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Abstract

This project sought to deliver new understanding of the responses of pest insects to light for the
purpose of improved agricultural pest control. Through access to experimental polyethylene hor-
ticultural films with novel transmission properties, I exploited new opportunities for exploring
separate short- and long-wavelength mechanisms for pest suppression. The early experimental
work of the project tested the effect of short- and long-wavelength ultraviolet light on the pop-
ulation growth of the generalist aphid, Myzus persicae, on cabbage (Brassica oleracea) plants.
These polytunnel field experiments established new hypotheses for the role of long-wavelength
ultraviolet radiation as an environmental cue for damaging short-wavelength ultraviolet radia-
tion. Through a series of methodological developments, I quantified both the dose-response of
environmentally-relevant ultraviolet on M. persicae mortality, and proposed a colour behavioural
model for the feeding behaviour of M. persicae under different illumination conditions. Through
synthesising these findings into a model of aphid hazard-avoidance, I show that the behaviour
of M. persicae may be manipulated to increase its exposure to solar short-wavelength radiation,
with consequences for population growth rate. As such, this mechanism may be used in protected
agricultural practice as part of a wider integrated pest management strategy.
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CHAPTER 1

General Introduction

1.1 Project scope

This project, conceived under the preliminary title ‘Novel Approaches to Sustainable Pest Con-
trol Through Light Manipulations’, was funded by the Centre for Global Eco-Innovation as a
collaborative partnership between Lancaster University and Arid Agritec, a horticultural consul-
tancy and polyethylene (PE) polytunnel cladding supplier for the protected crop industry. As one
of fifty industrially-focused research projects located in north-western England, there were re-
quirements from the funders that the project delivered environmental and economic benefits.The
Centre for Global Eco-Innovation defined its objectives as:

1. Increase the innovation performance of the regions Small and Medium sized Enterprises
(SMEs).

2. Increase the level of collaboration between SMEs and universities.

3. Capitalise on the use of graduate talent to overcome low levels of absorptive capacity in
SMEs.

4. Increase the export performance of the regions SMEs in markets for low carbon and envi-
ronmental goods and services.

5. To increase the economic performance of the region.
6. To deliver significant savings in greenhouse gas emissions, water, waste and material use.

The scope of the project was therefore defined as ‘Developing knowledge which could bring envi-
ronmental and economic benefit through improving pest control in protected cropping environments’.
This would specifically include work on commercially-relevant pest species and would focus on
manipulations of light attainable through the filtering of sunlight using current and prototype
claddings. As such, this introductory chapter begins with an analysis of the use of wavelength-
selective claddings for pest control (section 1.2). Whilst the initial section (1.2) focuses on
applied experiments, in subsequent sections, I expand the review to link the findings of these
large-scale applied experiments to the fundamental ecological literature describing insect inter-
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action with light, both directly (section 1.3) and indirectly through spectrally-induced changes
in plant chemistry (section 1.4).

1.2 UV-attenuation and insect herbivores

Spectral manipulation for agricultural pest control includes, but is not limited to: the use of spec-
tral manipulation for trapping invertebrates, the use of reflective ground coverings (mulches) to
repel dispersing pests, and the modification of the crop light environment, either through se-
lective attenuation of sunlight, or through the use of artificial lighting (Antignus, 2000). Many
spectral bands and methods for modifying the light environment have merits which have been
previously discussed (for review see: Johansen et al., 2011; Vénninen et al., 2010), however
the role of ultraviolet (UV)-attenuation for inhibiting insect population growth in horticultural
systems has been of particular interest to the horticultural community (Antignus, 2000; Diaz
and Fereres, 2007). As such, I begin this thesis with a comprehensive review of the use of UV-

attenuating filters in horticulture, for the purposes of pest control.

