the family Solanaceae (Thakur et al., 

1996). Tomato contains potentially toxic alkaloids, such as tomatine and solanine, as 

the main defensive chemicals (Hedin et al., 1974; Schoonhoven, 1972). Alkaloids are 

low molecular weight, nitrogen-containing organic compounds, usually with a 

heterocyclic structure (Hedin et al., 1974; Schoonhoven, 1972).  Tomatine and 

solanine are steroid alkaloids and both of them are also glycoalkaloids. Tomatine is 

the most common alkaloid present in tomatoes. It was first isolated by Fontaine et al. 

(1948). Two tomatines, α-tomatine and dehydrotomatine, are present in all parts of 

the tomato plant but levels vary among different plant tissues (Friedman and Levin, 

1998; Kozukue et al., 2004). Both of these compounds are found in low levels in 

tomato leaves compared to other tissues, such as, fruits and flowers, but the 

percentage of dehydrotomatine in leaves is high among all the tissues measured 

(Kozukue et al., 2004). Although trichomes generally contain chemical deterrents 
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against insect herbivores, α-tomatine and dehydrotomatine are not detected in the 

trichomes of cultivated tomato (Kang et al., 2010). 

Tomatines slow growth of the Colorado potato beetle, Leptinotarsa 

decemlineata, delay the appearance and decreased the number of nymphs of the 

potato aphid, Macrosiphum euphorbiae, increase the rate of mortality of the potato 

leafhopper, Empoasca fabae, and decrease the number of hatching eggs of the 

diamondback moth, Plutella xylostella (Kowalski et al., 2000; Guntner et al., 1997; 

Dahlman and Hibbs, 1967; Lu and Chu, 1993). These alkaloids are believed to inhibit 

an important enzyme involved in nerve transmission, acetylcholinesterase 

(Rosenberry, 1975; Zhu and Clark, 1995).  
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3. Materials and Methods 

3.1. Chemicals 

Ingredients for the diets and chemicals for assays were all obtained from 

Sigma, unless otherwise indicated. 

 

3.2. Caterpillar colony 

The beet armyworm, Spodoptera exigua (Hübner) (Lepidoptera: Noctuidae) 

were reared for multiple generations on an artificial wheat germ-based diet (Bio-Serv) 

in a growth chamber (16:8 light:dark hours; 28.5 °C). There are five instars of 

caterpillars before pupation under this growth condition. Pupae were collected and put 

in a glass jar. Adult moths were allowed to mate freely and then the collected eggs 

were used to maintain the colony. 

 

3.3. Plants maintenance 

Plants (Arabidopsis thaliana, Medicago truncatula and Solanum lycopersicum) 

were grown in a growth cabinet under the following conditions: 16:8 dark to light 

cycle at 22°C. Plants were fertilized 3 times per week with dilute 20-20-20 NPK (0.15 

g per liter). M. truncatula was incubated with Sinorhizobium medicae (WSM419) 

when they were 2-weeks-old. At five weeks, these plants were used as a diet for 

caterpillars. 

 

3.4. Experiment 1. Effect of diet on Spodoptera exigua caterpillar enzyme activity 

3.4.1. Experimental design 

Caterpillars were reared on BioServ artificial diet until early 4th instar. Then 

they were placed on plants, A. thaliana or M. truncatula or S. lycopersicum, for 48 

hours. Five caterpillars were added on every pot containing three individual plants 

and all of the caterpillars were collected and pooled together for the dissection. As the 

control, some caterpillars were kept on BioServ artificial diet or starved. Tissues were 

dissected for enzyme assays. This experiment was repeated three times. 

 

3.4.2. Tissue dissection 

Prior to dissection, healthy and actively feeding caterpillars were anesthetized 

by placing them in a Petri dish on ice. Caterpillars were placed ventral side up. The 

head was gently removed from the rest of the body. Then the labial salivary glands 
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attached to the head can be removed. For the guts, a sterile pin was inserted under the 

head and through the end of the body to secure the insect to the mat. Then the body 

was cut by sterile scissors to remove the gut. Sterile buffer was used to lift the tissues 

off the mat and/or remove debris. The inside of the guts were also rinsed with the 

buffer. Pairs of labial salivary glands from 6 caterpillars or the guts for 2 caterpillars 

were removed and placed in ice-cold phosphate-buffered saline (pH 7.0, 2.7 mM KCl, 

137 mM NaCl, 1.5 mM KH2PO4, 8 mM Na2HPO4 × 7H2O). After homogenization, 

samples were centrifuged at 13,000 g at 4°C for 10 min.  

 

3.4.3. Protein determination 

The soluble protein concentration of LSG and gut homogenates were 

measured by a modified Bradford assay (Zor and Selinger, 1996). A standard curve 

was prepared using bovine serum albumin (BSA) ranging from 50-1000 μg/ml. As 

well, a control consisted of reagent and 1 × PBS was used as blank. Protein samples 

and blanks were prepared in 96-well plate (Costar) and Bradford reagent was added to 

every well. The absorbance at 590 nm and 450 nm were measured by infinite M200 

Pro microplate reader microplate reader. The ratio OD590/OD450 was used to calculate 

the standard curve equation and sample protein concentrations.  

 

3.4.4. Gel electrophoresis 

12.5% polyacrylamide gels were used to separate proteins using non-denaturing 

conditions. For all separations, the ‘‘Mini-Protean II’’ electrophoretic cell (Bio-Rad) 

were used. Protein electrophoresis were performed at 4°C to prevent protein 

degradation. After locking the gel into the electrophoresis chamber, protein 

electrophoresis buffer (1 × Tris-glycine, pH 8.3. 0.192 M glucine, 25 mM Tris-HCl) 

was added to the tank. To every well, 12 μl sample previously mixed with 3 μl 

loading dye (Bromophenol Blue) was loaded. After electrophoresis, the gel was rinsed 

with dH2O and placed carefully in square Petri dish containing with the appropriate 

enzyme assay (see below). The gel was gently shaken at room temperature until bands 

appeared. Then, the gel was rinsed again in dH2O and photographed. Boiled samples 

were loaded as negative controls. Below, the substrates for staining different enzymes 

are outlined.  
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3.4.4.1. Glucose oxidase 

GOX was stained with 0.6 M glucose, 60 U/ml horseradish peroxidase and 0.5 

mM o-dianisidine at room temperature (Eichenseer et al., 1999). Fungal GOX 

(Aspergillus niger, Sigma) was used as a positive control. 

