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Abstract
The diamondback moth (DBM) (Plutella xylostella) (L.) (Lepidoptera: Plutellidae) is one
of the most widespread and harmful insect pests almost exclusively targeting plants belonging to
the Brassicaceae family. Understanding of DBM’s behaviour and ecology is therefore crucial to
develop novel, economically and environmentally friendly methods of control. One of the main
objectives of this study was to determine whether the amount of time (# of generations) spent on
a particular host plant by the DBM 4th instar larvae influences their preference, when exposed to
and reared on alternative host plants. Experiments included rearing three lineages of DBM on
three different plant species for three generations and exposing 4th instar larvae from each
generation to the test plant species in a choice experiment. Results indicated that the amount of
time spent on a particular host plant had no effect on food selection. The 4th instar larvae prefer
turnip (Brassica rapa subsp. rapa) the most and kale (Brassica oleracea var. acephala) is the
least preferred plant. Another major objective of this is to examine the response of DBM to
intercropping as an integrated pest management strategy and whether intercropping changes the
sinigrin concentration in kale leaves. Two DBM males and females were exposed to either kale
or kale grown with onions (Allium cepa) in controlled conditions to assess their performance and
kale damage. Results indicated that fewer 4th instars and pupae were present in the intercropping.
There was no change in the sinigrin content between the two treatments. Results suggested that
the physical presence of onions may be necessary for the decreased larval numbers observed in
the intercropping system. It is hypothesized that onions may release repellent volatiles rendering
the environment less suitable for DBM. Our study shows the complexity of DBM’s interaction
with its host plants and adds to the mounting amount of evidence towards the effectiveness of an
intercropping system in controlling pest infestation.
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Chapter 1: Introduction & Literature review
Insect herbivory is a significant stress factor for plant growth and development (Mathur
et al., 2013). From an agricultural perspective, insects exact a high toll on crop production
(Mazzi & Dorn, 2012). One of the most destructive pests of the Brassicaceae family is the
oligophagous diamondback moth (DBM) (Plutella xylostella) (Furlong et al., 2013). DBM larvae
show a remarkable ability to overcome plant defenses specific to Brassicaceae, in addition to
being resistant to almost all classes of insecticides available on the market (Ratzka et al., 2002;
Furlong et al., 2013). Therefore, there is an urgent need to better understand the factors
governing insect-plant relationships in order to develop environmentally safe control strategies
intended to control pest infestations.
DBM has a very complex relationship with its hosts and despite years of research certain
details about its life history remain vague. Therefore, it is imperative for us to understand more
about the ecology of the diamondback moth, especially how it interacts with host plants. Since
insecticides have harmful long term effects on the environment and prolonged use eventually
leads to resistance in DBM, there is an urgent need to develop novel, environmentally friendly
methods to combat this pest. The following sections provide a comprehensive review on insectplant interaction, host plant selection and the use of integrated pest management (IPM) strategies
for management of insect pests. The ecology and life history traits of diamondback moths are
also discussed in detail followed by the objectives of this study.
1.1 Plant defenses against herbivory
Plants face a variety of stress factors during the course of their development, including
abiotic stresses (such as, drought, soil flooding, extreme temperature fluctuations) and biotic
stresses (such as insect herbivory and pathogen attack) (Nguyen et al., 2016). These stress
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factors exert strong selection pressure on plants, which ultimately results in numerous
adaptations such as stress tolerance and resistance (Nguyen et al., 2016).
Since defense mechanisms are energetically expensive, plants are in a constant
predicament of combining growth and development with defense. In general, these defense
mechanisms can be grouped into two categories: constitutive defenses and induced defenses.
Constitutive defense is defined as any form of defense (i.e. morphological or chemical) that a
plant possesses before attack by pests (Chen, 2008). Inducible defence is an adaptive strategy
used by the plant through which cues from herbivores and parasites help prevent future
infections and/or infestations (Agrawal et al, 1999). Plants defend themselves against herbivores
directly by affecting the host plant survival and reproductive success (direct defense), and
indirectly by producing chemicals that attract natural enemies of herbivores (indirect defense)
(Howe & Jander, 2008). Both direct and indirect defense are categorized under inducible plant
defense.
Direct defenses are plant traits that affect the insect herbivore’s biology such as
morphological defenses on the surface of the plant (e.g. spines and thorns (spinescence), hairs
(trichomes), toughened or hardened leaves) or production of toxic chemicals (e.g. terpenoids,
alkaloids, anthocynins, phenols, among others) that either kill or deter herbivores (Hanley et al.,
2007). Both direct and indirect defense mechanisms may be present in the host plant
constitutively or induced after damage by herbivores. Direct defenses are part of a host plant’s
resistance strategy towards herbivores and can deter, repel or even kill insect herbivores upon
activation or upon production of lethal toxins and inhibitors of digestion (Lucas-Barbosa, 2016).
For example, serine protease inhibitors, produced by Solanum nigrum in response to herbivory,
inhibit digestive proteases in insect gut, which leads to the plant being less palatable to
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herbivores (Hartl et al., 2010). Plant traits that signal natural enemies of the herbivore are known
as indirect defenses. The plant accomplishes this in different way, most often by releasing
volatile chemicals in the air to signal predators of herbivores that its prey is in the vicinity
(Sabelis et al., 2001). For example, volatiles released by Pieris rapae infested Arabidopsis
thaliana are attractive to Cotesia rubecula, parasitoid of P. rapae (Van Poeck et al., 2001).
Another means of increasing abundance of natural enemies is by providing them with food. For
example, the presence of extrafloral nectaries on plants increased parasitism of the generalist
gypsy moth (Lymantria dispara L.) (Pemberton & Lee, 1996). Insects trapped in sticky plant
material (such as nectar) can also be used by the plants, to lure natural predators as seen in the
case of tarweed (Madia elegans) (Krimmel & Pearse, 2013). Indirect defense can also be
expressed constitutively (Kant et al., 2015). Predatory mites defend the plant against herbivores
by taking refuge in tufts of hair and other minute structures termed domatia (Walter, 1996).
One of the most popular theoretical frameworks explaining the mechanism behind the
evolution of plant defenses is the Optimal Defense Theory (Zangerl & Rutledge, 1996). This
theory postulates that plants defend different tissues differently, with maximum allocation
directed towards tissues contributing to plant fitness as well as towards tissues most susceptible
to attack. Working under the assumption that constitutive defenses are costlier than induced
defenses, this theory predicts that tissue with a higher probability of being attacked will rely on
constitutive defenses, whereas less commonly targeted tissue will depend more on induced
defenses (Kant et al., 2015). For example, reproductive parts and leaves of Pastinaca sativa L.,
which are highly desirable to herbivores, contain high concentration of xanthotoxin (defense
compound), while less targeted roots contain low levels of the compound but production can be
induced when under attack (Zangerl & Rutledge, 1996). This being said, it is not always easy to
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distinguish between constitutive and induced defenses (Kant, et al., 2015). For example,
trichomes, which commonly function as a form of constitutive defense, can also serve as a part
of the induced defense system. When black mustard (Brassica nigra) leaves are damaged by
insect herbivores, Traw & Dawson (2002) observed an induction of leaf trichomes density.
Emissions of terpenes from glandular trichomes can be induced in tomato by treating the plant
with jasmonic acid, a compound which mimics responses by the plant during herbivore attack
(van Schie et al., 2007).
1.2 Specialist vs. Generalists
Based on their feeding patterns and type of defense mechanisms, phytophagous insects
are divided into two categories: generalists and specialists. Ecologists have long argued that
specialist and generalist insect pests interact with their host plant in distinct and predictable ways
(Ali & Agrawal, 2012). It has been proposed that with specialization, along with the loss of
ability to use many host plants, herbivores would gain the ability to tolerate plant defenses and
manipulate hosts to their benefit (Krieger et al., 1971). Certain explicit predictions have been
proposed in literature which outline the differences between generalist and specialist herbivores.
The first prediction states that specialist species should be less impacted by plant
defenses than generalist insects (Whittaker & Feeny, 1971). It has been reported in literature that
certain specialists are known to possess the capacity to actually use plant defense traits in host
plant recognition (Ali & Agrawal, 2012). Second, as the name implies, generalist insects should
have ‘general’ mechanisms to tolerate a wide variety of plant defenses. The reasoning behind
this prediction is that although, generalists do not master any one defense, general resistance
mechanisms that the insects possess can overcome many aspects of plants defense. Since plants
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possess a common evolutionary history, this would lead to common physiological features in
core defense signalling in insects (Katsir et al., 2008).
The perception of specialists being largely immune to defenses of the host plant is
widespread, but incorrect (Ali & Agrawal, 2012). The assumption that specialist herbivores are
adapted to host plant chemistry has been tested on several specialist herbivores, such as the
parsnip webworm (Depressaria pastinacella), which is negatively affected by furanocoumarins
produced by wild parsnip (Berenbaum et al., 1989). Similarly, latex and cardiac glucosides
produced by sandhill milkweed has a negative effect on the survival of the first instar monarch
butterfly larvae (Danaus plexippus) (Zalucki et al., 2001). Specialists seem to be tolerant to low
levels of toxins, but at higher levels, few insects are immune (Ali & Agrawal, 2012).
1.3 Host plant selection
Insects have basic food requirements such as amino acids of the vitamin-B group, a
sterol, and the necessary minerals (Fraenkel, 1959). However, these so called “primary”
compounds (present in all living cells) are not responsible for food selection in insects.
According to Fraenkel (1969), the presence or absence of secondary plant metabolites such as
glucosides, saponins, tannins, alkaloids and many more, determine food selection in insects.
These secondary compounds present in plants can either deter or stimulate feeding behaviour in
insects. Food selection in insects occurs primarily through physical, visual or olfactory cues
given off by the host plants (Jolivet, 1998).
Plant structural traits such as hairs, trichomes, and waxy cuticle can prevent
phytophagous insects from feeding on a host plant. Epicuticular waxes prevent pest from
attaching to the plant surface, ovipositing and feeding (White & Eigenbrode, 2000; Hariprasad &
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van Emden, 2010). The oak eggar (Lasiocampa quercus) is unable to grasp holly leaves (Ilex
aquifolium) since the leaves have a smooth cuticle and bristles along the margins (Edwards &
Wratten, 1981 as seen in Panizzi & Parra, 2012). Trichomes also prevent pest attachment and
limit insect movement. Karley et al. (2016) report significant reduction in oviposition by
Tetranychus uticae on raspberry with high leaf trichome densities. Toughness of leaves can
render a plant unpalatable to herbivores (Choong, 1996). Insects can refuse a host plant
composed of attractive secondary compounds due to the toughness of the leaves. For example,
European species of Timarcha and Sermylassa halensis do not feed on tough, mature goosegrass
(Galium aparine) or Rubia peregrina but readily consume young and tender shoots of both the
plants (Jolivet, 1998).
Leaf chemistry is also very important in selection for the pest once it passes the
mechanical barriers. Odour and taste aid an insect in the chemical selection of a plant. Insects
have chemoreceptors which direct it towards feeding spots (Jolivet, 1998). The adult females
have a crucial job of selecting an appropriate oviposition site, since the offspring larvae are
destined to eat the selected plant species (Nishida, 2014). During drumming behaviour with their
forelegs, female swallowtail black butterflies (Papilio polyxenes) detect tyramine and transchlorogenic acid, which are oviposition stimulants (Carter et al., 1998). Similarly, the cabbage
white butterflies (Pieris rapae and P. brassicae) recognize host plants by glucosinolates during
oviposition as well as larval feeding (Traynier & Truscott, 1991).
Certain plant secondary metabolites act to disrupt insect host finding behaviours. Insects
will sometimes avoid feeding and oviposition on plants from the same family due to the presence
of toxic chemicals exclusive to the plant species. The citrus swallowtail (Papilio xuthus) feed on
various Rutaceae species but avoids a particular Rutaceae plant Osmunda japonica due to the
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presence of quercetin, a flavonoid triglycoside that acts as a major oviposition deterrent (Nishida
et al., 1990). The bean aphid (Megoura crassicauda) never infects tiny vetch (Vicia hirsute) even
though it forms a mixed community with one of its favourite host plants (Lavandula
augustifolia) due to the presence of a deterrent glycoside (Ohta et al., 2006). Additionally,
volatile organic compounds (VOCs) released by plants also play a pivotal role in insect-plant
interactions. VOCs released from non-host plants are known to be generally unpleasant and repel
certain insect species (Basedow et al., 2006).
Apart from physical and chemical selection, some insects also visually recognize and
select their host plant. Certain species of Pieris butterflies readily oviposit on yellow, green,
blue, or white paper wetted with sinigrin (known phagostimulant), but do not oviposit when the
paper is violet, black or red (Traynier, 1986). According to Dixon (1985), aphids are attracted to
the color yellow. On the other hand, presence of non-host plants along with host plants can
sometime visually disrupt host selection by insect pests such as Plutella xylostella and
Brevicoryne brassicae (George et al., 2013). The overall understanding the host selection
processes of pests is integral in developing innovative methods of pest management.
1.4 Management strategies
The use of chemicals to control pest is not a new practice, with the Chinese using arsenic
sulfide to control pest as early as the 16th century (Rechcigl & Rechcigl, 2000). In modern times,
pesticides are a staple in conventional agriculture to ensure high quality and quantity yield by
controlling pests and infections. Although the use of pesticides has resulted in an increase in
agricultural production, intensive application has been a cause of concern in recent years due to
the resulting increase in environmental pollution, ecological imbalance and residue in food (Liu
et al., 2001). Pimental (1995) estimates that less than 0.1% of pesticides applied for weed and
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pest control actually reaches the target sites, the rest being lost as run off or spray drift. In
response to the consequences on the environment and humans and other non-target flora and
fauna alternative techniques are being developed.
Integrated Pest Management (IPM) is defined by FAO.org as a pest management system that
takes environmental impact into consideration and utilizes suitable techniques in such a way that
pest population levels are below those causing economic injury. IPM strategies are getting
increasing attention due to various reasons such as optimal resource usage, increased yield, and
being more environmentally friendly than commercial pest management strategies. Most
importantly, resistance development in various pests to pesticides necessitates the development
of new classes of chemical pesticides. Increasing development costs, shorter commercial life and
demand for increased specificity have, together, resulted in chemical companies reducing
investments in the pesticide industry (Moffat, 1993). IPM includes pest monitoring, using
semiochemicals (signal molecules that mediate interaction between organisms), host plant
resistance and trap crops to change insect behaviour, along with using biological controls and
selective insecticides to reduce pest populations (Pickett et al., 1997).
A technique which has recently gained prevalence as an IPM strategy is intercropping, which
is defined as growing crop of two different species at the same in close proximity to each other
(Li et al., 2014). Intercropping has been used since ancient Greece around 300 B.C. and today
multiple cropping systems account for 15-20% of the world food supply (Altieri, 1999). Planting
crops or vegetables using this strategy leads to enhanced interspecific interactions which
ultimately results in an increase in both crop quality and yield (Xue et al., 2016). The mechanism
underlying the increase in crop yield could be explained by the niche complementarity
hypothesis, which states that competition decreases and productivity increases due to
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interspecific differences in resource requirements between intercropped species in space and
time (Tilman et al., 2001). Intercropping can be divided into three categories: mixed
intercropping (growing two or more crops with limited arrangement), relay intercropping
(planting the second crop before the first crop is mature) and strip intercropping (planting two or
more crops simultaneously in strips) (Brooker et al., 2015).
Compared to monocrop, intercropping systems are an excellent way to control pests along
with a reduction in pollution and provide stable and predictable crop yields (Lithourgidis et al.,
2011). One of the most beneficial outcome of planting crops in an intercropping system is the
lower incidence of pests. A review of 150 published field studies, looking at 198 herbivore
species show that 53% of the pest species had a lower abundance in an intercropping system
compared to monoculture (Risch, 1983). Intercropping affects herbivores in a couple of distinct
ways. Firstly, by planting plants of two different species together the microclimate of the host
and neighbouring plants is altered. Secondly, intercropping leads to a change in morphology and
plant chemistry, which may in turn adversely affect pests (Lithourgidis et al., 2011).
Intercropping strawberry (Fragaria anaassa) with garlic (Allium sativum) leads to a 52%
reduction in two spotted spider mites (Tetranychus urticae), which is an important pest of
strawberries (Hata et al., 2016). Similarly, in field conditions, growing potatoes along with
onions reduced the abundance of winged aphids (Myzus persicae) (Ninovic et al., 2013).
1.5 Study species: The Diamondback moth (Plutella xylostella)
The diamondback moth (DBM), Plutella xylostella L. (Lepidoptera: Plutellidae), is one of
the most harmful insect pests for Brassicaceae species worldwide. The Brassicaceae family
comprises a diverse group of 350 genera and over 3,500 species of cultivated and wild
herbaceous plants (Warik et al., 2003). Members of this widespread family represent