1.2.1 Introduction to solar illumination

The Earth’s primary source of illumination is from solar electromagnetic radiation. This is fil-
tered by the various layers of the atmosphere, resulting in a spectral balance which has heavily
influenced the evolution of almost all terrestrial organisms (Rozema et al., 1997). The highest
irradiance solar electromagnetic radiation is that in the human visible region (380 nm-760 nm)
(Nathans, 1999), with the peak between 450 nm and 550 nm. UV light between 290 nm and
400 nm is present at surface level and makes up approximately 8.4% (ASTM G173 standardised
spectrum, see General Materials and Methods for details) of the total UV-Human visible (380 nm-
760 nm). Although the Sun emits light with wavelengths shorter than 290 nm, they are filtered
or reflected by the atmosphere and so do not reach the Earth’s surface (Brasseur and Solomon,
2006). Of the UV energy reaching the surface, 98.5% of the UV energy is in the ultraviolet-A
(UVA) waveband (315 nm-400 nm), with only 1.5% in the ultraviolet-B (UVB) waveband (280
nm-315 nm).

UV irradiance and spectral balance varies considerably with time of day, season, latitude and
atmospheric composition. Seasonality and latitude determine the amount of solar radiation in-
tersecting the outer atmosphere, whilst radiative transfer through the atmosphere is determined
by the ozone column thickness and cloud density (Fioletov et al., 2010). For example, within
Europe, the mean erythemally-weighted daily summer dose (see Chapter Two for an introduc-
tion to spectral weighting functions) varies between ~ 1 kJ m=2 day~! in the far north and ~ 7
kJ m~2 day~! in southern Spain 1.1. Due to the broad geographical distribution of experimental
work in spectral manipulation for agriculture (Raviv et al., 2004), there is undoubtedly large
variation in the doses of solar UV received by the experimental systems. To further complicate
analysis of the existing literature, experimental irradiances and doses are typically not reported,
with most studies reporting only the transmission of the claddings used (Table 1.1). As such,
quantitative comparison of the effects of UV-attenuation is not an appropriate method for exam-
ining this body of literature and so I take a predominantly qualitative approach in synthesising
the results of studies of wavelength-selective claddings.
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Figure 1.1: Summer mean daily CIE dose for 2013. Satellite data (OMUVBA) obtained through the Giovanni
interface (NASA, 2016). Geographical region shown is 14°E 34°N to 23°W 60°N. CIE dose is measured in
effective kJ m™ day™
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Table 1.1: Light Treatments for experiments described in Table 1.2. 'No Spectral Data avaliable.
2Approximate minimum transmitted wavelength (threshold for UV-blocking cladding). 3% UV transmit-
ted through cladding.

Study NSD!  Type High UV Low UV
)\gut % UV-trans.® )\fut % UV-trans.>
Antignus et al. (2006) Film 56% 20%
Antignus et al. (2001) Film 56% 20%
Burdick et al. (2015) Film 290 nm 380 nm
Chyzik et al. (2003) Film 39% 7%
Costa et al. (1999) X Film
Costa et al. (2002a) Film 360 nm 380 nm
Costa et al. (2003) Film 360 nm 380 nm
Dader et al. (2014) Film 360nm 12% <1%
Diaz et al. (2006) Film 15% 2%
Doukas and Payne (2007) Film 290 nm 385 nm
Gonzalez et al. (2001) X Film
Kigathi and Poehling (2012) Film 92% 42%
Kuhlmann and Miiller (2009) Glass 300 nm 400 nm
Kumar and Poehling (2006) Film 400 nm
Legarrea et al. (2010) Net 70% 40%
Legarrea et al. (2012a) Net 80% 38%
Legarrea et al. (2012b) Net 80% 38%
Legarrea et al. (2012c) Net 80% 38%
Mutwiwa et al. (2005) Film 78% 10%
Paul et al. (2012) Film 92% 6%
Sal et al. (2008) Net 70% 40%

1.2.2 Experimental techniques for studying the effects of spectrally-modifying
claddings

Methods for testing the effect of UV-attenuation on pest insects are diverse with many different
cladding types, crop species and measurement techniques employed (Raviv et al., 2004). This
review was limited to those studies which (i) used some form of optical filtering material to
cover the experimental site and (ii) compared two or more materials which had different UV
transmission properties. Although the majority of studies were typical field trials, lasting many
weeks and investigating immigration, spread, Population Growth Rate (PGR) or trap capture
through a crop, studies which tested the short term behavioural responses of insects released
under different claddings were also included.