 

3.4.4.2. Carboxylesterase 

Carboxylesterase was stained with 2.5 mg/mL α-naphthylacetate and 2 mg/mL 

Fast blue B at room temperature (Lomolino et al., 2001).  

 

3.4.5. Enzyme assays 

Enzyme activity was measured spectrophotometrically using an infinite M200 

Pro microplate reader. Samples were spotted in triplicate in 96-well plates. 

 

3.4.5.1. Glucose oxidase 

GOX activity was assayed by the o-dianisidine-horseradish peroxidase assay 

(Bergmeyer, 1974). The reaction mixture contained 0.1 mM β-D-glucose, 2.1 M o-

dianisidine and horseradish peroxidase (final concentration 3 U) in 1 × PBS buffer. 

The glucose was made at least one hour before the assay to allow for complete 

mutarotation to occur. The homogenate was added to the reaction mixture. 

Absorbance was spectrophotometrically measured at 460 nm at 35°C for 1 min. 

Enzyme activity was calculated using the millimolar extinction coefficient of 11.3 cm-

1 for o-dianisidine at 460 nm. 

 

3.4.5.2. Ascorbate peroxidase 

APOX activity was assayed by measuring the decrease in absorbance at 290 

nm that occurs as ascorbate is oxidized (Asada, 1984).  The change of absorbance was 

measured at 35°C for 2 min. The reaction mixture contained 1 × PBS buffer, 0.5 mM 

ascorbate, 1.0 M H2O2 and homogenate. Enzyme activity was calculated using the 

millimolar extinction coefficient of 2.8 cm-1 for ascorbate at 290 nm. 

 

3.4.5.3. Glutathione S-transferase 

GST activity was assayed using 1-chloro-2,4-dinitrobenzene (CDNB) as the 

substrate (Habid et al., 1974) . The reaction mixture contained 1 × PBS buffer, 4 mM 

GSH, 0.4 mM CDNB (0.1% (v/v) in ethanol). The change of absorbance was 
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measured at 340 nm at 35°C for 1 min. Enzyme activity was calculated using the 

millimolar extinction coefficient of 9.6 cm-1 for CDNB. 

 

3.4.5.4. Trypsin 

Trypsin activity was assayed using N-α-benzoyl-L-arginine ethyl ester 

(BAEE) as substrate (Shee and Sharma, 2007). The homogenate was mixed with 0.5 

mg/ml BAEE in 1 × PBS buffer. Production of N-α-benzoyl-L-arginine was measured 

spectrophotometrically at 253 nm at 35°C for 1 min. Activity was calculated by using 

the millimolar extinction coefficient of 0.808 cm-1 for BAEE at 253 nm. 

 

3.4.5.5. Carboxylesterase 

Carboxylesterase activity was measured spectrophotometrically using p-

nitrophenyl acetate (Cui et al., 1999). The homogenate was incubated with 1 mM 

substrate in 1 × PBS buffer, and generation of p-nitrophenolate was monitored at 405 

nm at 35°C for 1 min. Enzyme activity was calculated using the millimolar extinction 

coefficient of 13.0 cm-1 for p-nitrophenolate at 405 nm. 

 

3.5. Experiment 2. Effect of plant extract on Spodoptera exigua caterpillar enzyme 

activity 

3.5.1. Experimental design 

Caterpillars were reared on BioServ artificial diet until early 4th instar. Then 

they were placed on weighed blocks of different diets in Petri dishes for 48 hours. 

Diets were artificial diet, artificial diet with extracts of Arabidopsis that were 

previously fed upon by 4th instar caterpillars for 48 hours when they were 5-week-old 

or artificial diet with extracts of Arabidopsis without previous herbivory. For each 

diet, three caterpillars were reared. Petri dishes were closed with Parafilm to prevent 

water loss and placed in a growth chamber (16:8 light:dark hours; 28.5 °C). Tissues 

were dissected for enzyme assays. This experiment was repeated three times. 

Enzymes were assayed as described above. 

 

3.5.2. Artificial diet with Arabidopsis extracts 

Arabidopsis were extracted in methanol according to De Vos et al. (2007). 

Arabidopsis that were previously fed upon by 4th instar caterpillars for 48 hours and 

Arabidopsis without previous herbivory were extracted. The solvent used was 60% 
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methanol acidified with 0.208% formic acid. The cold extraction solution was added 

to frozen plant powder (volume/weight ratio of 5). After vortexing each tube for 10 s, 

samples were sonicated for 15 min at room temperature. After centrifugation at 3600 

g at room temperature, samples were lyophilized for 48 hours to allow the methanol 

to evaporate. The extracts were redissolved in water. The water containing the plant 

extracts was added to pre-made artificial diets.  

 

3.6. Experiment 3. Effect of nutritional quality (P:C) on Spodoptera exigua caterpillar 

enzyme activity 

3.6.1. Diet nutritional quality 

3.6.1.1. Plant diet nutritional quality 

Plant samples of A. thaliana and M. truncatula, both of which had been fed 

upon by 4th instar S. exigua caterpillars for 48 hours before collection, were sent to Dr. 

Mustafa’s lab in Department of Animal Science in McGill University to analyze the 

protein and neutral detergent fiber (NDF) content. Crude protein was analyzed using a 

Leco Nitrogen Analyzer. NDF was determined using an Ankom Fiber Analyzer. The 

following equation was used to calculate the protein-to-digestible carbohydrate (P:C) 

ratio of the plant samples (Sniffen et al., 1992). 100 = Crude Protein + NDF + 

Digestible Carbohydrates + Ash + Lipids. The content of the lipids is assumed to be 

4% of the plant sample (Harwood, 1980). The estimated P:C ratio for A. thaliana is 

25P:39C and P:C ratio for M. truncatula is 24P:17C. 

 

3.6.1.2. Artificial diet nutritional quality 

Previous calculations of nutritional content from our lab indicated that the 

protein-to-carbohydrate (P:C) ratio of the artificial diet (Bio-Serv) is 29P:37C 

(Merkx-Jacques et al., 2008). 

 

3.6.2. Experimental design 

Caterpillars were reared on BioServ artificial diet until early 4th instar. Then 

they were placed on weighed blocks of different diets in Petri dishes for 48 hours. 

Diets were artificial diet (Bio-Serv), artificial diet with a P:C ratio of 25P:39C and 

24P:17C. Diets were prepared as described in section 3.6.3. Then caterpillars were 

removed on each diet. Petri dishes were closed with Parafilm to prevent water loss 

and placed in a growth chamber (16:8 light:dark hours; 28.5 °C). Tissues were 
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dissected for enzyme assays. This experiment was repeated three times. Enzymes 

were assayed as described above. 