10

economically important crops like oilseeds (e.g., canola and mustard), cole crops (e.g., cabbage
and cauliflower) and root vegetables (e.g., radish and turnip) (Sarfraz et al., 2005).
Currently, DBM has been reported in more than 80 countries and is known to lead to severe
losses of cruciferous vegetables and rapeseed crops (Kfir, 1998). The pest is in fact present
wherever its host plants exist and is considered to be the most widely distributed of all
Lepidoptera (Figure 1.1) (Sarfraz et al., 2005). DBM damage on cabbage can lead to 52%
decrease in market yield. A recent report estimates that the cost associated with damage and
management of DBM is US$ 4-5 billion (Zalucki, et al., 2012). Due to this, DBM has gained a
reputation of being one of the most destructive insect pests attacking cruciferous vegetable crops
worldwide (Furlong et al., 2013).
Moths are highly migratory and have been recorded to travel a distance of approximately
400-500 km per night (Chapman et al., 2002). Long range movement is achieved through active
migration, which explains DBM’s cosmopolitan distribution (Talekar and Shelton, 1993). This
migratory capacity enables DBM to move from areas that allow year-round persistence into areas
that are only seasonally suitable for growth and development. Regions where DBM cannot
survive low winter temperatures can be invaded annually from regions where it can overwinter
(Furlong et al., 2013). In northern Japan, cold winter conditions prevent DBM from surviving
during winter, but evidence suggests that annual recolonization from southerly regions can occur
(Furlong et al., 2013).
DBM is multivoltine with four to twenty generations per year in temperate and tropical
regions, respectively (Vickers et al., 2004). Each female can lay over 200 eggs mainly on the
upper leaf surface of cruciferous plants (Justus et al., 2000). Eggs hatch after 4-8 days and first
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instar larvae usually feed on the spongy mesophyll tissues. Second, third and fourth instar larvae
are surface feeders and they consume leaves, buds, flowers, siliques, the green outer layer of
stems (Sarfraz et al., 2005). The average duration of larval instars under Canadian field
conditions are 4, 4, 3, and 4 days for the first through fourth instars, respectively and pupation
required 8-10 days (Sarfraz et al., 2005). Current observations in the tropics show that
developmental time from egg to adult is quite rapid, recording as many as 20 generations per
year (Sarfraz et al., 2005).
DBM uses olfactory cues to locate host plants, and volatile plant chemical cues are more
important than vision at short distances (County et al., 2006). Upon landing, DBM uses chemical
cues to verify plant identity and to select a site for oviposition (Justus and Mitchell, 1996).
Spatial distribution patterns of DBM are often patchy in both vegetable and canola cropping
systems. The mechanisms driving these patterns are variable but can include host plant patch
size, intraspecific variation in plant chemistry and morphology, nutrient levels of host plants, and
feeding damage caused by other herbivores (Furlong et al., 2013). Warbrick-Smith (2006)
demonstrated that DBM is known to adapt to a change in nutrient levels, with larvae reared for
multiple generations on a carbohydrate-rich diet progressively developing the ability to have
lower fat deposits.
1.6 DBM-Host plant interactions
Brassicaceae species contain chemical compounds, such as glucosinolates and saponins
which are usually considered toxic to most generalist insects and pathogens, except DBM
(Furlong et al., 2013). It has been proposed that DBM has evolved to become a specialist of the
cruciferous plants and overcome the toxic effects of these chemicals present in the host plants.
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The defining chemical feature of all Brassicaceae plants is the production of specific
secondary metabolites called glucosinolates. Glucosinolates are a class of thioglucoside
molecules with a well-known basic structure (Figure 1.2) and one of the most important and well
researched secondary defense compounds synthesized by Brassicaceae plant species (Chen &
Andreasson, 2001). Other than Brassicaceae, glucosinolates are also found within closely related
species within families such as Capparaceae and Caricaceae, and therefore, glucosinolate
biosynthesis is often used as an important taxonomic marker (Fahey et al., 2001). Out of the 140
compounds identified, approximately 30 alipathic, aromatic, and indole glucosinolates have been
isolated so far in the Brassicaceae family (Hopkins et al., 2009). The diversity of glucosinolates
arises from simple and branched alkyl side chains as well as aryl or heterocyclic side chains
(Chen and Andreasson, 2001). Their diversity also ascends from a variety of secondary
modifications such oxidation, hydroxylation, methoxylation, desaturation, sulphation and
glucosylation of the basic structure (Chen and Andreasson, 2001). Since glucosinolates are sulfur
containing compounds, plant sulfur nutrition is crucial for its biosynthesis. Sulfur fertilization
has been shown to lead to an increase in glucosinolate content in plants (Falk et al., 2007).
In the absence of herbivory, glucosinolates are stored separately from the activating enzyme,
myrosinase. Tissue disruption during herbivory brings glucosinolates into contact with
myrosinase, resulting in the formation of biologically active toxic by-products such as nitrils,
isothiocynates, thiocynates, oxazolidine-2-thiones, and epithionitriles (Wittstock and Burrow,
2010). In a study using mutants of Arabidopsis thaliana (L.) Heynh. with different glucosinolate
contents, results have shown that glucosinolates seem to be detrimental for generalist insects but
specialists do not seem to be negatively affected (Hopkins et al. 2009). The metabolic diversity
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of glucosinolates along with variation in breakdown pathways, likely results in several hundred
defensive metabolites that can be formed during herbivory (Witttock and Burrow, 2010).
DBM have evolved mechanisms to avoid toxicity of glucosinolates. DBM larvae possess
a sulfatase enzyme which desulfates glucosinolates, blocking their hydrolysis by myrosinase
(Ratzka et al, 2002). Glucosinolates and their hydrolysis products are also used in host plant
recognition by DBM. Glucosinolates elicit specific responses in maxillary chemoreceptors and
stimulate feeding in DBM larvae (Miles et al., 2005). Specifically sinigrin, sinalbin and
glucocheirolin are known to stimulate feeding in DBM larvae (Talekar & Shelton, 1993). Studies
using A. thaliana mutants with different glucosinolate contents have shown that increases in
plant glucosinolate content can be associated with oviposition preference by P. xylostella
(Badenes-Perez et al., 2010).
1.7 DBM management
As stated previously, DBM is present wherever its host plants are present, making DBM a
global pest problem. Unfortunately, control of DBM is difficult because of its strong ability to
develop insecticide resistance. To date, DBM has rapidly evolved resistance to many
conventional insecticides such as pyrethroids, organo-phosphates, fipronil, spinosad, and
diamides (Jouraku et al., 2013). The development of resistance is attributed to the fact that DBM
has high fecundity and its life cycle is very short (approximately 14 days in warm climates)
(Fathi, et al., 2011). Many researchers report that cytochrome P450, the insensitivity of
acetylcholinesterase and the acetylcholine receptor, and point mutations in the sodium channels
are all possible mechanisms for insecticide resistance (Luogen et al., 2004; Zhao, et al., 2006;
Kim et al., 2011). DBM has also developed resistance to toxins in Bt, which are expressed by
crops genetically engineered for insect resistance (Baxter et al., 2005).
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The IPM strategy of using trap crops has gained a lot of attention in recent years as an
environmentally friendly alternative in controlling herbivory. Pests are maintained on the trap
crop, which is generally more attractive than the main crop, where their population is reduced by
either treating the area where the trap crops are planted with pesticide sprays or by predatory
action by parasitoids or pathogens (Cook et al., 2006). The biennial weed G-type Barbarea
vulgaris var. arcuata has recently received a lot of attention as potential dead end trap crop, due
to the high content of saponins in its leaves, which is lethal to generalist and specialist pests. Gtype B. vulgaris has proven effective especially against P. xylostella, due to the fact that studies
have reported high rates of oviposition combined with little or no larval survival (Badenes-Perez
et al., 2004; 2010). Fertilizing the B. vulgaris trap crop with sulphur has been shown to increase
its effectiveness, since fertilization causes an increase in glucosinolate content, which is
attractive to DBM (Badenes-Perez et al., 2010). Transgenic Indian mustard, expressing the Bt
gene (cry1C), has been used as a dead an trap crop and results show that it significantly reduces
the number of DBM larvae on the cabbage cash crop (Shelton et al., 2008).
Garlic and other species from the Allium family have been used in IPM practices such as
intercropping and trap cropping since they release strong volatiles that have the propensity to
reduce attraction in herbivorous insects (Cai et al., 2011). Karavina et al. (2014) have reported
higher larval counts in cabbage (Brassica oleraceae var. capitate) grown in monoculture
compared to cabbage intercropped with garlic (Allium sativum). The authors hypothesize that
presence of garlic has a repellent effect on DBM. Similarly, Cai et al. (2011) reported a higher
DBM pupal mortality in the treatment where Chinese cabbage (Brassica chinensis) was
intercropped with garlic.
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Despite the IPM strategies such as trap cropping and intercropping showing promise and the
ongoing efforts by researchers to develop novel approaches to DBM management, the vast
majority of Brassicaceae species are treated with insecticides (Grzywacz at al., 2010). This
practice is more prevalent in tropical countries, where non-selective products are applied once or
twice per week. However excessive use of pesticides against DBM is not restricted to developing
countries or the tropics (Grzywacz et al., 2010). These methods are also expensive, and a recent
study estimated that the annual DBM control in Brassicaceae vegetable crops alone cost US$1.4
billion worldwide (Zalucki et al., 2012).
1.8 Objectives and hypotheses
In this study my research aimed to investigate the behaviour of DBM larvae when exposed to
different host plants as well as the performance of DBM larvae in an intercropping system. This
study aims to answer the following questions:
1. Does the amount of time (i.e. number of generations) spent on a particular host plant by
the DBM 4th instar larvae influences their preference, when exposed to and reared on
alternative host plants?
Hypothesis: DBM 4th instar larvae, initially, will strongly prefer the original host plant it
was reared upon. However, this preference will grow weaker overtime as the larvae adapt
to the change in the nutrient content as seen in Warbrick-Smith (2006).
2. Does intercropping a host plant with a non-host plant lead to reduced plant damage and
affect DBM 4th instars and pupal numbers?
Hypothesis: Given the mounting evidence available in literature on the effectiveness of
intercropping, an intercropping system would affect DBM in a negative way, leading to
reduced larval numbers.
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3. Does intercropping cause a change in the sinigrin (plant defense compound)
concentration of a host plant?
Hypothesis: According to the growth differentiation hypothesis, plants grown in an
intercropping environment will allocate less resources in the synthesis of defence
compounds. Therefore, sinigrin concentration will decrease in an intercropping system.
4. Is physical presence of the intercrop necessary to affect DBM larval numbers?
Hypothesis: In addition to being a physical barrier, non-host intercrops are known to
release volatile organic compounds (VOCs) could act as a repellent and/or interfere with
the pest’s host finding ability. Hence, the physical presence of the intercrop is crucial in
an intercropping system.
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Figures

Figure 1.1: Cosmopolitan distribution of DBM worldwide based on a validated ecoclimatic
model. The blue areas indicate regions where DBM cannot overwinter, while the red regions
indicate areas where DBM’s presence is reported year-round. Source: Furlong et al., 2013.