Spectral filters

The majority of studies (75%) used PE films as the spectral filter. 20% of studies used nets of
unspecified material whilst one study used glass treated with a metal film coating (Table 1.1).
Transmission varied widely between claddings and so it is not possible to classify high and low UV
treatments by their spectral characteristics. ‘High UV’ film transmission varied between 12% and
92 % total UV transmission whereas ‘Low UV’ films transmitted below 42% of the UV. Studies
using nets varied less in the transmission properties, presumably because all of the relevant
studies were conducted by the same research group. These studies used high UV transmission
nets (70-80% UV transmission) and low UV transmission (38-40% transmission) (Table 1.1 for

references).
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Although transmission values give a reference point for comparison, additional information may
be gained when the cut wavelength (\cyt) is reported. A commercial UV-transparent cladding is
considered to be partially transparent to wavelengths down to 290 nm, therefore exposing the
crop to UVA and UVB (see Materials and Methods for commercial UV-transparent transmission
profile). Standard commercial claddings typically cut above this in the 360 nm range and a num-
ber of studies used these standard claddings as the ‘high UV’ treatment (Table 1.1), comparing
them to claddings which blocked wavelengths below 380 nm (e.g. Costa et al. (2002a, 2003)).
Others compared UV-transparent films to UV-blocking films (e.g. Doukas and Payne (2007)). The
variation in definition of what may be described as ‘high’ and ‘low’ UV clearly makes quantifiable
comparison of effect sizes between studies highly difficult. This, combined with the inherent
temporal and geographical variation in UV dose likely to have been delivered during the exper-
iments (e.g. Figure 1.1), means that only the direction of the effect can be compared between
studies.

Measurement of infestation

All of the studies where crop plants were used, compared insect population sizes using either
on-plant assessment (counts, scoring of infestation, etc.) or trapping with coloured traps (yel-
low sticky traps, blue sticky traps, etc.). For studies where insects were released into tunnel
spaces with no plants, trapping with coloured traps was used (Legarrea et al., 2012c; Kigathi
and Poehling, 2012). Hemiptera were typically identified on yellow sticky traps (Costa et al.,
2002a; Doukas and Payne, 2007) whereas thrips were more commonly found trapped on blue
sticky traps (Diaz et al., 2006; Doukas and Payne, 2007) with the exception of the yellow tea
thrip (Scirtothrips dorsalis) which was also recovered from yellow sticky traps. This preference
may be due to its folivorous nature, as opposed to those thrips which feed predominantly on
flowers and therefore may be attracted to various colours.

On-plant assessment typically relied on a discrete-point scale indicating different levels of infes-
tation (e.g. Doukas and Payne, 2007) rather than direct counts. Whilst this may limit the reso-
lution of our understanding of the spatio-temporal dynamics of insect spread through a crop, it
provides an adequate measure of infestation for factors of commercial relevance. For example,
the incidence of aphid-vectored disease in a crop may not be related to the population size of the
resident aphid colony and spread may occur even by short-term feeding of a transient individual
(Legarrea et al., 2012a).

1.2.3 Effect on immigration

Experiments where the immigration of wild pests into the crop area was monitored, demon-
strated that UV-attenuation consistently reduced trap capture across species of Hemipera, Thysanoptera,
Diptera and Coleoptera (Table 1.2). Thrips (Thysanoptera: Thripidae) and whiteflies (Hemiptera:
Aleyroididae) are monomorphic and so no differentiation can be made between feeding and dis-
persing groups, however in aphids (Hemiptera: Aphididae), winged (alate) dispersers can be
differentiated from sedentary wingless (apterous) morphs. Trap capture was predominantly of
winged aphids during their dispersal stage (Doukas and Payne, 2007) and so, trap counts from
early stages in the experiments can be considered a proxy for immigration into the crop. Where
no effect was seen (Costa et al., 2002a, 2003), it may be explained by the similarity in transmis-
sion properties between the high UV and low UV claddings (Table 1.1). The two studies where
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no effect on trap capture was seen used filters which cut at 360 nm and 380 nm for high and
low UV, respectively. Either the degree of UV attenuation was insufficient to affect the insect
population immigration, or it was equally efficient at excluding insects in both treatments.