 

3.6.3. Artificial diet with different protein-to-digestible carbohydrate (P:C) ratios  

Based on the estimated P:C ratio of A. thaliana and M. truncatula, artificial 

diet with the P:C ratios of 25P:39C and 24P:17C were prepared according to Simpson 

and Abisgold (1985). The carbohydrate source was glucose and the protein source 

was the mixture of a 3:1:1 ratio of casein (bovine milk, Bio-Serv), peptone and 

albumen (egg white, Bio-Serv). Cellulose was used as the non-digestible filler. Except 

for the carbohydrate and protein source, the rest of the diet constituents were: 0.55% 

cholesterol, which was solubilized in 0.5% linoleic acid, 2.5% Wesson’s salts, 1% 

ascorbate, 0.5% choline chloride, 0.5% sorbic acid, 0.35% methyl paraben, and 0.06% 

USDA vitamin premix (F9220B, Bio-Serv). The diet was suspended in a 2% agar 

solution. The nutritional composition of USDA vitamin premix includes: 43.398% 

cerelose, 0.092% pantothenie, 0.05% riboflavin, 0.025% folic acid, 0.101% niacin, 

0.022% thiamine, 0.021% pyridoxine, 4.18% choline, 50.105% ascorbic acid and 

2.004% inositol. In the vitamin premix, there also are 0.002006 mg vitamin B12 and 

0.02004 mg biotin.  

 

3.7. Statistical analyses 

Statistical analyses were performed by one-way analysis of variance 

(ANOVA) using SPSS version 21 (SPSS Inc.). Statistical differences were 

determined by a Tukey post-hoc test at the p = 0.05 significance level.  
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4. Results  

4.1. Experiment 1. Effect of diet on Spodoptera exigua caterpillar enzyme activity 

Caterpillars were reared on BioServ artificial diet until early 4th instar. They 

were then placed on plants, A. thaliana or M. truncatula or S. lycopersicum, for 48 

hours. As controls, some caterpillars were kept on BioServ artificial diet or starved. 

Pairs of labial salivary glands from 6 caterpillars or the guts of 2 caterpillars were 

dissected for enzyme assays. There is no difference in the soluble protein 

concentrations in the LSGs or guts of caterpillars fed on different diets (Figure 1). 

 

 

 

 

Figure 1. Soluble protein levels in guts or labial salivary glands of Spodoptera 

exigua caterpillars fed on different diets. 4th instar Spodoptera exigua caterpillars 

were transferred from artificial diet to respective diets or starved for 48 hours. Diets 

were artificial diet, Arabidopsis thaliana, Medicago truncatula or Solanum 

lycopersicum. The labial salivary glands or guts were dissected and pooled. The 

soluble protein concentrations were measured by a modified Bradford assay. A. 

Soluble protein level in the labial salivary glands (LSG. mg/pair LSG). B. Soluble 

protein level in the guts (mg/gut). Bars represent the means of 3 biological replicates 

with standard error of means. Soluble protein levels were measured three times with 

similar results. Differences were compared by one-way ANOVA followed by a Tukey 

post-hoc test. 
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C 

    

 

Figure 2. Labial salivary gland glucose oxidase (GOX) activity of Spodoptera 

exigua caterpillars fed on different diets. 4th instar Spodoptera exigua caterpillars 

were transferred from artificial diet to respective diets or starved for 48 hours. Diets 

were artificial diet, Arabidopsis thaliana, Medicago truncatula or Solanum 

lycopersicum. The labial salivary glands (LSG) were dissected and pooled. A. Total 

LSG GOX activity (U/pair LSG). B. GOX activity per mg soluble protein in the LSG. 

C. In gel assay of GOX (strv: starved caterpillars, AD: artificial diet, Tom: Tomato, 

At: Arabidopsis and Mt: Medicago. Bd: boiled samples). Bars represent the means of 

3 biological replicates with standard error of means. The experiment was repeated 

three times with similar results. GOX activity was compared by one-way ANOVA 

followed by a Tukey post-hoc test. Letters indicate significant differences (significant 

level, p = 0.05).  

 

Diet affected caterpillar LSG GOX activity (Figure 2). The activity of GOX 

from caterpillars fed on Arabidopsis and artificial diet was higher than those fed on 

Medicago, tomato or starved. On Arabidopsis or artificial diet, caterpillar LSG GOX 

activity was approximately twice that of caterpillars fed on tomato or Medicago and 4 

times higher than starved caterpillars. Only one GOX isozyme was detected (Figure 

2C).  
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Figure 3. Labial salivary gland ascorbate peroxidase (APOX) activity of 

Spodoptera exigua caterpillars fed on different diets. 4th instar Spodoptera exigua 

caterpillars were transferred from artificial diet to respective diets or starved for 48 

hours. Diets were artificial diet, Arabidopsis thaliana, Medicago truncatula or 

Solanum lycopersicum. The labial salivary glands (LSG) were dissected and pooled. 

A. Total LSG APOX activity (U/pair LSG). B. APOX activity per mg soluble protein 

in the LSG. Bars represent the means of 3 biological replicates with standard error of 

means. The experiment was repeated three times with similar results. APOX activity 

was compared by one-way ANOVA followed by a Tukey post-hoc test. Letters 

indicate significant differences (significant level, p = 0.05).  

 

Plant or artificial diet did not affect caterpillar LSG APOX activity (Figure 3). 

Moreover, the activity of LSG APOX was extremely low.  
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Figure 4. Gut glutathione S-transferase (GST) activity of Spodoptera exigua 

caterpillars fed on different diets. 4th instar Spodoptera exigua caterpillars were 

transferred from artificial diet to respective diets or starved for 48 hours. Diets were 

artificial diet, Arabidopsis thaliana, Medicago truncatula or Solanum lycopersicum. 

Guts were dissected and pooled. A. Total gut GST activity (U/gut). B. GST activity 

per mg soluble protein in the gut. Bars represent the means of 3 biological replicates 

with standard error of means. The experiment was repeated three times with similar 

results. GST activity was compared by one-way ANOVA followed by a Tukey post-

hoc test. Letters indicate significant differences (significant level, p = 0.05).  

 

Caterpillar gut-associated GST activity was affected by plant diet (Figure 4). 