Figure 1.2: General structure of glucosinolates. Source: Chen and Andreasson (2001).
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Chapter 2: Response of diamondback moth (Plutella xylostella) larvae to rearing for three
generations on alternative host plant species.
2.1 Introduction
Insect herbivores can be generally divided into three categories based on their dietary
habits. Monophagous insects generally feed on a single species or a few related species while
oligophagous insects feed on plants from a single family; both are usually consider specialist
insect pests. On the other hand, polyphagous insects have a broad range and are generalists (Ali
& Agrawal, 2011). Plant-insect interaction is a constantly evolving dynamic system (Mello &
Silva-Filho, 2002). In order to repel attracts by insect herbivores, plants in general are constantly
evolving different chemical and physical defense mechanisms such as secondary metabolites,
unpleasant volatiles and trichome (Birkett et al., 2000; Fordyce & Agrawal, 2001). At the same
time, in order to counter act these constantly evolving defensive traits, insects developed
defensive strategies such as detoxification of toxic compounds, avoidance mechanisms, and
alteration of gene expression (Silva et al., 2001; Mello & Silva-Filho, 2002). Specialist insects,
during the course of evolution, have adapted to plant chemical defense mechanisms by
frequently being able to detoxify and ingest defense compounds with little to no harmful effects
(Nishida, 2002).
Host plant selection plays an important role in the evolution of how herbivores interact
with plants (Thompson, 1988). Most herbivores, both monophagous (specialists) and
polyphagous (generalists) insects, feed and oviposit on plants which are locally available (Via,
1989). Local insect populations are adapted to a certain host plant which is abundant and also
suitable for development and reproduction (Awmack & Leather, 2002). For example, significant
differences are seen among populations of Euphydryas editha in how the females rank hosts for
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oviposition (Singer et al., 1992). Geographic differences in different populations of the same
species, in terms of food and oviposition preference, may arise due to genetic evolution over
time or due to the absence of the most preferred plant available in the vicinity (Thompson, 1993).
When facing multiple host plant choices, insects have to choose the host that provides the
best oviposition site and appropriate food for the larvae (Videla et al., 2012). A variety of
mechanisms may be responsible for host plant switch when herbivores face a novel, alternative
host plant or are novel environmental conditions. The response of herbivores to these changes
may lead to new adaptations and even rapid evolution (Kuhnle & Muller, 2011). The preferenceperformance hypothesis (PPH) states that female insects will evolve to oviposit on hosts on
which the larval offspring have the best possible chance of surviving (Thompson, 1988;
Gripenberg et al., 2010). For example, the brown planthopper (Nilaparvata lugens) has evolved
into a new ecotype capable of surviving and reproducing on a resistant variety of rice after 10
generations (Sezer & Butlin, 1998). On the other hand, feeding preference of the mustard leaf
beetle (Phaedon cochleariae) originally reared for several generations on Brassica rapa, was not
affected when reared on two alternative host species (Sinapis alba and Nasturtium officinale) for
several generations (Kuhnle & Muller, 2011).
The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Plutellidae) is an
oligophagous insect pest specifically targeting plants from the Brassicaceae family (Sarfaraz et
al., 2005). DBM is present wherever its host plants are present and is considered to be the most
widely distributed Lepidoptera species (Talekar & Shelton, 1993). DBM has gained the
reputation of being one of the most destructive insect pests due to its ability to rapidly evolve
resistance to most classes of insecticides available on the market (Furlong et al., 2013).
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DBM has complex and unpredictable interactions with its host plants (Silva & Furlong,
2012). As a crucifer specialist, DBM feeds on economically important crops such as kale,
broccoli, canola as well as wild crucifers such as black mustard (Brassica nigra) and wintercress
(Barbarea vulgaris). Muhammad et al. (1994) report that wild Brassica can sustain DBM larvae,
with development time being generally longer compared to cultivated crops (Muhammad et al.,
1994; Niu et al., 2014). Wild hosts play an important role in maintaining DBM populations in
spring before the cultivated crops are planted (Talekar & Shelton, 1993). Newman et al. (2016)
report that DBM larvae strongly prefer garden cress (Lepidium sativum). However, since certain
genotypes of non-crop crucifers such as winter cress (B. vulgaris) and garden cress (L. sativum)
contain saponins, which are not suitable of sustaining DBM larvae, the results for these studies
contradict PPH. Indeed, Badenes-Perez et al. (2014) high oviposition rates with no larval
survival on G-type B. vulgaris.
Understanding how DBM responds and adapts to changes in food availability can help
better define agricultural management practices such as crop rotation. In order to do so, there is a
need to further our knowledge of the influence of food variation over time. For example,
Warbrick-Smith et al. (2006) has demonstrated that P. xylostella changes its metabolism when
reared for multiple generations on a carbohydrate rich diet resulting in lower fat deposition than
insects subjected to a low carbohydrate diet. Similarly, within four generations DBM reared on
cabbage (Brassica oleracea) are able to survive on pea (Pisum sativum), with high larval
mortality prevalent in the earlier generations (Lohr & Gathu, 2002). When DBM larvae from the
pea adapted strain are reared on cabbage (B. oleracea), within one generation the larvae prefer
cabbage over pea, suggesting that prior larval feeding experience affects choice behaviour
(Henniges-Janssen et al., 2014). Therefore, in this study, we investigated the change in
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preference of DBM larvae over time when exposed for a few generations to a new host plant.
Our goal was to determine whether the amount of time (i.e. number of generations) spent on a
particular host plant would gradually affect DBM larva’s preference for its original host plant on
which they had been reared on for more than three years. Considering the previous research, we
predicted after only a few generations, the 4th instar larvae would start showing preference
towards the new host plant compared to its original host plant.
2.2 Methodology
Insect rearing conditions
The DBM population used for this experiment were collected from Canada and
reared in the laboratory for over two years following the procedure outlined in Sarfraz et al.
(2009). Larvae were reared on three-four weeks old radish (Raphanus sativus) plants. Every
alternate day the rearing boxes were checked for pupae. The collected pupae were transferred
into an empty 450 ml plastic bottle, which was suspended horizontally 5-10 cm above the radish
plants with the aid of strings. Once the pupae developed into adults, they were allowed to mate
inside the plastic bottle. Adults were fed 10% honey solution through a cotton ball inserted inside
the bottle. Eggs were laid on the sides of the water bottle. Once the eggs hatched, the larvae (1st
instar) descended on top of their food source, i.e. radish, through smalls holes poked on the side
of the bottle facing the radish plants. The cotton ball was regularly soaked with honey (10%
solution) with the aid of a syringe. Radish plants were changed on an average every two days.
Experimental design
In order to determine whether DBM reared for a few generations on a species would be
influenced when its previous food becomes available, we used the following treatments: 1) DBM
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reared for three generations on kale (Brassica oleracea var. acephala), 2) DBM reared on three
generations on turnip (Brassica rapa subsp. rapa), and 3) DBM continuously reared on radish
(as control). All plants were grown in the greenhouse under controlled conditions (23-25 C, 70%
relative humidity, 16:8 light:dark cycle) for approximately 40 days. Four seeds of the same
species were sown per pot (dimensions: 13 cm×10 cm×5cm).
Following the growth period, two pots of a plant species were transferred from the
greenhouse into a rearing box under laboratory conditions (20 – 25 C, 50-70% relative humidity,
16:8 light: dark cycle). Two male and two female unmated adults from the existing population
were collected and introduced into a 450 ml plastic bottle (as described above) and allowed to
mate and lay eggs. This box was called the F0 population. Once hatched, the larvae descended
through the holes on the bottles onto the food source. Larvae fed on plants until they reached the
pupal stage. The pupae were then isolated in a petri dish. Once the adults emerged, ~10 (5M and
5F) were introduced inside a new 450 ml bottle in a new rearing box and allowed to mate and
produce what was termed the F1 generation. This procedure was repeated until the end of F3
generation. Each lineage reared on kale and turnip was replicated three times and two for radish.
Larval food preference trials
To test whether larvae changed food preference over time, towards the end of each
generation a 4th instar larva was collected from a rearing box and given a choice between the
original control plant (i.e. radish) and the experimental plant the larva was reared upon (kale or
turnip). In the case of the control population reared on radish, kale leaves were used for the food
preference tests. To do so, two leaf discs of 2 cm diameter (of radish and the test plant the larvae
were reared on) were placed in a sterile 9 cm diameter petri dish lined with moistened filter
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paper as described in Newman et al. (2016). The discs were placed around the edge of the petri
dish in such a way that disks of the same species were directly opposite each other. Leaf discs
were separated by aluminum partitions to reduce mixing of volatile organic compounds (Figure
2.1). Prior to the beginning of the trial, the 4th instar larva was isolated and starved for 4 hours.
Pre-experimental trials indicated that the 4 hour starvation time was optimal in order for the
larvae to make a selection. For each lineage replicate of F1 and F2 generations, 12 larvae were
tested. The larvae were given 45 minutes to make a selection. Selection was recorded when the
larva stayed on a particular leaf disk and did not move to another disk. All the food preference
experiments were conducted in controlled laboratory conditions.
In the case of the F3 generations, larvae were tested against all three plant species used in
this study (2 discs each of the 3 plant species). This experiment was repeated ~18 times for each
lineage replicate.
Data analysis
Normality and homogeneity of variance were initially tested and showed that the
selection data were not normally distributed. Since food preference experiments requires the
study species to be presented with at least two choices, the selection of a particular food is
dependent on the presence of the other food, meaning food choice is not independent of one
another (Roa, 1992). Therefore, we used a generalized linear mixed model (GLMMs) to analyze
the data. GLMMs use a combination of linear mixed models, which incorporate random effects,
and generalized linear models, which handles non normal data (Bolker et al., 2008). The
dependent variable was selection (Yes or No) and the predictor variable was the plant species
(radish, turnip or kale). The Wald chi-square test was used to evaluate differences between
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generations and plant choice. Pairwise comparison was conducted, if needed. The data were
analyzed using IBM SPSS v. 23.
2.3 Results
In general, DBM larvae generally preferred turnip to any other species and this was true
for all generations independently of what they were reared. DBM reared on turnip significantly
preferred turnip over radish from the F1 to F3 generations (F1 & F2: Wald-Chi square = 37.357,
d.f. = 1, p < 0.0001; F3: Wald-Chi square = 26.962, d.f. = 2, p < 0.0001; Figure 2.2). However,
when DBM was reared on kale, for both F1 and F2 generations, larvae significantly preferred
radish (Wald-Chi square = 41.555, d.f. = 1, p < 0.0001; Figure 2.3a,b). At the third generation,
the DBM reared on kale when exposed to kale, radish and turnip still preferred turnip over the
other two species (Wald-Chi square = 31.419, d.f. = 2, p < 0.0001; Figure 2.3c). DBM
continuously reared on radish in F1 and F2 generations preferred radish over kale (Wald-Chi
square = 29.989, d.f. = 1, p < 0.0001; Figure 2.4a,b). In F3 test however, DBM reared on radish
did prefer turnip over radish and kale (Wald-Chi square = 9.284, d.f. = 2, p = 0.010; Figure 2.4c).

2.4 Discussion
Most phytophageous insects, including DBM, are known to have preference hierarchies
among acceptable host plants in terms of feeding and oviposition (Gripenberg et al., 2010). In
DBM preference hierarchies are even seen among cultivars of the same species (Hamilton et al.,
2005). Differences in life history parameters are observed when DBM is reared on different
Brassicaceae species (Zhang et al., 2014; Silva & Furlong, 2012). In this study, we showed that
independently of what DBM was reared on, the preference for a specific species was always the
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greatest, in this case, turnip. Even though DBM was continuously reared on radish for over 20
generations, larvae tended to prefer turnip the most and kale the least.
A number of reasons could explain why 4th instar larvae might prefer one specific plant
species over others. The first explanation can be related to the difference in toughness of the
leaves of the three test host plant species. Turnip leaves were preferred over kale since it is
known that kale leafs are tougher than turnip leafs (Tanton, 1962). It has been suggested that leaf
toughness can be a barrier against leaf chewing insects (Ohmart & Edwards, 1991) with evidence
showing that tougher, more mature leaves deter leaf cutting ants (Nichols-Orians & Schultz
1990). Researchers have observed that toughness of the leaf has a strong negative correlation
with the amount of herbivore damage incurred by the plant (Coley, 1983; Lowman & Box,
1983). Takahashi et al. (2012) have reported that maize (Zea mays) suffer higher infestation rates
and better performance by fall armyworm larvae (Spodoptera frugiperda) than Balsas teosinte, a
wild relative of maize, because maize is less tough than Balsas teosinte (Bernal et al., 2015).
Leaf toughness can decrease the suitability of leaves for herbivores in several ways. Insects
feeding on tougher leaves must chew through a network of tough veins to get to the nutritious
plant tissue (Rausher, 1981). Furthermore, leaf toughness increases indigestible bulk, thereby
decreasing the amount of nutrient rich tissue (Rausher, 1981). Tough leaves are also selected
against by herbivore due to the possibility of mandibular wear and tear. Tough leaves wear down
the cutting surface of jaws to a greater degree in Plagiodera versicolora (Raupp, 1985). Insect
herbivores feeding on tougher leaves also face indirect costs such as the consequences of
spending more time and energy processing leaf tissue instead of expending energy on
reproduction (Mueller & Dearing, 1994). Host plant selection can be critical for the survival of
the new insect generation as larvae are unable to choose their own feeding sites (Hilkers &