Smaller-scale studies showed that insects from across the taxa showed reduced preference for
entry into structures which transmitted less UV (Costa et al., 1999; Kigathi and Poehling, 2012;
Legarrea et al., 2012c; Mutwiwa et al., 2005). Winged morphs of the potato aphid (Macrosiphum
euphorbiae) (Legarrea et al., 2012c), greenhouse whitefly (Trialeurodes vaporariorum) (Mutwiwa
et al., 2005), and silverleaf whitefly (Bemisia tabaci) (Costa et al., 1999) had a strong preference
for chambers clad in UV-transmitting materials compared to those clad in UV-attenuating materi-
als when presented with two chambers in a choice test. Similarly, western flower thrip (Franklin-
iella occidentalis) was nine times more likely to enter a chamber clad in UV transparent materials
(Kigathi and Poehling, 2012). In this study, different trapping techniques were compared and
no difference was found between trap captures on clear traps and counts on host plants. This
indicates that dispersing thrips (i.e. those not already located on a plant) are directly attracted
to high UV environments. If the attenuation of UV simply made the host plant visually indistin-
guishable from the background, thrips would be expected to find high UV and low UV equally
attractive in the absence of a plant. As this was not the case, thrips appear to use UV as a direct
target towards which they fly.

Feeding thrips were also shown to rapidly respond to attenuation of UVB, showing reduced
preference for tunnels with high UVB (Mazza et al., 1999). This suggests that thrip behavioural
responses to light may be context dependent: thrips engaged in feeding behaviour may seek
reduced UV or increased green environments, whereas those in dispersal phases are attracted
to high UV areas. Behavioural responses to UVB are unusual but most insect UV photoreceptors
have some sensitivity in the UVB waveband Briscoe and Chittka (2001) and so a UVA+UVB
treatment would appear more UV-bright than a UVA-only treatment (as was compared by Mazza
et al. (1999)). Thrips in this study were only twice as likely to choose UVB-attenuated treatments
over full sun control during feeding (compared to nine times more likely to choose a high UV
environment during dispersal, as reported by Kigathi and Poehling (2012)), suggesting that
spectral discrimination between UVA and UVB is more difficult than between low and high UV.

1.2.4 Effect on within-crop movement

Once a population of pest insects has entered a crop, the rate at which the population spreads
between plants is an important contributory factor in the overall PGR. Methods where insect pop-
ulations were quantified on plants (as opposed to on traps) suggested that there was a negative
effect of UV-attenuation on insect movement within the crop, but that it was less consistent than
the effect on immigration (Table 1.2). UV-attenuation was shown to reduce dispersal in western
flower thrip (Kigathi and Poehling, 2012), greenhouse whitefly (Mutwiwa et al., 2005) and alate
potato aphid (Legarrea et al., 2012c) in short-duration experiments using laboratory-reared in-
sects released in the centre of an arena with traps at different distances from the release point.
Under UV-attenuating claddings, more insects were recovered from traps close to the release site
compared to under UV-transmitting claddings where aphids were more likely to be recovered fur-
ther from the release point. As such, it appears that either flight duration is shorter, and so insects
land more rapidly under UV-attenuated environments, or less flight occurs and insects disperse
by other means (i.e. walking). In longer-duration experiments, artificially-introduced potato
aphid were found at lower densities on crop plants and in more spatially-aggregated hotspots



1.2. UV-attenuation and insect herbivores

Table 1.2: Effect of UV-attenuation on insect performance. Response variables were: 1Trap Capture (typ-
ically yellow sticky traps for Hemiptera and blue sticky traps for Thysanoptera), 2Plant Infestation (either
number of plants infested or on-plant population size), 2Flight Preference (attractivity or flight activity),
4Caged Population Growth (for insects caged to exclude immigration/emigration). Effect of UV-attenuation
indicated by green (+) as positive, grey O as no effect, and red (-) as negative. Light treatments are de-
scribed in Table 1.1.