Caterpillars fed on Arabidopsis had the highest GST activity compared to those fed on 

other diets. There was no difference of the total gut GST activity (U/gut) among the 

caterpillars fed on artificial diet, tomato, Medicago and starved (Figure 4A). 

However, starved caterpillars had a higher GST activity per mg soluble protein 

compared to tomato-fed caterpillars (Figure 4B). 
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Figure 5. Gut trypsin activity of Spodoptera exigua caterpillars fed on different 

diets. 4th instar Spodoptera exigua caterpillars were transferred from artificial diet to 

respective diets or starved for 48 hours. Diets were artificial diet, Arabidopsis 

thaliana, Medicago truncatula or Solanum lycopersicum. Guts were dissected and 

pooled. A. Total gut trypsin activity (U/gut). B. Trypsin activity per mg soluble 

protein in the guts. Bars represent the means of 3 biological replicates with standard 

error of means. The experiment was repeated three times with similar results. Trypsin 

activity was compared by one-way ANOVA followed by a Tukey post-hoc test. 

Letters indicate significant differences (significant level, p = 0.05).  

 

Plant and artificial diet affected S. exigua gut-associated trypsin activity 

(Figure 5). Caterpillars fed on Arabidopsis had the highest trypsin activity followed 

by tomato-fed caterpillars. There was no difference in activity among Medicago-, 

artificial diet-fed or starved caterpillars.  
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C  

  

 

Figure 6. Gut carboxylesterase activity of Spodoptera exigua caterpillars fed on 

different diets. 4th instar Spodoptera exigua caterpillars were transferred from 

artificial diet to respective diets or starved for 48 hours. Diets were artificial diet, 

Arabidopsis thaliana, Medicago truncatula or Solanum lycopersicum. Guts were 

dissected and pooled. A. Total gut carboxylesterase activity (U/gut). B. 

Carboxylesterase activity per mg soluble protein in the guts. C. In gel assay of 

carboxylesterase (strv: starved caterpillars, AD: artificial diet, Tom: Tomato, At: 

Arabidopsis and Mt: Medicago. Bd: boiled samples). Bars represent the means of 3 

biological replicates with standard error of means. The experiment was repeated three 

times with similar results. Carboxylesterase activity was compared by one-way 

ANOVA followed by a Tukey post-hoc test. Letters indicate significant differences 

(significant level, p = 0.05).  

 

Diet affected S. exigua gut-associated carboxylesterase activity (Figure 6). 

Arabidopsis-fed caterpillars had the highest activity, approximately twice of that of 

Medicago-fed caterpillars. The in gel assay indicated that one carboxylesterase 

isozyme was constitutively expressed and the other was induced in responsed to the 

diet the caterpillars were feeding on. This mirrored the total enzyme activity measured 

spectrophotometrically.  
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As shown by Experiment 1, diet can affect the activity of some enzymes. To 

identify the main factors of these effects, the secondary metabolites or nutritional 

quality, diets with Arabidopsis extracts or diets with different protein-to-digestible 

carbohydrate (P:C) ratios were used to feed 4th instar Spodoptera exigua caterpillars 

for 48 hours. 
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4.2. Experiment 2. Effect of plant extract on Spodoptera exigua caterpillar enzyme 

activity 

Caterpillars were reared on BioServ artificial diet until early 4th instar. Then 

they were placed on weighed blocks of different diets in Petri dishes for 48 hours. 

Diets were artificial diet, artificial diet containing the extracts of Arabidopsis either 

with previous 48-hr attack of caterpillars or without caterpillar herbivory. Guts from 2 

caterpillars were dissected for enzyme assays. Activity of gut enzymes from S. exigua 

caterpillar were analyzed (Figure 7). 
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Figure 7.  Gut glutathione S-transferase (GST), trypsin and carboxylesterase 

activity from Spodoptera exigua caterpillars fed on artificial diet containing 

Arabidopsis extract. 4th instar Spodoptera exigua caterpillars were transferred from 

artificial diet to respective diets or starved for 48 hours. Diets were artificial diet, 

artificial diet containing the extracts of Arabidopsis either with previous 48-hr attack 

of caterpillars (A.th with) or without caterpillar herbivory (A.th without). Guts were 

dissected and pooled. A. Total gut GST activity (U/gut). B. GST activity per mg 

soluble protein in the guts. C. Total gut trypsin activity (U/gut). D. Trypsin activity 

per mg soluble protein in the guts. E. Total gut carboxylesterase activity (U/gut). F. 

Trypsin activity per mg soluble protein in the guts. G. In gel assay of carboxylesterase 

(At with: artificial diet containing the extracts of Arabidopsis with previous 48-hr 

attack of caterpillars, At without: artificial diet containing the extracts of Arabidopsis 

without caterpillar attack, AD: artificial diet, strv: starved caterpillars. Bd: boiled 

samples). Bars represent the means of 3 biological replicates with standard error of 

means. The experiment was repeated three times with similar results. Enzyme activity 

was compared by one-way ANOVA followed by a Tukey post-hoc test. Letters 

indicate significant differences (significant level, p = 0.05).  

 

Diet with Arabidopsis extracts can affect the activity of S. exigua enzymes 

(Figures 7 and 8). Artificial diets containing Arabidopsis extract increase the 

caterpillar gut GST activity compared to the caterpillars fed unadulterated artificial 

diet or starved (Figures 7A and 8A). When focusing on GST activity of caterpillars 

fed artificial diets with extract from infested by caterpillars or not, the GST activity 

did not reflect whether the plant had previous exposure to caterpillar hervivory 

(Figures 7A and 8A). A difference in GST activity between caterpillars fed artificial 

diet or starved was not observed (Figures 7A and 8A).  

 Caterpillars fed on artificial diet containing Arabidopsis extracts previously 

attacked by caterpillars had higher trypsin activity than those fed on unadulterated 

artificial diet and starved caterpillars (Figures 7B and 8B). A difference in gut trypsin 

activity between caterpillars fed on artificial diet with two types of Arabidopsis 

extracts was not observed (Figures 7B and 8B). Starved caterpillars had the lowest 

trypsin activity. 

Diets with plant extracts increased the caterpillar gut carboxylesterase activity 

(Figure 8C). A difference in gut carboxylesterase activity between caterpillars fed on 
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artificial diet with two types of Arabidopsis extracts was not observed (Figures 7C 

and 8C). Starved caterpillars had the lowest carboxylesterase activity. These results 

were mirrored in the in gel assay (Figure 7D).  
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4.3. Experiment 3. Effect of nutritional quality (P:C) on Spodoptera exigua caterpillar 

enzyme activity 

 

Caterpillars were reared on BioServ artificial diet until early 4th instar. Then 

they were placed on weighed blocks of different diets in Petri dishes for 48 hours. 