26

Meiners, 2006). The willow sawfly (Nematus oligospilus) prefers to oviposit on Salix nigra over
other host plants such as S. viminalis and S. babylonica, since S. nigra is less tough and easier to
consume (Braccini et al., 2013). Increasing foliage toughness leads to reduced success of neonate
Chrysomelidae sp. larvae (Nahrung et al., 2001).
The density of hair-like projections on the leaf surface known as trichomes may also be
responsible for insect preference. The presence and density of trichomes can influence
oviposition and host plant selection in a variety of insect herbivores (Levin, 1973). It is well
known that herbivore feeding damage declines with an increase in trichome density (Valverde et
al., 2001). The generalist insect pest, Trichoplusia ni, shows preference for leaf tissue when
trichomes were artificially removed in common mullein (Verbascum thapsus) (Alba et al., 2014).
Similarly, DBM prefers to oviposit on Arabidopsis thaliana lines with lower trichome density
(Handley et al., 2005). Trichomes serve as a mechanical barrier against herbivory, by preventing
insects from reaching the nutritious leaf tissue (Johnson, 1975). Trichomes are often composed
of cellulose, which have low nutritional value, and insects feeding through the trichomes may
show less weight gain, which may ultimately lead to increased mortality (Dalin et al., 2008).
Another reason for preference could be the variation in concentrations of secondary plant
metabolites such as glucosinolates in leaves. Glucosinolates are secondary plant defense
compounds present exclusively in the Brassicaceae plants species and are known to act as
oviposition and feeding stimulants for more than 25 specialist insect species (Fahey et al., 2001).
In terms of feeding, sinigrin, sinalbin and glucocheirolin in particular act as stimulants for DBM
larvae (Furlong et al., 2013). When leaf disks of a non-host plant pea (P. sativum) is coated with
sinigrin (alipathic glucosinolate and known phagostimulant), a stimulatory effect is observed on
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DBM fourth instar larvae, with increasing concentrations leading to higher preference (van Loon
et al., 2002).
There is considerable variation in the glucosinolate profile within Brassicaceae plant
species (Hopkins et al., 2009; Bhandari et al., 2015). McNaughton and Marks (2003) reviewed
eighteen studies and report that turnip has the highest total glucosinolate content (93 mg/100 g)
followed by kale (89.40 mg/100 g) and radish (67.64 mg/100 g), although this may slightly vary
due to differences in varieties used among studies. While this might explain the overall
preference for turnip, in this study other traits such as leaf toughness might have also contributed
to kale being selected the least. Our results suggested that glucosinolates were not the sole plant
trait responsible for fourth instar DBM larval attraction (Hopkins et al., 2009).
Overall this study provided further knowledge on the behaviour and interaction of DBM
larvae towards different Brassicaceae host plants. The present study demonstrated that the
amount of time (i.e. generations) spent on a particular host plant by DBM larvae did not affect
larval preference, when given a choice between a novel host and the original host plant. Larval
preference towards a particular host plant occurs due to a combination of physical and chemicals
features including leaf thickness, trichome density and glucosinolates of the particular host plant.
Our findings also suggested that prior larval feeding experience did not influence food selection,
which contradicted the results published by Henniges-Janssen et al. (2014). Selection preference
in larvae can be complex, with a multitude of mechanical and chemical factors influencing host
plant selection.
Future research should concentrate on elucidating the potential influence phenolics and
isothiocyanates may have on larval selection, since these compounds are known to stimulate

28

feeding and oviposition in DBM (Furlong et al., 2013). In conjunction with mechanical and
chemical traits, other biochemical traits like nitrogen content, unsaturated fatty acids, crude
protein and glucose should also be quantified in order to determine whether plant nutritional
quality also plays a significant role in selection. This information would be useful for farmers
growing multiple Brassicaceae crops in the same field as they would know which plant is most
susceptible and how to better protect it against an infestation by DBM.
2.5 Figures

Figure 2.1: Preference test petri dish set up.
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Figure 2.2: Host plant selection by 4th instar reared on turnip. Means with different letters are
significantly different. F1 (a) & F2 (b) larvae when given a choice between turnip and radish
(Wald-Chi square = 37.357, d.f. = 1, p < 0.001), c) F3 larvae when given a choice between all
the three test plant species (Wald-Chi square = 26.962, d.f. = 2, p < 0.0001).
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Figure 2.3: Host plant selection by 4th instar reared on kale. Means with different letters are
significantly different. F1 (a) and F2 (b) larvae when given a choice between kale and radish.
Letters show significant differences between different species for each generation. Means with
different letters are significantly different (Wald-Chi square = 41.555, d.f. = 1, p < 0.0001), c) F3
larvae when given a choice between all the three test plant species (Wald-Chi square = 31.419,
d.f. = 2, p < 0.0001).
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Figure 2.4: Host plant selection by 4th instar reared on radish (control populations). Means with
different letters are significantly different. F1 (a) and F2 (b) larvae when given a choice between
kale and radish. Letters show significant differences between different species for each
generation (Wald-Chi square = 29.989, d.f. = 1, p < 0.0001), c) F3 larvae when given a choice
between all the three test plant species. (Wald-Chi square = 9.284, d.f. = 2, p = 0.010).
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Chapter 3: Performance of the diamondback moth (Plutella xylostella) in a kale/onion
intercropping system.
3.1 Introduction
The Brassicaceae family comprises of several economically important plants such as
cabbage

(B.

oleracea),

rapeseed

(B.

napus),

radish

(R.

sativus),

horseradish

(Armoracia rusticana) and ornamental genera (Aubrieta, Iberis, Lunaria). Between 1993 and
2009, due to intensification of farming practices and increased food consumption, the global area
where Brassica crops are grown has increased by 39% (FAOSTAT, 2013). Cabbage and other
Brassica crops now contribute more than US$ 20.3 billion to the world economy (FAOSTAT,
2013). Insect pests are a major factor affecting growth and crop yield in Brassica plant species.
A wide variety of pests, such as cabbage moth (Mamestra brassicae), bertha army worm
(Mamestra configrata), and cabbageworm (Pieris rapae), attack and prefer Brassica species as
their host plants (Ahuja et al., 2010).
The diamondback moth (DBM) (Plutella xylostella) (Lepidoptera: Plutellidae) is an
oligophagous Brassicaceae insect and the most widely distributed lepidopteran agricultural pest
in the world as well as the most destructive pest of cruciferous crops (Talekar & Shelton, 1993;
Furlong et al., 2013). Adult DBMs utilize a combination of morphological and chemical cues,
including glucosinolates and other plant volatiles for host plant recognition (Furlong et al.,
2013). Glucosinolates are a group secondary plant metabolites and are the most well-known
defense compounds found in Brassicaceae plants (Badenes-Perez et al., 2013). Hydrolysis of
glucosinolates produces a variety of toxic by-products such as such as nitrils, isothiocynates,
thiocynates, oxazolidine-2-thiones, and epithionitriles among others (Wittstock and Burrow,
2010). Studies have shown that glucosinolates seem to be detrimental for generalist insects but
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DBM are not negatively affected by them (Hopkins et al. 2009). This is due to the enzyme
glucosinolate sulfatase, present in the gut of DBM, which blocks the formation of toxic byproducts (Ratzka et al, 2002). It has been reported that certain glucosinolates, such as sinigrin
and glucobrassicin, stimulate oviposition in DBM adults (Spencer et al., 1999). Glucosinolates
have also shown to affect larval performance. For instance, glucosinolates elicit specific
responses in maxillary chemoreceptors and stimulate feeding in DBM larvae (Miles et al., 2005).
Both alipathic and indole glucosinolates (such as sinigrin, sinalbin and glucocheirolin) have been
shown to be phagostimulants to DBM larvae (Talekar & Shelton, 1993).
Since the 1970s, the primary way to control insect pests affecting the Brassicaceae
vegetable crops has been through the application of chemical pesticides (Liu et al., 2014). The
constant overuse and misuse of pesticides has led to insecticide resistance among DBM. This has
resulted in rapid adoption of new pesticides by farmers as soon as they are available in the
market (Furlong et al., 2013). DBM has very high reproductive potential, with each female is
capable of laying up to 200 eggs per generation and a short generation time (between 21-51
days) (Sarfaraz & Keddie, 2005). High selection pressure and fecundity has caused DBM to
develop resistance towards all known classes of major insecticides including spinosyns,
avermectins, neoniocotinoids, pyrazoles and oxadiazines (Furlong et al., 2013). DBM is one of
the first insect pests to develop resistance to DDT and later to the Cry1 toxin in the biological
pesticide Bt (Bacillus thuringiensis) (Sarfaraz et al., 2005). In South Asia, resistance to new
pesticides, such as spinosad and fipronil, have been reported within two years of application
(Grzywacz et al., 2010). ). Due to its ability to evolve resistance to pesticides, DBM is difficult
to control and a study estimates the cost of control and management is US$4-5 billion (Zalucki et
al., 2009).
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Due to an increase in pesticide resistance much research has been concentrated in
developing alternative pest management strategies, with minimum use of chemical pesticides.
An increase in environmental awareness and food safety has led to the development of novel pest
management strategies such as integrated pest management (IPM) (Sarfraz et al., 2005). One of
the approaches is the use of companion plants in intercropping to reduce the incidence of pests.
Intercropping is a well-studied IPM strategies. Ofori and Stern (1987) define
intercropping or polyculture as an alternative planting system where two or more crops are
planted in the same field during the same grown season. Intercropping provides an alternative to
pesticide use in order to control pest and disease incidence in crops (Ofori & Stern, 1987). Apart
from the environmental benefits of intercropping, this planting strategy also increases crop yield,
efficient use of land resources and decreases weed propagation (Asman et al., 2001). There is
overwhelming evidence supporting intercropping as an alternative planting strategy to combat
pest infestations. Indian mustard (Brassica rapa) intercropped with various crops such as potato,
coriander, chickpea, wheat, onion, garlic and fenugreek show a reduced incidence of pests such
as the mustard aphid (Lipaphis erysimi) and saw fly (Athalia proxima) (Tiwari et al., 2005 cited
in Noman et al., 2013). Similarly, carrot intercropped with dill and Welsh onion reduces damage
to roots due to carrot fly larvae (Psila rosae) (Wierzbicka & Majkowska-Gadomska, 2012).
Cabbage intercropped with garlic, dill, tomatoes or clover reduces DBM infestation
(Asman et al., 2001). The main purpose of this study was to test whether DBM larval numbers
would be affected by intercropping kale (Brassica oleracea) with onions. Another focus of this
investigation was to test whether intercropping with onion would cause a change in the sinigrin
(attractant glucosinolate) content of the kale leaf. Bjorkman et al. (2008) report a decrease in
sinigrin content (along with other glucosinolates) when cabbage (Brassica oleracea) is
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intercropped with red clover (Trifolium pratense). After being exposed to onion plants, the
volatile profile of the potato plant was altered, which deterred the potato aphid (Myzus persicae)
(Ninkovic et al., 2013). Therefore we wanted to investigate whether the same effect is observed
when kale is intercropped with onions, and decided to focus solely on the sinigrin content since it
acts as an oviposition attractant (to adults) and phagostimulant for DBM larvae.
3.2 Methodology
Insect rearing conditions
Populations of DBM were maintained in the laboratory as outlined in Sarfraz et
al. (2009). Larvae were reared on three-four weeks old radish (Raphanus sativus var. Cherry
Belle). Every other day the rearing boxes were checked for pupae. The collected pupae were
transferred into a 450 ml plastic bottle, which was suspended horizontally 5-10 cm above the
radish plants with the aid of strings. Once the pupae developed into adults, they were allowed to
mate inside the plastic bottle. Adults were fed 10% honey solution through a cotton ball inserted
inside the bottle. Eggs were laid on the sides of the water bottle. Once the eggs hatched they
descended on top of their food source, i.e. radish, below through smalls holes poked on the side
of the bottle facing the radish plants. The cotton ball was regularly soaked with honey with the
aid of a syringe. Radish plants were changed once or twice per week or whenever necessary. The
populations were maintained at 23-25⁰ C, 70% relative humidity and a photoperiod of 16:8
light:dark cycle
Net cage intercropping experiments
To determine the effects intercropping onion with kale (Brassica oleracea var. acephala)
on DBM, kale was planted either in monoculture or in intercrop with onions in 30 ×30 cm pots.
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For the intercropping treatment, three onion (Allium cepa) (Hybrid onion alpine T-802) seeds
were planted in the middle (15 cm from the side) as a central row in the pots and allowed to grow
for 20 days. The distance between the three seeds was approximately 12 cm. After the 20 day
growth period, two rows of kale were planted on both sides of the onion plants in such a way that
the distance between the kale and onion rows was the same (~10 cm). Three kale seeds were
planted in one row (~12 cm distance between each seed) and four were planted in the other row
(~8-9 cm distance between each seed). For the control treatment, only kale seeds were planted.
Kale seeds in both the experimental and control treatments were planted at the same time. The
plants were allowed to grow for approximately 40 days. Pots were fertilized every other week.
Plants were grown in the greenhouse at 23-25oC, 70% relative humidity and a photoperiod of
16:8 light:dark cycle.
Following the growth period, each pot (control or intercrop) was transferred from the
green house into net cages (BugDorm-2120 Insect Tent). Before the pots were introduced inside
the cage nets, the extra kale plant in the corner of each pot was cut from the crown and frozen in
labelled 50 ml centrifuge tubes (TR50-25 by FroggaBio) at -30oC for sinigrin analysis. Virgin
DBM adults (2 males and 2 females) were collected from the DBM population and released
inside each cage. In order to ensure that the moths were unmated, before pupation, each pupa
was placed inside a separate petri dish and monitored. A cotton ball soaked with 10% honey
solution propped with the aid of a toothpick was used as food source by the adult DBM. Pots
were checked every other day and recordings were made of the number of larvae present at each
instar stage. A total of 5 replicates for each treatment was conducted. Pots were watered every
time recordings were made. The net cages were kept in laboratory condition as mentioned
earlier.
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Rearing box intercropping trials
In order to determine whether the physical presence of onions alone might have affected
the DBM oviposition and larval performance, trials were conducted inside rearing boxes. These
trials had three treatments: kale monoculture (control), kale intercropped with onions, and kale
grown in presence of onion but then removed before transferring the adult DBM in the rearing
boxes. In the intercropping treatments, two onion seeds were planted diagonally in a 13.5 ×10.5
cm pot in the greenhouse. Like the larger pots, after 20 days, two seeds of kale were planted
diagonally in the same pot and allowed to grow for 40 days. For the second intercropping
treatment, kale intercropped with onions was planted in 13.5 ×10.5 cm pot as mentioned
previously. However, both onion plants were removed (with the roots) from the pots before they
were introduced inside rearing boxes. The uprooted onion plants were discarded.