Study Plant Insect Effect of UV-attenuation

TC! P12 FP3  CPG*

Hemiptera: Aphididae

Antignus et al. (2006) Cucumber A. gossypii )
Burdick et al. (2015) Soybean A. glycines 0
Chyzik et al. (2003) Pepper M. persicae ) ) )
Costa et al. (2002a) Solidago - - 0
Costa et al. (2002a) Chrysanthemum - ) )
Dader et al. (2014) Pepper M. persicae )
Diaz et al. (2006) Lettuce M. euphorbiae )
Diaz et al. (2006) Lettuce A. lactucae -
Doukas and Payne (2007) Cucumber A. gossypii ) )
Kuhlmann and Miiller (2009)  Broccoli - )
Kumar and Poehling (2006) Tomato A. gossypii o) “)
Legarrea et al. (2012b) Lettuce M. euphorbiae )
Legarrea et al. (2012a) Lettuce M. euphorbiae -
Legarrea et al. (2012c) Lettuce M. euphorbiae )
Legarrea et al. (2012c) Turnip M. persicae -)/0
Paul et al. (2012) Lettuce M. persicae )
Sal et al. (2008) Lettuce M. euphorbiae -)/0
Hemiptera: Aleyroididae
Antignus et al. (2006) Cucumber B. tabaci )
Antignus et al. (2001) Tomato B. argentifolii “) -
Costa et al. (1999) - B. argentifolii )
Costa et al. (2002a) Solidago - 0 0
Costa et al. (2002a) Chrysanthemum - 0 +)
Costa et al. (2003) Lisianthus T. vaporariorum 0 0
Dader et al. (2014) Eggplant B. tabaci (+)
Diaz et al. (2006) Lettuce T. vaporariorum ) 0
Gonzalez et al. (2001) Pepper T. vaporariorum )
Gonzalez et al. (2001) Pepper B. tabaci )
Kuhlmann and Miiller (2009)  Broccoli - )
Kumar and Poehling (2006) Tomato - “) -
Legarrea et al. (2010) Pepper B. tabaci )
Legarrea et al. (2012c) Tomato B. tabaci +)
Mutwiwa et al. (2005) - T. vaporariorum )
Hemiptera: Cicadellidae
Diaz et al. (2006) Lettuce Empoasca sp. +)
Doukas and Payne (2007) Cucumber - )
Thysanoptera
Antignus et al. (2006) Cucumber F. occidentalis )
Costa et al. (1999) - F. occidentalis )
Costa et al. (2002a) Solidago - - 0
Costa et al. (2002a) Chrysanthemum - ) 0
Costa et al. (2003) Lisianthus F. occidentalis 0 0
Diaz et al. (2006) Lettuce F. occidentalis 0
Doukas and Payne (2007) Cucumber T. tabaci )
Kigathi and Poehling (2012) - F. occidentalis -
Kuhlmann and Miiller (2009)  Broccoli - 0
Kumar and Poehling (2006) Tomato - ) O]
Legarrea et al. (2010) Pepper S. dorsalis ©) )
Other Orders
Costa et al. (2003) Lisianthus Diptera: Lyriomiza sp. )
Doukas and Payne (2007) Cucumber Coleoptera )
Doukas and Payne (2007) Cucumber Diptera “)
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under UV-attenuating claddings, compared to higher UV controls (Legarrea et al., 2012b,a). This
supports the findings of the small-scale experiments, demonstrating that UV-attenuation reduces
movement in the crop, and that the likely mechanism is disruption of the insect visual system
which controls flight.

Whilst the initial amount of movement within a crop was lower, this may not affect the final
population size, as was observed in a number of studies (Legarrea et al., 2012c; Sal et al., 2008).
When aphids were forced to disperse, by release onto a non-host substrate, the initial rate of
host-location was slower under the UV-attenuated environment, however after 24 hours there
was no difference in population size, compared to a high UV control (Legarrea et al., 2012c).
This indicates aphids are still be able to disperse, albeit by slower methods (i.e. walking) under
low UV environments, possibly using olfactory cues from the plant to locate it, as has been
observed in other aphids which use a combination of colour- and volatile-cues to locate their
correct host (Han et al., 2012). Similarly, potato aphid was initially found to be less prevalent in
a crop, however, by the time the crop reached harvest (eight weeks after initial introduction of
insects), the infestation score was equal across all treatments (Sal et al., 2008). It may be that
this was due to the use of a discrete scoring system which was artificially capped at a certain
population size - significantly larger populations may have been observed if full counts had been
made and so differences between treatments may have occurred. However, their findings still
showed that 100% of the crop had been infested with aphids and so, given the very low numbers
of feeding aphids needed to spread viruses of commercial importance (Legarrea et al., 2012a),
it would suggest that UV-attenuation was of limited benefit as an Integrated Pest Management
(IPM) tool in this case.