Diets were artificial diet (Bio-Serv), artificial diet with the P:C ratio of 25P:39C and 

24P:17C. The ratio 25P:39C is approximately the P:C ratio of Arabidopsis, whereas 

the ratio 24P:17C is approximately yhe P:C ratio of Medicago. The P:C ratio of the 

Bio-Serv diet is 29P:37C. Pairs of labial salivary glands from 6 caterpillars or the guts 

for 2 caterpillars were dissected for enzyme assays. Enzyme activity of S. exigua 

caterpillar fed on different diets is shown as below. 
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   J  

  

 

Figure 8. Glucose oxidase (GOX), glutathione S-transferase (GST), trypsin and 

carboxylesterase activity from Spodoptera exigua caterpillars fed on artificial 

diet with different P:C ratios. 4th instar Spodoptera exigua caterpillars were 

transferred from artificial diet to respective diets for 48 hours. Diets were BioServ 

artificial diet (29P:37C), artificial diet with two different protein to digestible 

carbohydrate ratios (25P:39C and 24P:17C). Labial salivary glands or guts were 

dissected and pooled. A. Total LSG GOX activity (U/pair LSG). B. GOX activity per 

mg soluble protein in the LSG. C. In gel assay of GOX (Bd: boiled samples). D. Total 

gut GST activity (U/gut). E. GST activity per mg soluble protein in the guts. F. Total 

gut trypsin activity (U/gut).  G. Trypsin activity per mg soluble protein in the guts. H.  

Total gut carboxylesterase activity (U/gut). I. Carboxylesterase activity per mg 

soluble protein in the guts. J. In gel assay of carboxylesterase (Bd: boiled samples). 

Bars represent the means of 3 biological replicates with standard error of means. The 

experiment was repeated three times with similar results. Enzyme activity was 

compared by one-way ANOVA followed by a Tukey post-hoc test. Letters indicate 

significant differences (significant level, p = 0.05).  
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The nutritional quality (P:C ratio) of the diet affects GOX and trypsin activity, 

but not GST and carboxylesterase activity (Figures 9 and 10). Caterpillars fed on 

24P:17C diet had the highest GOX activity, which was approximately twice of the 

GOX activity from the caterpillars fed on the 25P:39C diet (Figures 9A and 10A).  

Similar results were shown by the in gel assay (Figure 9E). In comparison, caterpillars 

fed on the 25P:39C diet had the highest trypsin activity, followed by caterpillars fed 

the Bio-Serv diet (Figures 9C and 10C).  

Caterpillar gut-associated GST and carboxylesterase activity were not affected 

by P:C ratios (Figures 9C and 9D, Figures 10C and 10D). However, caterpillars fed 

the 25P:39C diet had higher carboxylesterse activity per mg soluble protein in guts 

than thosed fed the Bio-Serv diet (Figure 10D). Moreover, Figure 9F shows that the 

nutritional quality did not affect the carboxylesterase isozymes. 
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5. Discussion 

5.1. Glucose oxidase (GOX) 

Caterpillars of the beet armyworm, Spodoptera exigua (Hübner) (Lepidoptera: 

Noctuidae), are polyphagous herbivores able to feed on a diversity of potential host 

plants; they feed on more than 130 plants from over 30 different families (Pogue, 

2006). As generalists, S. exigua have different strategies to cope with plant defences 

compared to specialist caterpillars (Ali and Agrawal, 2012). As well, the plant elicits 

distinct compounds to different caterpillars (Ali and Agrawal, 2012). A. thaliana 

increases glucosinolate levels after attacked by S. exigua (generalist) caterpillars; this 

increase was not observed in plants attacked by specialist caterpillars (Mewis et al., 

2006). The different responses of the plants to different herbivores may reflect the 

mechanisms used by some generalist herbivores to suppress plant defenses. One 

possible mechanism that some caterpillars use is the secretion of GOX in the labial 

saliva. GOX produced by the Noctuid caterpillar Helicoverpa zea is supposed to 

suppress the induction of plant defences (Musser et al, 1999). Many polyphagous 

Noctuid species have relatively higher GOX activity levels compared to more 

specialized species (Eichenseer et al., 2010). Thus, GOX is possibly more important 

to polyphagous herbivores, such as S. exigua, than to specialists.  

In some insect species, GOX activity is affected by diet (Merkx-Jacques and 

Bede, 2005; Babic et al., 2008; Hu et al., 2008). For example, the corn earworm 

Helicoverpa zea larvae that have fed on tobacco had higher labial salivary GOX 

activity than larvae that fed on cotton (Peiffer and Felton, 2005). The results of the 

present study show that caterpillars reared on artificial diet had higher labial salivary 

GOX activity than those fed with tomato and Medicago, which is consistent with the 

previous results (Merkx-Jacques and Bede, 2005; Hu et al., 2008). These studies 

found that the labial salivary GOX activity was higher from the caterpillars fed on 

artificial diet than those fed on M. trunctula or tobacco leaves. One possible 

explanation for this is that when caterpillars fed on plant diets, they secret more GOX 

onto plant surface (Afshar et al., 2013). Thus, the host plant or diet might not only 

affect the GOX synthesis within the glands, they also affect the secretion onto the 

plant surface (Peiffer and Felton, 2005; Afshar et al., 2013).  

Previous studies either artificial diets or leaf supplements, showed that protein 

and carbohydrate levels were important in regulating GOX activity (Hu et al., 2008; 

Afshar et al., 2010). Fifth-instar H. armigera caterpillars were fed with tobacco leaves 
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coated with glucose or sucrose have higher labial salivary GOX activity than those 

fed with leaves without sugar coating (Hu et al., 2008). The results prove that sugar in 

diets is probably a major factor influencing the labial salivary GOX activity of H. 

armigera caterpillars (Hu et al., 2008). However, they did not show information about 

the protein concentrations of their diets. Another study found that when the dietary 

carbohydrate levels were the same, S. exigua caterpillars fed on the protein-rich diet 

had the highest GOX activity (Babic et al., 2008). This may be because when S. 

exigua caterpillars are fed on nutritionally-poor diets, secretion pathways are 

accelerated compared to those fed a protein-rich diet (Afshar et al., 2013).  