In the

monoculture (control) treatment, two kale seeds were planted diagonally in each pot. At the end
of the 40 day growth period, one pot of each treatment was transferred from the greenhouse into
laboratory rearing boxes. The rearing boxes and cage nets were maintained at 23-25⁰ C, 70%
relative humidity, 16:8 light:dark cycle. Virgin DBM adults (1 male and 1 female) were isolated
from the existing population and introduced into a rearing box. A cotton ball soaked with 10%
honey solution was added to each rearing box, supported with the aid of a toothpick as
previously described (to be used as food source). Every alternate day, the rearing boxes were
checked for larvae and numbers of each instar stage recorded. The trials concluded when
pupation occurs. The approximate duration of each trial was 40 days. Four replicates were
conducted for each treatment.
Extraction of total glucosinolates
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The extraction of each sample was performed using the protocol of Rossetto et al. (2013).
A frozen kale leaf sample (1 g) was grounded in the presence of 1.7 mL of MeOH:H2O (70:30).
The resulting solution extract was transferred to a container equipped with a stopper and stirrer.
The resulting suspension was stirred for 30 min at 70 °C and then cooled to room temperature
and centrifuged at 6000 × g for 40 min. The supernatant was filtered and transferred to a glass
container and heated at 40 °C until all of the solvent was removed. 1 mL of a 0.2 mol L-1
LEPES-KOH (pH 7.0) solution was added to the solution. The resulting solution was filtered
through a 13 mm syringe filter w/0.45 PTFE membrane prior to HPLC injection. Two sets of
three leaf samples were analyzed for both monoculture and intercropping treatments.
Identification and quantification of sinigrin
The sinigrin concentration in kale grown in experimental (intercropping) and control
(monoculture) conditions was determined by a Varian HPLC system consisting of the following
components: PC for data acquisition, Varian Marathon auto sampler, Varian 2510 pump, and
Varian 2550 detector. The concentration was detected by UV detection at 235 nm. A reverse
phase column (Supelcosil LC-18, 5μm, 30 cm × 4.0 mm) was used for the separation of
glucosinolates. A gradient mobile phase containing a mixture of methanol and 0.1 N ammonium
acetate (3:97) was pumped at a flow rate of 1 mL min-1. To determine the concentration of
sinigrin in the plants (sinigrin standard was purchased from Sigma Aldrich Chemical Co.),
solutions in the range of 100-500 μM were prepared. Peak areas of the injected volume of 30 μL
sinigrin were obtained using HPLC and a calibration curve constructed from the resulting data
(Figure 3.1).
Statistical analysis
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Test for normality and unequal variances were conducted on the 4th instar and pupal data
from the net cage experiments (n=5). The 4th instar and pupal data were normally distributed,
however, only the pupal data had equal variances. Therefore, a Welch’s T-test was conducted on
the 4th instar data and a 2-sample independent T-test was conducted on the pupal data. Only 4th
instar and pupal data were used for statistical analysis since 1st-3rd instars were difficult to see
and count due to their small size and therefore deemed unreliable.
For the rearing box experiments, normality and test for equal variances were tested on the
3rd, 4th instar and pupal data and found to be normal and had equal variances. Note that due to a
smaller population size compared to the net cage experiments, it was easier to count and keep
track of the 3rd instars, therefore, these numbers were included in the results. A univariate
analysis of variance (GLM) followed by a Dunnett post hoc test (equal variances assumed) to
test for significant differences. Statistical test were performed using IBM SPSS (version 23.0).
3.3 Results
For the net cage experiments, the numbers of 4th instars and pupae per cage were
significantly higher in the control treatment with only kale than in the intercropping treatment
[4th instar: t (8) = 2.837, p = 0.044; pupae: t (8) = 2.911, p = 0.020]. The mean number of pupae in
both the treatments was much lower than the number of 4th instars as not all the individuals
survive and make it to the final developmental stage (Figure 3.2). In monoculture treatment, 38%
of the 4th instars survived to reach the pupal stage, while in the intercropping treatment 60% of
4th instars reached the pupal stage.
In the rearing box experiments, the mean number of individuals at all the three
developmental stages remain almost the same in the intercrop with onion treatment (mean 3rd
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instar: 10.3±4; mean 4th instar: 11±3.6; mean pupae: 10.3±4). There was no significant difference
in the number of DBM 3rd, 4th instars and pupae among all the treatments. However, clear trends
could be observed. The intercrop with onions treatment had the lowest larval and pupal numbers
compared to the control and intercrop without onions treatments (Figure 3.3). The control had
slightly higher 3rd instars than intercrop without onions, otherwise both treatments show similar
trends (Figure 3.3). Significant differences among treatments were not observed due to the lack
of replicates. Visually, kale grown in monoculture was more damaged when compared to the
kale grown in the presence of onions in both the net cage and rearing box trials (Figure 3.4 &
3.5).
The sinigrin peak was identified based on the retention time (tR) of the purchased sinigrin
from Sigma Aldrich Chemical Co. (Figure 3.6). Sinigrin eluted at tR of 2.9 min and did not
overlap with other glucosinolates in kale. The HPLC separation of sinigrin in the intercropped
and monoculture kale leafs are shown in Figure 3.7. After taking the standard deviation into
consideration, the sinigrin content in experimental condition kale (0.12 ± 0.06 μmol g-1) was not
substantially different than in controlled condition kale (0.06 ± 0.07 μmol g-1). The absence of
peaks at tR 2.5, 3.4 and 4.0 in the intercropping treatment suggests that the concentration of three
unidentified compounds is lower compared to the monoculture treatment (Figure 3.7).
3.4 Discussion
The main goal of this study was to investigate whether intercropping kale with onions
would have any effect on the diamondback moth population and whether changes in sinigrin may
be the cause for variation in DBM in an intercropping system. The results from the net cage
experiments indicated that there were less 4th instars and pupae present in the intercropping
treatment compared to the control, suggesting that intercropping has a negative impact on the
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DBM. Karavina et al. (2014) report higher larval counts in cabbage (Brassica oleracea) grown in
monoculture than cabbage intercropped with garlic (Allium sativum) and suggest that
intercropping can be as effective as the pesticide malathion 25WP. The poor performance of
DBM is not only limited to Alliaceae plants. For example, when red clover is intercropped with
white cabbage, fewer eggs are laid by the diamondback moth (Asman et al., 2001). Similarly,
Adati et al. (2011) report lower DBM larval and pupal densities when cabbage is intercropped
with coriander than cabbage grown in monoculture. The authors hypothesize that chemical
and/or physical characteristics of coriander may be responsible for disrupting the behaviour of
DBM.
Root (1973) has hypothesized that in an intercropping system, the intercrop interferes
with the pest’s host-finding ability and decreases the attractiveness of the host plant to the insect.
This interference can be attributed to physical obstruction, visual camouflage, or the altering of
the host chemical profile (Issa et al., 2016). Volatile organic compounds (VOCs) play a pivotal
role in insect-plant interactions. Host plants have been shown to communicate with neighbouring
plants via chemical signals through root interactions, leading to the emission of VOCs (Choh et
al., 2004; Heil & Karban, 2010). Since, many herbivorous insects use VOCs as olfactory cues in
host plant recognition and oviposition (Deisig et al., 2012), plant-to-plant interactions via VOCs
can also affect the host plant’s attractiveness to insects (Ninkovic et al., 2002). Our results show
that larval and pupal numbers of DBM decrease in the intercropping treatment where onions
were present. Even though no significant differences were seen, this result suggests the physical
presence of the intercrop (onions in our case) affects the DBM population numbers. The volatiles
released by the onions alone could be responsible for the decrease in DBM population seen in the
intercropping system. Previously, a reduction in the density of DBM has been seen when
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cabbage is intercropped with garlic, dill, tomato or clover (Philips et al., 2014). VOCs released
from non-host plant are known to be generally unpleasant and repel certain insect species, such
as Aphis fabae (Basedow et al., 2006).
We had initially hypothesized that in an intercropping system, onions would change the
concentration of sinigrin in the kale leaves. The growth differentiation balance hypothesis
(GDBH) states how plants are in a constant dilemma to balance and allocate resources between
growth and differentiation (Herms & Mattson, 1992). Depending on the growth and
environmental conditions, plants can either allocate resources to growth or defense (Stamp et al.,
2004). GDBH predicts that concentration of secondary compounds is the lowest at low and high
resource availability (Lerdau et al., 1994). Since intercropping can often create a growth
environment where the plants have to compete for similar resources (Vandermeer, 1989),
Bjorkman et al. (2008) argue that Brassicaceae plants grown in a highly competitive
environment will allocate less resources towards the production of glucosinolates, resulting in
lower concentrations of certain glucosinolates. The authors found glucosinolate, mainly alipathic
(progoitrin and gluconapin) and indole (hydroxyglucobrassin and glucobrassin), concentrations
in cabbage (Brassica oleracea) leaves generally decrease when intercropped with red clover
(Trifolium pratense) (Bjorkman et al., 2008). We found that intercropping did not cause a
substantial change in the sinigrin concentration between the two treatments. No change in the
flavonoid content in the capitula of marigolds (Calendula officinalis) when intercropped with
lettuce (Lactuca sativa) (Fonseca et al., 2016). Similarly, no change in the essential oil content is
observed in peppermint (Mentha piperita) when it is intercropped with chives (Allium
schoenoprasum) (Oliveira et al., 2011 as seen in Fonseca et al., 2016). However, the HPLC
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results do suggest that there is an absence or a lower concentration of three unidentified
compounds in the kale plants intercropped with onions.
Onions have been used before as an intercrop to control DBM infestations. The cabbageonion intercrop was just as effective against DBM as spraying the synthetic insecticide
chlorpyrifos (Dursban) (Asare-Bediako et al., 2010). Onions used in an intercropping system
with Brassicaceae species (e.g. collards, cabbage) have been effective in controlling the
diamondback moth populations (Trevor, 1990; Said & Itulya, 2003). On the other hand, Baidoo
et al., (2012) report that no reduction in DBM population is observed when cabbage was
intercropped with onions.
Onions have also been used as an intercrop with a variety of other plant species to
manage herbivory (Wierzbicka & Majkowska-Gadomska, 2012). Collards (Brassica oleracea
var. acephala) intercropped with spring onions (Allium cepa) have the lowest cabbage aphid
(Brevicoryne brassicae) when compared to collard monoculture possible due to VOCs released
by onions negatively impacting movement, survival and colonization by the pest (Mutiga et al.,
2010). Planting potatoes along with onions changes the volatile profile of the potato plants
resulting in deterring the green peach aphid (Myzus persicae) to infest potato plants (Ninkovic et
al., 2013). Intercropping Lavandula pinnata and Corymbia citriodora with tea plants reduces tea
green leafhopper (Empoasca onukii) abundance in tea plantations (Zhang et al., 2014). In this
case L. pinnata and C. citriodora repel leafhoppers and mask the host plant’s odour.
In conclusion, this study adds to the mounting evidence towards the effectiveness of
intercropping in controlling pest populations. Presence of the intercrop might be crucial in
controlling infestation. Since only sinigrin content was measured in this study, future research
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should aim at quantifying and comparing the total glucosinolate content as well as individual
aromatic, aliphatic and indole glucosinolates and VOCs in both monoculture and intercrop
planting systems. Finally, large scale studies need to be conducted in field settings to elucidate
whether employing the intercropping planting strategy would actually be effective in controlling
DBM and an economically viable alternative for farmers.
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Figure 3.1: The calibration curve of sinigrin solutions in the range of 100-500 μM.
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Figure 3.2: Mean number of DBM 4th instars and pupae observed in the control and
intercropping treatment (n=5). Letters show significant differences in the two developmental
stages between the two treatments. Letters with different cases are significantly different [4th
instar: t(4.237) = 2.837, p = 0.044; pupae: t(4.659) = 2.911, p = 0.036].
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Figure 3.3: Mean number of DBM 3rd, 4th instar and pupae in the three treatments (control,
intercrop with onions and intercrop without onions). There was no significant difference between
the three treatments.
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Figure 3.4: Picture taken 17 days after introduction of adults inside the net cage. The kale grown
in monoculture (left) is visually more damaged than kale intercropped with onions (right).
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Figure 3.5: Picture taken 9 days after introduction of adults inside the rearing box. The kale
grown in monoculture (left) is visually more damaged than kale intercropped with onions (right).