In experiments which used both trapping and plant-scoring, a number of studies demonstrated
differences in trap capture but no differences in on-plant counts (Costa et al., 2002a, 2003; Diaz
et al., 2006). Despite the disruption to dispersal, whitefly and thrip appear to perform equally
well under UV-attenuation, suggesting birth rate might be higher to offset the reduced population
spread. The continuous dispersal strategy of whitefly and thrip may allow better compensation
for disrupted dispersal. All thrip and whitefly individuals are winged (compared to aphids, which
only produce winged morphs under certain conditions) and so are able to disperse by flight. Even
though UV-attenuated environments are clearly less attractive to them (see previous section)
and have reduced within-crop spread in some examples (Kumar and Poehling, 2006; Legarrea
et al., 2010), it may be that under conditions where on-plant birth rate is high (or death rate
is low), enough dispersal occurs to infest a crop to the same degree that occurs under non-
attenuating claddings. Conversely, during the spring and summer, aphids only produce dispersal
morphs under stressful conditions, typically when the population density is very high (An et al.,
2012), meaning that short distance dispersal occurs more periodically than in whitefly and thrip.
Aphid within-crop dispersal may therefore be more disrupted by UV-attenuation, explaining the
consistently reduced populations found on plants grown under UV-attenuation (Table 1.2).

1.2.5 Effect on birth rate

The effect of UV-attenuation on flight behaviour is well-established as a mechanism by which
crop pest population size may reduced, however it is also possible that UV-attenuation may affect
insect PGR in other ways. In two studies, the green peach aphid (Myzus persicae), when caged on
individual leaves (excluding immigration and emigration), had slower PGR under UV-attenuated
and partially UV-attenuated treatments, compared to a UV-transmitting control (Dader et al.,
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2014; Paul et al., 2012). A third study indicated that birth rate of the green peach aphid was
negatively affected by UV-attenuation (Chyzik et al., 2003), however their experimental design
did not cage the insects and so immigration/emigration cannot be excluded. Dader et al. (2014)
suggest that the effect of UVA on PGR may be due to both direct mechanisms - through direct
damage of the insect by UVA-exposure - or indirect mechanisms mediated by changes in plant
chemistry. In the silverleaf whitefly, growth of the host plants under UV-attenuated environments,
prior to insect-infestation, increased PGR (Dader et al., 2014). UV-induced changes in plant
chemistry may therefore be an important factor in insect PGR within protected crops, however
few experiments have effectively separated the effect on birth/death rate through changes in
host quality, from other extrinsic factors in UV-attenuation experiments.

1.3 Chromatic vision in insects

In the previous section, I identified a consistent, reduced preference for UV-attenuated light en-
vironments across a number of insect taxa. The most likely explanation is disruption to the
insect visual systems involved in controlling dispersal flight, as suggested by a number of UV-
attenuation experiments (e.g. Kigathi and Poehling, 2012; Legarrea et al., 2012c). In order to
better understand these behaviours, it is important to place them in the context of the funda-
mental structure and function of the invertebrate visual system. As such, in this section I briefly
review insect colour vision and its role in behaviour.