To evaluate the effects of dietary nutritional quality on S. exigua caterpillar 

GOX activity, artificial diet with 25P:39C and 24P:17C were prepared according to 

P:C ratio of Arabidopsis and M. truncatula. 4th instar S. exigua caterpillars had the 

highest GOX activity when they fed on the 24P:17C artificial diet. This diet represent 

the nutritional quality of M. truncatula and had the highest ratio of P:C. This is 

similar to previous findings that high labial salivary GOX activity is assiociated with 

high protein levels (Babic et al., 2008; Afshar et al., 2010). However, when 

comparing to the plant feeding experiments, the story is quite different. 4th instar S. 

exigua caterpillars fed on Arabidopsis had higher GOX activity than those fed on M. 

truncatula. Therefore, other factors must come into play when caterpillars feed on 

plants. M. truncatula contains high levels of saponins that can can reduce protein 

digestibility by forming saponin–protein complexes (Potter et al. 1993). Consequently, 

even though M. truncatula possess higher protein levels, the presence of saponins 

may make it difficult for caterpillars to get enough protein from their plant diets. 

Therefore, caterpillars may be producing GOX but also rapidly secreting it (Afshar et 

al., 2013).   

The possible effects of secondary metabolites on GOX activity were 

investigated by Hu et al. (2008). By adding phenolic compounds, such as chlorogenic 

acid, rutin and quercetin, into artificial diets, they found that these phenolic 

compounds had no effects on H. armigera caterpillars GOX activity. However, the 

effects of saponins on caterpillar labial salivary GOX activity still need to be 

characterized.  

5.2. Ascorbate peroxidase (APOX) 

Insects possess a suite of antioxidant enzymes and small molecular weight 
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antioxidants to protect them from the onslaughts of dietary and endogenously 

produced oxidants (Felton and Summers, 1995). Antioxidant enzymes, such as 

superoxide dismutase, catalase and glutathione reductase, have been well 

characterized in insects (Felton and Summers, 1995). These enzymes are involved in 

detoxication of reactive oxygen species (ROS) produced by xenobiotics, such as 

paraquat, and plant-derived allelochemicals, such as phenolics and quinones (Felton 

and Summers, 1995). 

APOX is an antioxidant enzyme that can scavenge H2O2 by using it in a 

reaction involving in the oxidation of ascorbate (Asada, 1992). It has been indentified 

in whole body homogenates of Helicoverpa zea, with the activity highest in tissues 

such as the salivary glands and midguts (Mathews et al., 1997).  

Other studies focused on the APOX activity from insect midguts (Krishnan 

and Kodrik, 2006). APOX activity was characterized in the Egyptian 

armyworm, Spodoptera littoralis foregut or midgut tissue when caterpillars were fed 

on potato plants (Solanum tuberosum) or a semi-artificial diet (Manduca Premix–

Heliothis Premix) (Krishnan and Kodrik, 2006). In the present study, detectable 

APOX activity was not found in the midguts of Spodoptera exigua. This is in 

accordance with Mathews et al. (1997), who found that H. zea APOX activity was 

five-times higher in the labial salivary glands than in midguts. Krishnan and Sehnal 

(2006) found that the diets containing tannic acid significantly increased the activity 

of APOX in the midguts of the Egyptian armyworm, S. littoralis larvae compared to 

control diets. Besides, the midgut APOX activity of the forest tent caterpillar, 

Malacosoma disstria and the white-marked tussock moth, Orgyia leucostigma 

showed was reduced by ingestion of tannic acid (Barbehenn et al., 2001). These 

results show that the diet affects APOX activity. In the present study, low APOX 

activity was detected in S. exigua labial salivary glands. A diet-specific difference 

was not observed. These results suggest that S. exigua caterpillars may have other 

enzymes in other tissues, such as GST in midguts, rather than APOX to act as 

antioxidants.  

 

5.3. Glutathione S-transferases (GSTs) 

GSTs are a multifunctional family of enzymes found in all insects (Vontas et 

al., 2001). They play an important role in the detoxification of both endogenous and 
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xenobiotic compounds and the protection against oxidative stress by removing toxic 

oxygen free radical species (Enayati et al., 2005). 

The activity of GST can be affected by diets. Wang et al. (2009) found that the 

chili pepper-fed H. assulta larvae had lower GSTs activity than those fed on tobacco 

or artificial diet. When the fruit fly Bactrocera tau fed on cucumber, pumpkin, towel 

gourd, white gourd and balsam pear, the highest GST activity was observed from the 

flies fed on balsam pear (Li and Liu, 2007). Our results also indicated that the GST 

activity of 4th instar S. exigua caterpillars can be affected by diets. The caterpillars fed 

on Arabidopsis had the highest GST activity compared to those fed on Medicago, 

tomato, artificial diet or starved.  

How diet influences GST activity is not well understood. Most research has 

focused on the role of plant secondary metabolites as the main factor that determines 

GST activity. For example, the larvae of the gypsy moth, Lymantria dispar and the 

forest tent caterpillar, Malacosoma disstria fed on aspen leaves supplemented with 

phenolic glycosides had increased GST activity compared to the control group 

(Hemming and Lindroth, 2000). However, the effects of these allelochemicals may 

depend on the insect species. The cereal hydroxamic acid, DIMBOA stimulated GST 

activity in the Asian corn borer, Ostrinia furnacalis, while decreased the GST activity 

in the bird cherry-oat aphid, Rhopalosiphum padi (Mukanganyama et al., 2003; Yan 

et al., 1995). The present results also supports the idea that secondary metabolites can 

affect the insect GST activity. 4th instar S. exigua caterpillars fed on the artificial diets 

containing Arabidopsis extract had significantly higher GST activity compared to the 

artificial-fed caterpillars or starved caterpillars.  

Besides plant secondary metabolites, the nutritional quality of the diets may 

also affect GST activity. Lindroth and Bloomer (1991) showed that low protein diets 

reduced GST activity in larvae of the forest tent caterpillar, M. disstria. In contrast, 

according to the present results, the 4th instar S. exigua caterpillars fed on artificial 

diets with varied P:C ratios did not have different GST activity. Therefore, diet 

nutritional quality does not appear to affect the GST activity in S. exigua caterpillars, 

just as casein supplementation did not change GST activity in Lymantria dispar and 

M. disstria (Hemming and Lindroth, 2000). 

 

5.4. Carboxylesterase 

Carboxylesterases are also important detoxification enzymes. However, 
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studies on insect carboxylesterases have been mainly focused on insecticide resistance 

instead of the mechanisms behind degrading plant allelochemicals (Yu et al., 2009). 