Figure 3.6: The HPLC trace of sinigrin solution (100 μM) eluted at tR of 2.9 min.
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Figure 3.7: The HPLC trace of kale in the intercropping treatment (top) and in monoculture
(bottom).
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Chapter 4: General discussion
The diamondback moth (DBM) (Plutella xylostella) is a well-known pest of the
Brassicaceae plant family, responsible for causing major damage, resulting in financial and yield
loss to farmers (Zalucki et al., 2012; Furlong et al., 2013). Management and control of pest
infestations worldwide is difficult due to insecticide resistance, an absence of natural enemies
and a fast generation time (Philips et al., 2014). Intensification of farming practices and the
constant overuse of pesticide has resulted in resistance towards all major classes of pesticides in
DBM (Li et al., 2012; Furlong et al., 2013). Therefore, in recent years much research has been
geared towards developing alternative pest management strategies with minimal reliance on
pesticides. In order to do so it is imperative to understand behavioural traits of DBM in terms of
host plant selection and the factors that may influence food selection.
This study investigated whether prior larval feeding experience influences food selection
when DBM larvae are presented with a choice between host plants. Our results suggested that
being reared on a particular host plant for a number of generations had no effect on the
preference of the DBM 4th instar larvae towards a particular host plant. When given a choice
between turnip, kale and radish, DBM 4th instar larvae tended to prefer turnip over the other two
host plants and this response was immediate. We suggest that a combination of physical and
chemical traits may be important in influencing larval food selection in P. xylostella. These
factors include, but are not limited to, leaf toughness of the host plant, trichomes and secondary
plant metabolites such as glucosinolates.
Many species of lepidopteran larvae are highly mobile and are therefore capable of
selecting the best possible host plant for growth and development (Berdegue et al., 1998). The
larvae have olfactory receptors capable of detecting plant volatiles and these volatiles are used
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for host plant recognition (Roessingh et al., 2007). The interaction between DBM and its host
plant, in terms of food selection, is rather complex and the mechanism behind host plant
recognition is not yet fully understood (Du et al., 2016). We demonstrated in this study that the
DBM larvae may use a combination of volatiles and physical traits of the host plant to choose the
most appropriate plant for feeding. Physical traits come into play once the larva is near the plant,
but since olfactory cues are used by most insect herbivores to orient themselves towards a
particular host plant (Bruce & Pickett, 2011), it is important to first elucidate the plant volatiles
responsible for the orientations behaviour. This information would be useful in combatting pest
infestations in many different ways. Once the volatiles responsible for attraction are identified,
further research could be undertaken to identify the genes and precursor molecules responsible
for biosynthesis. Halting the signalling cascade involved in volatile biosynthesis or silencing
genes responsible for regulating emissions could result in the adult insect or larva unable to
recognize the host plant. In transgenic tobacco over expressing Pogostemon cablin patchoulol
synthase, the resulting volatile patchoulol deterred tobacco hornworms, with 20-50 % more
consumption observed on wild type leaves (Wu et al., 2006). Furthermore, indirect plant
defenses could be increased by over expressing genes responsible for volatile emissions which
attract natural enemies of the target insect herbivore. For example, spraying jasmonic acid on
lima beans (Phaseolus lunatus) increases the expression of PIOS, resulting in an increase in the
emissions of (E)-β-ocimene, which is a volatile responsible for indirect defense following
herbivory by spider mites (Tetranychus urticae) (Menzel et al., 2014). Once the compounds
responsible for plant-insect interactions are identified, metabolic engineering of VOCs would be
the next avenue for researchers to investigate.
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Pest infestations can also be controlled by alternative cropping methods such as
intercropping. In addition to obvious benefits such as efficient resource utilization, soil
conservation, and improvement in soil quality, the ability to reduce incidence of pests and
diseases is a key feature of intercropping systems. In a review of previous studies, Lithourgidis et
al. (2011) report that generally the incidence of pest is lower in majority of the intercropping
systems compared to crops grown in monoculture. Broadly speaking, intercropping affects pests
in two distinct ways, by altering the growth environment of the host plant by the addition of a
different plant species and by changing the host plant morphology and chemistry (Langer et al.,
2007). These changes can affect the host plant recognition behaviour as well as the growth and
development of herbivores.
A key objective of this study was to determine whether intercropping a Brassicaceae crop
with onions would affect the performance of DBM larvae and if there was an impact, could it be
attributed to a change in sinigrin concentration in plants. Brassicaceae plants have been
previously intercropped with dill, red clover and garlic with promising results. Even though
previous studies have used onions as an intercrop with other Brassicaceae species (Luchen, 2001;
Asare-Bediako et al., 2010; Baidoo et al., 2012), to our knowledge, this is the first time a study
has looked at evaluating the performance of DBM larvae in a kale-onion intercropping system.
In our study we found that intercropping kale with onions significantly reduced DBM 4th instar
larvae and pupae. Onions appeared to have a negative effect on the DBM larvae. We found that
intercropping did not change the concentration of sinigrin in the kale leaves suggesting that the
physical presence of the onion, possible with other factors such as VOCs, might be responsible
for the reduced number of larvae observed in the intercropping system.
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The biggest disadvantage of implementing the intercropping system in an agricultural
setting is the practical management of more than one crop in the field. In developing countries,
the reliance on machinery is minimal, therefore field work and harvesting is very labour
intensive. Large-scale farms in developed countries employ heavy machinery, which are made
for use in a uniform field setting. Therefore, harvesting, using heavy machinery, is largely
inefficient in an intercropping system (Vandermeer, 1989). Even though intercropping has been
used for centuries, from a large-scale agricultural perspective, it is poorly understood, with some
researchers arguing that it has no place in modern agriculture (Lithourgidis et al., 2011).
Conventional agricultural research mainly focuses on monoculture systems due to the lack of
interest in plant-plant interactions within an intercropping system. Intercropping systems need to
be optimized to enhance resource utilization and crop yield, while simultaneously increasing the
wider benefits including management of pests (Brooker et al., 2014). In order to get mainstream
attention, large scale intercropping studies need to be conducted in field. Commercial interest
needs to be generated so that there is a higher investment in developing heavy agricultural
machinery which is not solely geared towards a uniform, monoculture cropping system.
Concluding remarks
In this study, we demonstrated that larvae tended to show preference towards a host plant
irrespective of the amount of time it spent being reared on a particular host plant. Additionally,
our study indicated that DBM larval numbers were most likely affected by the physical presence
of onions in an intercropping system. Future studies should aim at quantifying the amount of
VOCs released by the onion intercrop and whether these volatiles act as a repellent to DBM
adults and larvae. Furthermore, there is a need to conduct large scale field studies in order
determine whether intercropping Brassicaceae crops with onions is feasible to use as a form of
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crop protection against herbivores such as DBM. However, technical constraints, such as lack of
appropriate machinery and a complex two-crop cropping system, need to be overcome in order
for growers to take an interest in intercropping instead of conventional pesticide applications.

55

References
Adati, T., Susila, W., Sumiartha, K., Sudiarta, P., Toriumi, W., Kawazu, K., & Koji, S. (2011).
Effects of mixed cropping on population and parasitism rates of the diamondback, Plutella
xylostella (Lepidoptera: Plutellidae). Applied Entomology and Zoology. 46: 247-253.
Agrawal, A.A. (1999). Induced responses to herbivory in wild radish: effects on several
herbivores and plant fitness. Ecology. 80:1713-23.
Ahuja, I., Rohloff, J., & Bones, A.M. (2010). Defense mechanisms of Brassicaceae: implications
for plant-insect interactions and potential for integrated pest management. A review. Agronomy
for sustainable development. 30: 311-348.
Ali, J.G., & Agrawal, A.A. (2012). Specialist versus generalist insect herbivores and plant
defense. Trends in Plant Science. 17 (5): 293-302.
Alba, C., Bowers, M.D., Blumenthal, D., & Hufbauer, R.A. (2014). Chemical and mechanical
defenses vary among maternal lines and leaf ages in Verbascum thapsus L. (Scrophulariaceae)
and reduce palatability to a generalist insect. PLOS ONE. 9(8).
Altieri, M.A. (1999). The ecological role of biodiversity in agroecosystems. Agriculture,
Ecosystems and Environment. 74:19-31.
Asare-Bediako, E., Addo-Quaye, A.A., & Mohammed, A. (2010). Controls of diamondback
moth (Plutella xylostella) on cabbage (Brassica oleracea var. capitate) using intercropping with
non-host crops. American journal of food technology. 5(4): 269-274.

56

Asman, K., Ekbom, B., & Ramert, B. (2001). Effect of intercropping on oviposition and
emigration behaviour of the leek moth (Lepidoptera: Acrlepiidae) and the diamondback moth
(Leidoptera: Plutellidae). Environmental Entomology. 30(2): 288-294.
Awmack, C.S. & Leather, S.R. (2002). Host plant quality and fecundity in herbivorous insects.
Annual Review of Entomology, 47: 817–844.
Badenes-Perez, F.R., Shelton, A.M., & Nault, B.A. (2004). Evaluating trap crops for
diamondback moth, Plutella xylostella (Lepidoptera: Plutellidae). Journal of Economic
Entomology. 97: 1365-1372.
Badenes-Perez, F., Reichelt, M., Gershenzon, J., & Heckel, D. (2010). Can sulfur fertilization
improve the effectiveness of trap crops for diamondback moth, Plutella xylostella (L.)
(Lepidoptera:Plutellidae)?. Pest Management Science, 66, 832-838.
Badenes-Perez, F., Reichelt, M., Gershenzon, J., & Heckel, D. (2013). Interaction of
glucosinolate content of arabidopsis thaliana mutant lies and feeding and oviposition by
generalist and specialist lepidopterans. Phytochenistry, 86, 36-43.
Badenes-Perez, F.R., Gershenzon, J., & Heckel, D.G. (2014). Insect attraction versus plant
defense: Young leaves high in glucosinolates stimulate oviposition by a specialist herbivore
despite poor larval survival due to high saponin content. PLoS ONE. 9(4).

Baidoo, P.K., Mochiah, M.B., & Apusiga, K. (2012). Onion as a pest control intercrop in organic
cabbage (Brassica oleracea) production system in Ghana. Sustainable agriculture research.
1(1): 36-41.

57

Basedow, T., Hua, L., & Aggarwal, N. (2006). The infestation of Vicia faba L. (Fabaceae) by
Aphis fabae (Scop.) (Homoptera: Aphididae) under the influence of Lamiaceae (Ocimum
basilicum L. and Satureja hortensis L. Journal of Pest Science. 79: 149–154.
Baxter, S.W., Zhao, J.Z., Gahan, L.J., Shelton, A.M., & Tabashnik, B.E. (2005) Novel genetic
basis of field-evolved resistance to Bt toxins in Plutella xylostella. Insect Molecular Biology.
14(3): 327–334.
Berenbaum, M.R., Zangerl, A.R., & Lee, K. (1989). Chemical barriers to adaption by a specialist
herbivore. Oecologia. 80(4): 501-506.
Bernal, J.S., Melancon, J.E., & Zhu-Salzman, K. (2015). Clear advantages for fall armyworm
larvae from feeding on maize relative to its ancestor Balsas teosinte may not be reflected in theirs
mother’s host choice. Entmologia Experimentalis et Applicata. 155: 206-217.
Bhandari, S.R., Jo, J.S., & Lee, J.G. (2015). Comparison of glucosinolate profiles in different
tissues of nine Brassica crops. Molecules. 20: 15827-15841.
Birkett, M.A., Campbell, C.A.M., Chamberlain, K., Guerrieri, E., Hick, A.J., Martin, J.L.,
Matthes, M., Napier, J.A., Pettersson, J., Pickett, J.A., Poppy, G.M., Pow, E.M., Pye, B.J., Smart,
L.E., Wadhams, G.H., Wadhams, L.J., & Woodcock, C.M. (2000) New roles for cis-jasmone as
an insect semiochemical and in plant defense. Proceeding of the National Academy of Sciences.
97: 9329-9334.
Bjorkman, M., Hopkins, R.J., & Ramert, B. (2008). Combined effect of intercropping and turnip
root fly (Delia floralis) larval feeding on the glucosinolate concentrations in cabbage roots and
foliage. Journal of chemical ecology. 34: 1368-1376.

58

Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H., &
White, J.S. (2008). Generalized linear mixed models: a practical guide for ecology and evolution.
Trends in Ecology and Evolution. 24(3): 127:135.
Braccini, C.L., Vega, A.S., Chludil, H.D., Leicach, S.R., & Fernandez, P.C. (2013). Host
selection, oviposition behaviour and leaf traits in a specialist willow sawfly on species of Salix
(Salicaceae). Ecological Entomology. 38: 617-626.
Brooker, R.W., Bennett, A.E., Chong, W., Daniell, T.J., George, T.S., Hallett, P.D., Hawes, C.,
Iannetta, P.P.M., Jones, H.G., Karley, A.J., Li, L., McKenzie, B.M., Pakeman, R.J., Paterson, E.,
Schob, C., Shen, J., Squire, G., Watson, C.A., Zhang, C., Zhang, F., Zhang, J., & White, P.J.
(2015). Improving intercropping: a synthesis of research in agronomy, plant physiology and
ecology. New Phytologiest. 206: 107-117.
Bruce, T.J.A., & Pickett, J.A. (2011). Perception of plant volatile blends by herbivorous insectsfinding the right mix. Phytochemistry. 72: 1605–1611.
Cai, H., Li, S., Ryall, K., You, M., & Lin, S. (2011). Effects of intercropping of garlic or lettuce
with Chinese cabbage on the development of larvae and pupae of diamondback moth (Plutella
xylostella). African Journal of Agricultural Research. 6(15): 3609-3615.
Carter, M., Sachdev-Gupta, K., & Feeny, P. (1998). Tyramine from the leaves of wild parsnip: a
stimulant and synergist for oviposition by the black swallowtail butterfly. Physiological
Entomology. 23: 303-312.

59

Chapman, J.W, Reynolds, D.R., Smith, A.D., Riley, J.R., Pedgley, D.E., & Woiwod, I.P. (2002).
High altitude migration of the diamondback moth Plutella xylostella to the U.K.: A study using
radar, aerial netting, and ground trapping. Ecological Entomology, 27, 641-650.
Chen, S., & Andreasson, E. (2001). Update on glucosinolate metabolism and transport. Plant
Physiology and Biochemistry, 39, 743-758.
Chen, M. (2008). Inducible direct plant defense against insect herbivores: A review. Insect
Science. 15: 101-114.
Choh, Y., Shimoda, T., Ozawa, R., Dicke, M., & Takabayashi, J. (2004). Exposure of lima bean
leaves to volatiles from herbivore induced conspecific plants results in emission of carnivore
attractants: active or passive process? Journal of Chemical Ecology. 30: 1305–1317.
Choong, M.F. (1996). What makes a leaf tough and how this affects the pattern of Castanopsis
fissa leaf consumption by caterpillars. Functional Ecology. 10(5): 668-674.
Coley P. D. (1983) Herbivory and defensive characteristics of tree species in a lowland tropical
forest. Ecological Monographs. 53, 209–33.
Cook, S.M., Smart, L.E., Martin, J.L., Murray, D.A., Watts, N.P., & Williams, I.H. (2006).
Exploitation of host plant preferences in pest management strategies for oilseed rape (Brassica
napus). Entomologia Experimentalis et applicata. 119: 221–229.
Dalin, P., Agren, J., Bjorkman, C., Huttunen, P., & Karkkainen, K. (2008). Leaf trichome
formation and plant resistance to herbivory. Induced Plant Resistance to Herbivory (ed. by A
Schaller), pp. 89–105. Springer, Berlin, Germany.