1.3.1 Introduction to insect visuals systems

Visual perception may be divided into achromatic and chromatic perception. Achromatic vision
(the perception of light and dark, independently of wavelength) is important for behaviours, such
as measuring distance during flight (Giurfa and Menzel, 1997) and perceiving stimuli requiring
a rapid response (Gao et al., 2008), whilst chromatic vision (the perception of different wave-
bands) has diverse roles in inter- (Doring et al., 2007; Dyer et al., 2012; Osorio and Vorobyev,
2008) and intra-(Imafuku, 2008) specific communication. Whilst chromatic and achromatic vi-
sion are structurally connected, with a large degree of overlap in the perceptive and processing
mechanisms (Gao et al., 2008), this section focuses on the roles of chromatic vision. Light is per-
ceived by photoreceptor cells located in the tubular structures of the insect eye called ommatidia
(Figure 1.2). Ommatidia are formed of eight photoreceptor cells in most insects (Borst, 2009)
and the differential expression of opsin (Matsumoto et al., 2014) and chromophore (Frentiu
et al., 2007) genes provides the basic architecture for wavelength-sensitive (chromatic) percep-
tion. Chromatic (used interchangeably with ‘colour’) vision is simply the ability to discriminate
between the relative intensities of two or more spectral bands, through the use of photoreceptors
with different spectral sensitivity. The majority of insects have at least three, and as many as six
distinct photoreceptor types (Briscoe and Chittka, 2001) which may be either broad or narrow-
band receptors. Unlike primates, which have photoreceptors with peak wavelengths above 400
nm (Amax = 420,530,560, Nathans (1999)), most insects have three (trichromatic) sensitiv-
ity peaks: in the UV (< 400 nm), blue (400-500 nm) and green (500-570 nm). Additional
longer wavelength (> 570 nm) sensitivity has been identified extensively in Lepidoptera, with
many tetrachromatic species. Some Hymenoptera and Coleoptera were also identified as tetra-
chromates with additional long-wavelength sensitivity, however this was unusual (Figure 1.3).
Considerable intra- and inter- species variability in photoreceptor peak wavelength exists due
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Figure 1.2: Diagram of insect visual structures, based on the images presented by Matsumoto et al. (2014).
(A) Arthropods perceive light with compound eyes and ocelli (Oc.). (B) These eyes are formed of many
tubular light-collecting structures called ommatidia (Om.), each of which has its own cornea (Co.). (C)
Each ommatidium collects light using the cornea (Co.), which then passes through the crystalline cone
(CC.). Photoreceptor cells (R) surround a central light-transmitting tube, the rhabdom (Rh.). This is formed
from interlocking microvilli which contain the chromophores for photoperception. Inset photograph: Sam
Droege, used under the Creative Commons 2.0 license
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Figure 1.3: Diversity of spectral perception across insect orders, adapted from Briscoe and Chittka (2001).
Individual points show the wavelength of peak electroretinogram sensitivity recorded for an insect photore-
ceptor (Amax). The boxplots represent the mean, minimum and maximum wavelengths of peak sensitivity
for six insect orders. Colour indicates the approximate sensitivity waveband (purple = 300 - 400 nm, blue
= 401 - 500 nm, green = 501-560 nm, red = 561 - 700 nm). The grey spectra shows a normalised stan-
dard solar spectrum (ASTM G173 Direct). Dashed lines show the upper (400 nm) and lower (315 nm)
boundaries of the UVA waveband.
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to diversity of genes controlling chromophore, opsin and crystalline cone (filters light before it
reaches the photoreceptor, Figure 1.2) production, allowing diverse colour sensitivity to occur
across evolutionary gradients (Briscoe and Chittka, 2001).

Photoreceptor sensitivity is strongly linked to the broad requirements of the insect to discrim-
inate between host and non-host. For example, the honey bee (Apis mellifera) has a trichro-
matic colourspace (colourspace concepts discussed further in this section) which allows for much
greater theoretical discrimination between flowers than would occur in the primate colourspace
(Osorio and Vorobyev, 2008). This is clearly important for identifying the correct host plant,
in particular where species-specific mutualisms occur between plant and insect. Additionally,
there is evidence that diversity in angiosperm colouration is evolutionarily driven by the fun-
damental limitations of the visual systems of their most important pollinators, the Hymenoptera
(Dyer et al., 2012). Similarly, autumn colouration has been argued to have evolved by plants
to signal their defensive status to herbivorous insects (Hamilton and Brown, 2001). Thus, the
fundamental limits of photoreceptor sensitivity are important constraints for the co-evolution of
plant-insect interaction.

1.3.2 Spectral balance and insect flight

Solar radiation may be perceived either directly (i.e. directly sensing the sun) or indirectly,
when solar radiation is reflected off a surface. As such, modification of spectral balance can
be considered both in terms of a change in colour of the illumination source and a change in
the perceived colour of an object. Experiments using monochromatic light have shown UV light
to be an important take-off cue to Caliothrips phaseoli, which flew towards UV sources when
exposed on a non-host substrate (Mazza et al., 2010, data presented in Figure 1.4). Thrips did
not respond to any other monochromatic wavelength in this experiment and so it appears that
UV radiation acts as a proxy for the sun or open-sky. Similarly, the greenhouse whitefly and
the folivorous thrip, Scirtothrips dorsalis, were attracted to UV light (Figure 1.4) in preference
to blue light. Although the studies showed this to be a weaker response than their response to
green light, neither study tested wavelengths below 350 nm, and so it is possible that the peak
behavioural sensitivity was lower than 350 nm, as in the case of C. phaseoli which had a peak
sensitivity at approximately 320 nm (Mazza et al., 2010).