Carboxylesterases can detoxify many agrochemicals, such as pyrethroids, 

organophosphates and carbamates, by hydrolyzing these ester-containing compounds 

(Wheelock et al., 2005). 

In insects, diet can affect carboxylesterase activity (Wang et al., 2009; Zhang 

et al., 2011). For example, the oriental tobacco budworm, H. assulta larvae fed on 

chili pepper had lower carboxylesterase activity than those fed on tobacco or artificial 

diet (Wang et al., 2009). In S. exigua, carboxylesterase activity was higher in larvae 

fed on Chinese cabbage than those fed on maize seedlings (Zhang et al., 2011). 

Carboxylesterase activity can be induced by phenolic glycosides in the Eastern tiger 

swallowtail, Papilio glaucus, by plant glycoside rutin in the oriental leaf worm moth, 

Spodoptera litura and by indole alkaloids in the English grain aphid, Sitobion avenae 

(Lindroth, 1989; Ghumare et al., 1989; Cai et al., 2009). In the present study, after 

feeding on Arabidopsis, Medicago, tomato and artificial diets, the highest 

carboxylesterase activity was observed in Arabidopsis-fed caterpillars. As well, the 

data shows that 4th instar S. exigua caterpillars adjust midgut carboxylesterase activity 

to different diets. Two carboxylesterase isoenzymes are detected: one constitutively 

expressed and the other in response to diet. 

To understand how diet affects the carboxylesterase activity, Arabidopsis 

extracts were added to the artificial diet. Diets containing plant extracts increased the 

activity of 4th instar S. exigua caterpillar gut-associated carboxylesterase compared to 

the controls fed artificial diet or starved caterpillars. In contrast, Rachokarn et al. 

(2008) found that the extracts of senescent leaves of Melia azedarach reduced 2nd 

instar S. exigua caterpillar carboxylesterase activity. Therefore, how S. exigua 

caterpillars change carboxylesterase activity in response to plant extracts might 

depend on the plant species. 

In comparison, diet nutritional quality (P:C ratio) did not affect 4th instar S. 

exigua caterpillars carboxylesterase activity, which is in consistent with Zhang et al. 

(2011). In their experiment, S. exigua caterpillar carboxylesterase activity did not 

significantly change with artificial diets with different protein and glucose contents. 

Therefore, secondary metabolites of plants, instead of the nutritional quality, might 

play major roles in affecting S. exigua caterpillar carboxylesterase activity when they 

fed different diets.  
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Carboxylesterases and GSTs are important detoxification enzymes in insects 

for endogenous and exogenous compound metabolism. In the present study, the 

activity of both of the enzymes were highest in Arabidopsis-fed S. exigua caterpillars. 

As well, enzyme activity was correlated with plant extracts containing diet. In the 

English grain aphid, Sitobion avenae, activities of carboxylesterases and GSTs also 

significantly increased when aphids fed on a wheat cultivar with high hydroxamic 

acid concentrations (Leszczynski et al., 1993; Loayza-Muro et al., 2000). However, 

when offered diets containing catechol, gramine and lornithine, carboxylesterases 

activity in S. avenae was more sensitive to gramine and catechol, whereas GST 

activity was strongly correlated with higher concentrations of gramine and lornithine 

(Zhang et al., 2013). Unfortunately, we did not separate the compounds from the 

Arabidopsis extracts, so the information about how the enzyme responds to specific 

secondary metabolites is not available. 

 

5.5. Trypsin 

Trypsin is an important serine proteinase in insects. It hydrolyzes dietary 

protein to peptides, which are further degraded to amino acids (Evnin et al., 1990). 

These amino acids are required by the insect for growth, development and 

reproduction. Because of its crucial functions, trypsin is also a common target of 

protenase inhibitors (PIs) produced by plants. 

PIs produced by plants have been regarded as the defensive agents against 

insect herbivores, but some results show that insects have developed adaptive 

strategies to overcome the PIs in their host plants (Broadway, 1996). Trypsins 

secreted by some crucifer specialists (i.e., the small white, Pieris rapae; the green-

veined white, Pieris napi, and the diamondback moth, Plutella xylostella) are more 

resistant to the cabbage PIs than those secreted by some feeding generalists, such as 

the cabbage looper, Trichoplusia ni, the corn earworm, Helicoverpa zea and the gypsy 

moth, Lymantria dispar (Broadway, 1996).  This may be because those crucifer 

specialists can reduce the binding capacity of PIs by secreting trypsins with minor 

changes in the amino acid residues surrounding the active site (Broadway, 1996). 

Even those generalists who have susceptible trypsins can also overcome the biological 

activity of PIs by changing susceptible enzymes to inhibitor-resistant types after they 

consume the same family of PIs in diet (Broadway, 1996).  Since the resistance of a 

trypsin to a single trypsin inhibitor may result in resistance to many trypsin inhibitors 



   - 48 - 

within the same family and the generalists have potentials to access more families of 

PIs than the specialists (Broadway, 1996). This ability may make those generalists 

adapted to more PIs even from non-host plants than the specialized insects 

(Broadway, 1996).  

The present results show that 4th instar S. exigua caterpillars fed on 

Arabidopsis had highest trypsin activity than those fed on Medicago, tomato and 

artificial diet. So far, studies have identified several serine PIs from tomato, such as 

potato Inhibitors I and II (Ryan, 1990). The encoding genes and the mechanisms of 

the systematical regulation of these PIs are also characterized in tomatoes (Koiwa et 

al., 1997). As well, a wound-inducible trypsin inhibitor had previously been isolated 

from leaves of alfalfa (M. sativa), a close relative of M. truncatula and was shown to 

be the first published example of a wound-inducible Bowman-Birk inhibitor (Brown 

and Ryan, 1984; Brown et al., 1985; Frugoli and Harris, 2001). Unlike tomato, which 

is a really good model for PI studies, in Arabidopsis, although cDNAs encoding 

putative proteinase inhibitors have been identified, significant constitutive or wound 

induced proteinase inhibitor activity has not been successfully demonstrated (McConn 

et al., 1997). Therefore, although there are some cysteine PIs that have been 

characterized from A. thaliana, little is known about serine PIs (Zhang et al., 2008). 