60

Deisig, N., Kropf, J., Vitecek, S., Pevergne, D., Rouyar A., Sandoz, J., Lucas, P., Gadenne, C.,
Anton, S., & Barrozo, R. (2012). Differential interactions of sex pheromone and plant odour in
the olfactory pathway of a male moth. PLoS ONE. 7(3).
Dixon, A.F.G. (1985). Aphid Ecology. Blackie, Glasgow. 157 pp.
Du, Y., Zhang, J., Yan, Z., Ma, Y., Yang, M., & Zhang, M. (2016) Host Preference and
performance of the Yellow Peach Moth (Conogethes punctiferalis) on Chestnut Cultivars. PLOS
ONE. 11(6).
Fahey, J.W., Zalcmann, A.T., & Talalay, P. (2001). The chemical diversity and distribution of
glucosinolates and isothiocynates among plants. Phytochemistry. 56: 5-51.
Falk, K.L., Tokushisa, J.G., & Gershenzon, J. (2007). The effect of sulfur nutrition on plant
glucosinolate content: physiology and molecular mechanism. Plant Biology 9: 537-581.
FAOSTAT.

(2013).

Brassicaceae

production

statistics

by

country.

Retrieved

from

http://faostat3.fao.org/browse/Q/QC/E
Fathi, S., Bozorg-Amirkalee, M., & Sarfaraz, R. (2011). Preference and performance of Plutella
xylostella (l.) (Lepidoptera: Plutellidae) on canola cultivars. Journal of Pest Science. 81: 41-47.
Fonseca, M.C.M., Sediyama, M.A.N., Bonfim, F.P.G., Goncalves, R., das Dores, R., Goncalves,
M.G., do Prado, A.L., & Lopes, I.P. (2016). Lettuce and marigold intercropping: crops
productivity and marigold’s flavonoid content. Ciência Rural. 46(9): 1553-1558.

61

Fordyce, J.A., & Agrawal, A.A. (2001). The role of plant trichomes and caterpillar group size on
growth and defense of the pipevine swallowtail Battus philenor. Journal of Animal ecology.
70:997-1005.
Fraenkel, G. (1959). The raison d’être of secondary plant substances. Science. 129: 1466-1470.
Fraenkel, G. (1969). Evaluation of our thoughts on secondary plant substances. Entomologia
Experimentalis et applicata. 12: 473-486.
Furlong, M. J., Wright, D. J., & Dosdall, L. M. (2013). Diamondback moth ecology and
management: Problems, progress, and prospects. Annual Review of Entomology, 58, 517-541.
George, D.R., Collier, R.H., & Whitehouse, D.M. (2013). Can imitation companion planting
interfere with host plant selection by Brassica pest insects? Agricultural and Forest Entomology.
15: 106-109.
Gripenberg, S., Mayhew, P.J., Parnell, M., & Roslin, T. (2010). A meta-analysis of preferenceperformance relationships in phytophagous insects. Ecology Letters. 13: 383-393.
Grzywacz, D., Rossbach, A., Rauf, A., Russell, D.A., Srinivasan, R., & Shelton, A.M. (2010).
Current control methods for diamondback moth and other brassica insect pests and the prospects
for improved management with lepidopteran-resistant Bt vegetable brassicas in Asia and Africa.
Crop protection. 29: 68-79.
Handley, R., Ekbom, B., & Agren, J. (2005). Variation in trichome density and resistance against
a specialist herbivore in natural populations of Arabidopsis thaliana. Ecological Entomology 30:
284-292.

62

Hanley, M.E., Lamont, B.B., Fairbanks, M.M., & Rafferty, C.M. (2007). Plant structural traits
and their role in anti-herbivore defense. Perspective in Plant Ecology, Evolution and
Systematics. 8:157-78.
Hariprasad, K.V., & van Emden, H.F. (2010). Mechanisms of partial plant resistance to
diamondback moth (Plutella xylostella) in brassicas. International Journal of Pest Management.
56(1): 15-22.
Hartl, M., Giri, A.P., & Kaur, H., & Baldwin, I.T. (2010). Serine protease inhibitors specifically
defend Solanum nigrum against generalist herbivores but do not influence plant growth and
development. Plant Cell. 22(12): 4158-4175.
Hata, F.T., Ventura, M.U., Carvalho, M.G., Miguel, A.L.A, Souza, M.S.J., Paula, M.T., &
Zawadneak, M.A.C. (2016). Intercropping garlic plants reduces Tetranychus urticae in
strawberry crop. Experimental and Applied Acarology. 69: 311-321.
Heil, M., & Karban, R. (2010). Explaining evolution of plant communication by airborne signals.
Trends in Ecology and Evolution. 25: 137–144.
Henniges-Janssen, K., Heckel, D.G., & Groot, A.T. (2014). Preference of diamondback moth
larvae for novel and original host plant after host range expansion. Insects. 5: 793-804.
Herms, D.A., & Mattson, W.J. (1992). The dilemma of plants- to grow or defend. The quarterly
review of Biology. 67:283-335.
Hilker, M., & Meiners, T. (2006). Early herbivore alert: insect eggs induce plant defense.
Journal of Chemical Ecology. 32: 1379–1397.

63

Hopkins, R.J., van Dam, N.M., & van Loon, J.J.A. (2009). Role of glucosinolates in insect plant
relationships and multitrophic interactions. Annual Reviews in Entomology. 54, 57-83.
Howe, G.A., & Jander, G. (2008). Plant immunity to insect herbivores. Annual Reviews of Plant
Biology. 59:41-66.
Issa, R.B., Gautier, H., Costagliola, G., & Gomez, L. (2016). Which companion plants affect the
performance of green peach aphid on host plants? Testing of 12 candidate plants under
laboratory conditions. Entomologia Experimentalis et applicata. 160(2): 164-178.
Johnson, H.B. (1975). Plant pubescence: an ecological perspective. Botanical Review. 41: 233–
258.
Jolivet, P. (1998). Interrelationship between insects and plants. Boca Raton, FL: CRC Press. 336
pp.
Jouraku, A., Yamamoto, K., Kuwazaki, S., Urio, M., Suetsugu, Y., Narukawa, J., Miyamoto, K.,
& Kurita, K. (2013). KONAGAbase: a genomic and transcriptomic database for the
diamondback moth, Plutella xylostella. BMC Genomics. 14: 464.
Justus, K.A., & Mitchell, B.K. (1996). Oviposition site selection by the diamondback moth,
Plutella xylostella (L.) (Lepidoptera: Plutellidae). Journal of Insect Behaviour. 9: 887–98.
Justus, K.A., Dosdall, L.M., & Mitchell, B.K. (2000). Oviposition by Plutella xylostella
(Lepidoptera: Plutellidae) and effect of phylloplane waxiness. Journal of Economic Entomology.
93: 1152-1159.

64

Kant, M.R., Jonckheere, W., Knegt, B., Lemos, F., Liu, J., Schimmel, B.C.J., Villarroel, C.A.,
Ataide, L.M.S., Dermauw, W., Glas, J.J., Egas, M., Janssen, A., Van Leeuwen, T., Schuurink,
R.C., Sabelis, M.W., & Alba, J.M. (2015). Mechanisms and ecological consequences of plant
defence induction and suppression in herbivore communities. Annals of Botany. 115: 1015-1051.
Karavina, C., Mandumbu, R., Zivenge, E., & Munetsi, T. (2014). Use of garlic (Allium sativum)
as a repellant crop to control diamondback moth (Plutella xylostella) in cabbage (Brassica
oleraceae var. capitate). Journal of Agricultural Research. 52(4): 615-621.
Karley, A.J., Mitchell, C., Brookes, C., McNicol, J., O’Neill, T., Roberts, H., Graham, J., &
Johnson, S.N. (2016). Exploiting physical defence traits for crop protection: leaf trichomes of
Rubus idaeus have deterrent effects on spider mites but not aphids. Annals of Applied Biology.
168: 159-172.
Katsir, L., Chung, H.S., Koo, A.J., & Howe, G.A. (2008). Jasmonate signaling: a conserved
mechanism of hormone sensing. Current Opinions in Plant Biology. 11(4): 428-435.
Kfir, R. (1998). Origin of diamondback moth (Lepidoptera: Plutellidae). Annals of the
Entomological society of America. 91: 164–167.
Kim, Y.H., Lee, J.H., & Lee, S.H. (2011). Determination of organophosphate and carbamate
resistance allele frequency in diamondback moth populations by quantitative sequencing and
inhibition tests. Journal of Asia-Pacific Entomology. 14(1): 29-33.
Krieger, R.I., Feeny, P.P., & Wilkinson, C.F. (1971). Detoxification enzymes in the guts of
caterpillars: an evolutionary answer to plant defenses? Science. 172(383): 579-581.

65

Krimmel, B.A., & Pearse, I.S. (2013). Sticky plant traps insects to enhance indirect defence.
Ecology Letters. 16(2): 219-224.
Kuhnle, A., & Muller, C. (2011). Responses of an oligophagous beetle species to rearing for
several generations on alternate host plant species. Ecological Entomology. 36: 125-134.
Langer, V., Kinane, J., & Lyngkjaer, M. (2007) Intercropping for pest management: The
ecological concept. Ecologically Based Integrated Pest Management. CABI Publishing,
Wallingford, UK.
Lerdau, M., Litvak, M., & Monson, R. (1994). Plant chemical defense: monoterpenes and the
growth-differentiation balance hypothesis. Trends in Ecology and Evolution. 9(2): 58-61.
Levin, D.A. (1973). The role of trichomes in plant defense. The quarterly review of Biology.
48(1): 3-15.
Li, L., Tilman, D., Lambers, H., & Zhang, F.S. (2014). Plant diversity and overyielding: insights
from belowground facilitation of intercropping in agriculture. New Phytologist. 203: 63-69.
Lithourgidis, A.S., Dordas, C.A., Damalas, C.A., & Vlachostergios, D.N. (2011). Annual
intercrops: an alternative pathway for sustainable agriculture. Australian Journal of Crop
Science. 5(4): 396-410.
Liu, Y.Y., Chung, Y.C., & Xiong, Y. (2001). Purification and characterization of a dimethoatedegrading enzyme of Aspergillus niger ZHY256 isolated from sewage. Applied and
Environmental Microbiology. 67: 3746–3749.
Liu, Y., Shi, Z., Zalucki, M.P., & Liu, S. (2014). Conservation biological control and IPM
practices in Brassica vegetable crops in China. Biological Control. 68: 37-46.

66

Lohr, B., & Gathu, R. (2002). Evidence of adaptation of diamondback moth, Plutella xylostella
(L.), to pea, Pisum sativum L. International Journal of Tropical Insect Science. 22(3): 161-173.
Lowman M. D. & Box J. D. (1983) Variation in leaf toughness and phenolic content among five
species of Australian rain forest trees. Australian Journal of Ecology. 8, 17–25.
Lucas-Barbosa, D. (2016). Integrating studies on plant-pollinator and plant-herbivore
interactions. Trends in Plant Science. 21(2): 125-133.
Luchen, S.W.S. (2001). Effects of intercropping cabbage with Alliums and Tomato, on the
incidence of the Diamondback moth, Plutella xylostella (L.) (Unpublished master’s thesis).
University of Zambia, Lusaka, Zambia.
Luogen, C., Hai, Z., Zhihao, C., & Zhongying, L. (2004). Genetic analysis of resistance to
dimehypo in diamondback moth, Plutella xylostella l. (lepid., plutellidae), by representational
difference analysis. Journal of Pest Science, 78, 117-122.
Mathur, V., Tytgat, T.O.G., de Graaf, R.M., Kalia, V., Reddy, A.S., Vet, L.E.M., & van Dam, N.
M. (2013). Dealing with double trouble: consequences of single and double herbivory in
Brassica juncea. Chemoecology, 23, 71-82.
Mazzi, D., & Dorn, S. (2012). Movement of insect pests in agricultural landscape. Annals of
Applied Biology. 160: 97-113.
McNaughton, S.A., & Marks, G.C. (2003). Development of a food composition database for the
estimation of dietary intakes of glucosinolates, the biologically active constituents of cruciferous
vegetables. British journal of nutrition. 90: 687-697.

67

Mello, M.O., & Silva-Filho, M.C. (2002). Plant-insect interactions: an evolutionary arms race
between two distinct defense mechanisms. Brazilian Journal of Plant Physiology. 14(2): 71-81.
Menzel, T.R., Weldegergis, B.T., David, A., Boland, W., Gols, R., van Loon, J.J.A., & Dicke,
M. (2014). Synergism in the effect of prior jasmonic acid application on herbivore-induced
volatile emission by Lima bean plants: transcription of a monoterpene synthase gene and volatile
emission. Journal of Experimental Botany. 65(17): 4821-4831.
Miles, C.I, Campo, M.L. & Renwick, J.A.A. (2005). Behavioral and chemosensory responses to
a host recognition cue by larvae of Pieris rapae. Journal of comparative physiology. 191(2):
147-155.
Moffat, A.S. (1993). New chemicals seek to outwit insect pests. Science. 261: 550-551.
Mueller, U.G., & Dearing, M.D. (1994). Predation and avoidance of tough leaves by aquatic
larvae of the moth Parapoynx rugosalis (Lepidoptera: Pyralidae). Ecological Entomology. 19:
155–158.

Mutiga, S.K., Gohole, L.S., & Auma, E.O. (2010). Effects of integrating companion cropping
and nitrogen application on the performance and infestation of collards by Brevicoryne
brassicae. Entomologia Experimentalis et Applicata. 134: 234-244.
Nahrung, H.F., Dunstan, P.K., & Allen, G.R. (2001). Larval gregariousness and neonate
establishment

of

the

eucalypt-feeding

beetle

Chrysomelidae: Paropsini). Oikos. 94: 358-364.

Chrysophtharta

agricola

(Coleoptera:

68

Newman, K., You, M., & Vasseur, L. (2016). Diamondback moth (Plutella xylostella) exhibits
oviposition and larval feeding preferences among crops, wild plants, and ornamentals as host
plants. Journal of Economic Entomology. 109(2): 644-648.
Nguyen, D., Rieu, I., Mariani, C. & van Dam, N.M. (2016). How plants handle multiple stresses:
hormonal interactions underlying responses to abiotic stress and insect herbivory. Plant
Molecular Biology. 91: 727-740.
Nichols-Orians, C. M. & Schultz J. C. (1990). Interactions among leaf toughness, chemistry, and
harvesting by attine ants. Ecological Entomology. 15: 311–20.
Ninkovic, V., Olsson, U., & Pettersson, J. (2002). Mixed barley cultivars affects aphid host-plant
acceptance in field experiments. Entomologia Experimentalis et Applicata. 102:177–
82.
Ninkovic, V., Dahlin, I., Vucetic, A., Petrovic-Obradovic, O., Glinwood, R., & Webster, B.
(2013). Volatile exchange between undamaged plants- a new mechanism affecting insect
orientation in intercropping. PLOS One. 8(7).
Nishida, R. (2002). Sequestration of defensive substances from plants by Lepidoptera. Annual
Reviews of Entomology. 47: 57-92.
Nishida, R. (2014). Chemical ecology of insect-plant interactions: ecological significance of
plant secondary metabolites. Bioscience, Biotechnology, and Biochemistry. 78(1): 1-13.
Nishida, R., Ohsugi, T., Fukami, H., & Nakajima, S. (1990). Oviposition deterrent of a Rutaceaefeeding swallowtail butterfly, Papilio xuthus, from a non-host rutaceous plant, Orixa japonica.
Agricultural and Biological Chemistry. 54(7): 1265-1270.

69

Niu, Y.Q., Sun, Y., & Liu, T. (2014). Development and reproductive potential of diamondback
moth (Lepidoptera: Plutellidae) on selected wild crucifer species. Environmental Entomology.
43(1): 69-74.
Noman, M.S., Maleque, M.A., Alam, M.Z., Afroz, S., & Ishii, H.T. (2013). Intercropping
mustard with four spice crops supresses mustard aphid abundance, and increases both crop yield
and farm profitability in central Bangladesh. International journal of Pest management. 59(4):
306-313.
Ofori, F., & Stern, W.R. (1987). Cereal-legume intercropping systems. Advances in Agronomy.
41: 41-89.
Ohmart, C.P., & Edwards, P.B. (1991). Insect herbivory on Eucalyptus. Annual Reviews of
Entomology. 36: 637–57.
Ohta, N., Mori, N., Kuwahara, R., & Nishida, R. (2006). A hemiterpene glucoside as a probinf
deterrent of the bean aphid, Megoura crassicauda, from a non-host vetch, Vicia hirsute.
Phytochemistry. 67: 584-588.
Oliveira, A., Jezler, C.N., Oliveira, R.A., & Costa, L. (2011). Mentha piperita in single crop and
intercrop with chives (Allium schoenoprasum L.) and chicory (Chicorium endivia). Brazilian
Journal of Biosciences. 9(4).
Panizzi, A.R., & Parra, J.R.P. (2012). Insect bioecology and nutrition for integrated pest
management. CRC Press.
Pemberton, R.W., & Lee, J. (1996). The influence of extrafloral nectaries on parasitism of an
insect herbivore. American Journal of Botany. 83(9): 1187-1194.

70

Philips, C.R., Fu, Z., Kuhar, T.P. Shelton, A.M., & Cordero, R.J. (2014). Naturnal history,
ecology, and management of diamondback moth with emphasis on the United States. Journal of
Pest Management. 5(3).
Pickett, J.A., Wadhams, L.J., & Woodcock, C.M. (1997). Developing sustainable pest control for
chemical ecology. Agriculture, Ecosystems and Environment. 64: 149-156.
Pimentel, D. (1995). Amounts of pesticides reaching target pests: Environmental impacts and
ethics. Journal of Agricultural and Environmental Ethics. 8(1): 17-29.
Ratzka, A., Vogel, H., Kliebens)tein, D.J., Mitchell-Olds, T., Kroymann, J. (2002). Disarming
the mustard oil bomb. PNAS. 99: 11223-11228.
Rausher, M.D. (1981) Host plant selection by Battus philenor butterflies: the roles of predation,
nutrition and plant chemistry. Ecological Monographs. 51: 1-20.
Raupp, M.J. (1985). Effects of leaf toughness on mandibular wear of the leaf beetle, Plagiodera
versicolora. Ecological Entomology. 10: 73-79.
Risch, S.J. (1983). Intercropping as cultural pest control: prospects and limitations, Journal of
Environmental Management. 7: 9-14.
Roa, R. (1992). Design and analysis of multiple-choice feeding-preference experiments.
Oecologia. 89: 509-515.
Roessingh, P., Xu, S., & Menken, S.B.J. (2007). Olfactory receptors on the maxillary palps of
small ermine moth larvae: evolutionary history of benzaldehyde sensitivity. Journal of
Comparative Physiology A. 193: 635–647.

71

Root, R.B. (1973). Organization of a Plant-Arthopod association in simple and diverse habits:
The fauna of collards (Brassica oleracea). Ecological Monographs. 43(1): 95-124.
Rossetto, M.R.M, Shiga, T.M., Vianello, F., & Lima, G.P.P. (2013). Analysis of total
glucosinolates and chromatographically purified benzylglucosinolate in organic and conventional
vegetables. LWT-Food science and technology. 50: 247-252.
Sabelis, M.W., Janssen, A., & Kant, M.R. (2001). The enemy of my enemy is my ally. Science.
291(5511): 2104-2105.
Said, M., & Itulya, F.M. (2003). Intercropping and nitrogen management effects on
diamondback moth damage and yield of collards in the highlands of Kenya. Africa Crop Science
Journal. 2: 35–42.
Sarfraz, M., Keddie, A. B., & Dosdall, L. M. (2005). Biological control of the diamondback
moth, Plutella xylostella: A review. Biocontrol Science and Technology, 15(8), 763-789.
Schoonhoven, L.M., van Loon, J.J.A., & Dicke, M. (2005). Insect–plant biology. Oxford
University Press, Oxford.
Sezer, M., & Butlin, R.K. (1998). The genetic basis of host plant adaptation in the brown
planthopper (Nilaparvata lugens). Heredity. 80: 499-508.
Shelton, A.M., Hatch, S.L., Zhao, J.Z., Chen, M., Earle, E.D., & Cao, J. (2008). Suppression of
the diamondback moth using Bt-transgenic plants as a trap crop. Crop Protection. 27: 403-409.
Silva, C.P., Terra, W.R., Grossi de Sá, M.F., Samuels, R.I., Isejima, E.M., Bifano, T.D., &
Almeida, J.S. (2001). Induction of digestive α-amylases in larvae of Zabrotes subfasciatus

72

(Coleoptera: Bruchidae) in response to ingestion of common bean α-amylase inhibitor 1. Journal
of Insect Physiology. 47:1283-1290

Silva, R., & Furlong, M.J. (2012). Diamondback moth oviposition: effects of host plant and
herbivory. Entomologia Experimentalis et Applicata. 143: 218-230.
Singer, M.C., Ng, D., Vasco, D., & Thomas, C.D. (1992). Rapidly evolving associations among
oviposition preferences fail to constrain evolution of insect diet. American Naturalist. 139: 9-20.
Spencer, J.L., Pillai, S., & Bernays, E.A. (1999). Synergism in the oviposition behavior of
Plutella xylostella: sinigrin and wax compounds. Journal of Insect Behaviour. 12: 483–500.
Stamp, N., Bradfield, M., Li, S., & Alexander, B. (2004). Effect of competition on plant
allometry and defense. The American Midland Naturalist. 151(1): 50-64.
Stearns, S.C. & Hoekstra, R.F. (2003) Evolution: An Introduction. Oxford University Press, New
York, New York.
Takahashi, C.G., Kalns, L.L., & Bernal, J.S. (2012) Plant defense against fall armyworm in
micro-sympatric maize (Zeamays spp. mays) and Balsas teosinte (Zea mays spp. parviglumis).
Entomologia Experimentalis et Applicata. 145: 191–200.
Talekar, N.S., & Shelton, A.M. (1993). Biology, ecology, and management of the diamondback
moth. Annual Reviews of Entomology. 38, 275–30.
Tanton, M.T. (1962). The effect of leaf “toughness” on the feeding of the larvae of the mustard
beetle Phaedon cochleariae Fab. Entomologia Experimentalis et Applicata. 5: 74-79.

73

Thompson, J.N. (1988). Coevolution and alternative hypotheses on insect/plant interactions.
Ecology.69: 893–895.
Thompson, J.N. (1993). Preference hierarchies and the origin of geographic specialization in host
use in swallowtail butterflies. Evolution. 47(5): 1585-1594.
Tilman, D., Reich, P.B., Knops, J., Wedin, D., Mielke, T., & Lehman, C. (2001). Diversity and
productivity in a long-term grassland experiment. Science. 294: 843–845.
Tiwari, M., Singh, C.P., & Goel, R. (2005). Effect of intercropping on the population, dynamics
of insect pests and yield of mustard. Shashpa. 12(2):106–110.
Traw, B.M., & Dawson, T.E. (2002). Differential induction of trichomes by three herbivores of
black mustard. Oecologia. 131(4): 526-532.
Traynier, R.M.M. (1986). Visual learning in assays of sinigrin solution as an oviposition releaser
for the cabbage butterfly, Pieris rapae. Entomologia experimentalis et applicate. 40(1): 25-33.
Traynier, R.M.M., & Truscott, R.J.W. (1991). Potent natural egg-laying stimulant for cabbage
butterfly Pieris rapae. Ournal of Chemical Ecology. 17(7): 1371-1380.
Trevor, G.F. (1990). Successful organic pest control: Environmental friendly ways to deal with
unwanted garden pests and diseases. Thorsons Publisher’s,Welling Borough, UK.

Valverde, P.L., Fornoni, J., & Nunez-Farfan, J. (2001). Defensive role of leaf trichomes in
resistance to herbivorous insects in Datura stramonium. Journal of evolutionary biology 14:
424–432.

74

van Loon, J.J.A., Zhu Wang, C., Nielsen, J.K., Gols, R., & Qiu, Y.T. (2002). Flavonoids from
cabbage are feeding stimulants for diamondback moth larvae additional glucosinolates:
chemoreception and behaviour. Entmologia Experimentalis et Applicata. 104: 27-34.
van Schie, C. C. N., Haring, M. A., & Schuurink, R. C. (2007). Tomato linalool synthase is
induced in trichomes by jasmonic acid. Plant Molecular Biology. 64(3): 251–263.
Vandermeer, J.H. (1989). The ecology of intercropping. Cambridge University Press,
Cambridge.
Via, S. (1989). Field estimation of variation in host plant use between local populations of pea
aphid from two crops. Ecological Entomology. 14: 357-364.
Vickers RA, Furlong MJ, White A, & Pell JK. 2004. Initiation of fungal epizootics in
diamondback moth populations within a large ﬁeld cage: Proof of concept of auto-dissemination.
Entomologia Experimentalis et Applicata, 111, 7-17.
Walter, D.E. (1996). Living on leaves: Mites, tomenta, and leaf domatia. Annual Reviews of
Entomology. 41: 101-114.
Warbrick-Smith, J., Behmer, S.T., Lee, K.P., Raubenheimer, D., & Simpson, S.J. (2006).
Evolving resistance to obesity in an insect. PNAS. 103(38): 14045-14049.
Warwick, S.I., Francis, A., & Mulligan, G.A. (2003). Brassicaceae of Canada. Government of
Canada. Available: http://www.cbif.gc.ca/spp_pages/brass/index_e.php.
White, C., & Eigenbrode, S.D. (2000). Effects of surface wax variation in Pisum sativum on
herbivorous and entomophagous insects in the field. Environmental Entomology. 29, 773–780.

75

Whittaker, R.H., & Feeny, P.P. (1971). Allelochemics: chemical interactions between species.
Science. 171: 757-770.
Wierzbicka, B., & Majkowska-Gadomska, J. (2012). The effect of biological control of the arrot
fly (Psila rosae) on the yield and quality of carrot (Daucus carota L.) storage roots. ACTA
Scientiarum Polonorum Horticulture. 11(2): 29-39.
Wittstock, U., & Burow, M. (2010). Glucosinolate Breakdown in Arabidopsis: Mechanism,
Regulation and Biological Significance. In The Arabidopsis Book. American Society of Plant
Biologists. 8: e0134.
Wu, S., Schalk, M., Clark, A., Miles, R.B., Coates, R., & Chappell, J. (2006). Redirection of
cytosolic or plastidic isoprenoid precursors elevates terpene production in plants. Nature
Biotechnology 24: 1441–1447.
Xue, Y., Xia, H., Christie, P., Zhang, Z., Li, L, & Tang, C. (2016). Crop acquisition of
phosphorus, iron and zinc from soil in cereal/legume intercropping systems: a critical review.
Annals of Botany. 117: 363-377.
Zalucki, M.P., Brower, L.P., & Alonso, A. (2001). Detrimental effects of latex and cardiac
glycosides on survival and growth of first-instar monarch butterfly larvae Danaus plexippus
feeding on the sandhill milkweed Asclepias humistrata. Ecological Entomology. 26(2): 212-224.
Zalucki, M.P., Adamson, D., & Furlong, M.J. (2009). The future of IPM: whither or wither?
Australian Journal of Entomology. 48: 85-96.

76

Zalucki, M. P., Shabbir, A., Silva, R., Adamson, D., Shu-Sheng, L., & Furlong, M. J. (2012).
Estimating the economic cost of one of the world's major insect pests, Plutella xylostella
(Lepidoptera: Plutellidae). Journal of Economic Entomology, 125(4), 1115-1139.
Zangerl, A.R., & Rutledge, C.E. (1996). The probability of attack and patterns of constitutive
and induced defense: A test of optimal defense theory. The American Naturalist. 147(4): 599608.
Zhang, Z., Luo, Z., Gao, Y., Bian, L., Sun, X., & Chen, Z. (2014). Volatiles from non-host
aromatic plants repel tea green leafhopper Empoasca vitis. Entomologia Experimentalis et
Applicata. 153: 156-169.
Zhao J.Z., Collins, H.L., Li, Y.X., Mau, R.F., Thompson, G.D., Hertlein, M., Andaloro, J.T.,
Boykin, R., & Shelton, A.M. (2006). Monitoring of diamondback moth (Lepidoptera:
Plutellidae) resistance to spinosad, indoxacarb, and emamectin benzoate. Journal of Economic
Entomology. 99(1): 176-181.