The relative absence of serine PIs in Arabidopsis may be the main reason for the high 

trypsin activity in Arabidopsis-fed caterpillars.  As a generalist, S. exigua caterpillars 

may have the ability to respond to PIs by changing susceptible trypins to inhibitor-

resistant ones.  

Caterpillars fed on artificial diet containing Arabidopsis extract from 

caterpillar-stressed plants had higher trypsin activity than those fed on unadulterated 

artificial diet. This might be because that previous caterpillar feeding can trigger the 

glucosinolate-myrosinase system in Arabidopsis, and the hydrolysis products can 

decreased food efficiency in insects (Anilakumar et al., 2006). Caterpillar feeding can 

also induce several functional genes including phenylpropanoid pathway genes and it 

is shown increased biosynthesis of phenylpropanoids can reduced feeding rates of 

generalist herbivore, the fall armyworm, Spodoptera frugiperda (Reymond et al., 

2004; Johnson and Dowd, 2004). Without enough ingested proteins, S. exigua 

caterpillars might activate more trypsins to cope with the protein-poor conditions. 

Dietary nutritional quality also affects trypsin activity. Both 5th instar H. zea 

and S. exigua caterpillars had higher digestive enzyme activity that corresponds to the 
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increased concentration of dietary casein (Broadway and Duffey, 1986b). Higher 

protein level in H. armigera gut was correlated to increased trypsin activity (Johnston 

et al., 1993). However, the present results show that S. exigua caterpillars fed the 

artificial diet with low protein ratio have higher trypsin activity in guts. This was 

unexpected but might reflect the fact that on protein-poor diets, it is more important to 

have enzymes like trypsin to digest any available proteins. 
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6. Conclusion  

These five enzymes analyzed in this project are important for insects to protect 

them against the plant defenses, both nutritional deficiency and toxic plant secondary 

metabolites. We investigated the dietary effects on the activity of these enzymes by 

feeding the 4th instar S. exigua caterpillars on different diets (Arabidopsis thaliana, 

Medicago truncatula, Solanum lycopersicum and artificial diet or starving them). Our 

results show that except for APOX, 4th instar S. exigua caterpillars adjust the activity 

of GOX, GST, trypsin and carboxylesterase activity to different diets. Further 

experiments show that plant extracts affect the activity of GST, trypsin and 

carboxylesterase, while nutritional quality of the diets played an important role in 

influencing GOX and trypsin activity. 
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7. Recommendations for Future Research  

Though, the present study found that Arabidopsis extracts affected the activity 

of GST, trypsin and carboxylesterase, the responsible compounds were not identified. 

For example, caterpillars fed on the artificial diet containing Arabidopsis extracts 

previously acttacted by herbivores had higher trypsin activity than those fed on 

artificial diet containing Arabidopsis extracts without insect-stress. Since the 

methanol extract did not have PIs in it, the reason for the difference of trypsin activity 

is not clear.  

As well, it would be of interest to understand how low protein levels affect 

trypsin activity. So far, a lot of studies have focused on how S. exigua caterpillars 

regulate GOX activity when they fed on diets with different nutritional quality, such 

as P:C ratio, but little is known about how insects react when they fed protein-poor 

diets. 
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9. Appendices 

Table 1. Statistical analysis of effects on enzyme activity from caterpillars fed on 

different diets. Diets were artificial diet, Arabidopsis thaliana, Medicago truncatula 

or Solanum lycopersicum. Data were analyzed by one-way ANOVA followed by a 

Tukey post-hoc test. 

 

Table 2. Statistical analysis of effects on enzyme activity from caterpillars fed on 

artificial diet containing Arabidopsis extract or starved. Diets were artificial diet, 

artificial diet containing the extracts of Arabidopsis either with previous 48-hr attack 

of caterpillars (A.th with) or without caterpillar herbivory (A.th without). Data were 

analyzed by one-way ANOVA followed by a Tukey post-hoc test. 

Enzyme (U/gut) Value  Enzyme (U/mg 

soluble protein) 

Value  

GST  F (3,8) = 35.70; 

p<0.001 

GST  F (3,8) = 29.68; 

p<0.001 

Trypsin  F (3,8) = 11.20; 

p<0.005 

Trypsin F (3,8) = 11.85; 

p<0.005 

Carboxylesterase  F (3,8) = 37.0; 

P<0.001 

Carboxylesterase  F (3,8) = 16.89; 

p = 0.001 

 

 

 

 

 

 

 

 

Enzyme Value    Enzyme Value 

GOX (U/pair LSG) F (4,10) = 105.5; 

p<0.001 

GOX (U/mg 

soluble protein) 

F (4,10) = 105.3;  

p<0.001 

APOX (U/pair LSG ) F (4,10) = 0.573;  

p = 0.689 

APOX (U/mg 

soluble protein) 

F (4,10) = 0.6;  

 p = 0.671 

GST (U/gut) F (4,10) = 359.1;  

p<0.001 

GST (U/mg 

soluble protein) 

F (4,10) = 312.7;  

p<0.001 

Trypsin (U/gut) F (4,10) = 178.6;  

p<0.001 

Trypsin (U/mg 

soluble protein) 

F (4,10) = 118.7;  

p<0.001 

Carboxylesterase 

(U/gut) 

F (4,10) = 493.6;  

p<0.001 

Carboxylesterase 

(U/mg soluble 

protein) 

F (4,10) = 277.8;  

p<0.001 
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Table 3. Statistical analysis of effects on enzyme activity from caterpillars fed on 

artificial diet with different P:C ratios. Diets were artificial diet (Bio-Serv), 

artificial diet with the P:C ratios of 25P:39C or 24P:17C. Data were analyzed by one-

way ANOVA followed by a Tukey post-hoc test. 

Enzyme  Value  Enzyme  Value  

GOX (U/pair LSG) F (2,6) = 87.57; 

p<0.001 

GOX (U/mg soluble 

protein) 

F (2,6) = 138.8; 

p<0.001 

GST (U/gut) F (2,6) = 0.341;  

p = 0.724 

GST (U/mg soluble 

protein) 

F (2,6) = 3.78;  

p = 0.087 

Trypsin (U/gut) F (2,6) = 46.96; 

p<0.001 

Trypsin (U/mg 

soluble protein)  

F (2,6) = 97.20; 

p<0.001 

Carboxylesterase 

(U/gut) 

F (2,6) = 0.221;  

p = 0.808 

Carboxylesterase  

(U/mg soluble 

protein) 

F (2,6) = 9.158;  

p = 0.015 

 

 

 

 