Broadband UV light has also been shown to attract day-flying (Chu et al., 2005; Shimoda and
Honda, 2013) and night-flying (Cowan and Gries, 2009; Sambaraju and Phillips, 2008) insects.
The reason for this is not known but it may act as a reliable sky cue under many different light
conditions, including moonlight (Barta and Horvath, 2004). Perceiving the ratio of green to
blue light has been identified as offering the best contrast (and so most reliable discrimination)
between ground and sky under cloud cover and through different times of the day (Moller,
2002). Additionally, polarised UV light from the sky offers a reliable indicator of unreflected
sunlight and so can be utilised both under the canopy and under heavy cloud cover to permit the
insect to orientate itself to the sky (Barta and Horvéath, 2004). When UV was attenuated, flight
behaviours were inhibited in folivorous insects (Kigathi and Poehling, 2012; Legarrea et al.,
2012a) however there is some indication that certain nectarivorous Hymenoptera are able to
adapt to flight in UV-attenuated environments (Dyer, 2004). It is not known to what extent
these more complex behaviours occur in other insect orders, however present evidence suggests
that aphid, whitefly and thrip do not adjust to UV-attenuation (Table 1.2). As such, it is likely
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Figure 1.4: Photoreceptor and behavioural responses of Hemiptera and Thysanoptera to monochromatic
light. (A) shows electroretinography (ERG)-derived mean and range photoreceptor peak wavelength sen-
sitivity for Hemiptera (Sp.: A. pisum, M. persicae, N. lugens, T. vaporariorum) and thrips (F. occidentalis,
S. dorsalis). (B) shows normalised plots of (1) take-off in thrips (Mazza et al., 2010), (2) attraction of
aphids in flight (Hardie, 1989), (3) attraction of whitefly (Coombe, 1982), (4) attraction of thrips (Kishi
et al., 2013), and (5) relative increase in probing activity of aphids (Déring et al., 2007). In B.2, line
colour represents either summer or autumn dispersal (winged) morphs. Shaded boxes show approximate
range of dominant photoreceptor in waveband. The dashed line represents a zero value which differs be-
tween experimental setup, but may be broadly interpreted as a null-response. For each subplot of B: (B.1):
no take-off, (B.2)-(B.4): no attraction compared to an achromatic source of equivalent intensity, (B.5):
equivalent attraction between target and achromatic source of equivalent intensity.
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that insects are attracted to UV as a direct cue for the sun, and so attenuation of UV removes the
stimulus needed to take off in the correct direction and maintain level orientation in flight.

1.3.3 Colour as a host cue

It is well established that pollinators use colour to identify host species (Osorio and Vorobyev,
2008), however less is known about the extent to which foliar-feeding insects use chromatic
cues for host identification. Monochromatic green illumination sources and surfaces reflecting
narrow-band green light were shown to attract and induce landing (Coombe, 1982) in aphid,
whitefly and thrip (Figure 1.4). This was presumably a broad host-seeking behaviour, relying on
contrast between green vegetation and non-plant surfaces which typically reflect proportionally
more blue or UV (Moller, 2002). Experimentally, Hemiptera show strong preference for yellow
targets with low UV reflectance (Doring et al., 2004). The study found the strongest positive
correlation with attractiveness of coloured traps was with green reflectance and the strongest
negative correlation was with UV reflectance, thus suggesting that insects seeking vegetation use
the contrast between UV and green to identify hosts. Additionally, this preference may be species-
(Doring et al., 2004) and morph- (Hardie, 1989) specific. Doring et al. (2007) propose that
different species may use very subtle variation in colour to discriminate visually between host
species, however very few aphid photoreceptors have been characterised with ERG techniques
and so this hypothesis has not been extensively studied across species.The black bean aphid
(Aphis fabae) showed slightly different colour preference between summer and autumn migrants
exposed to monochromatic light (Hardie, 1989). This was hypothesised to be due to the red-
shifted (more yellow, less blue) colouration of the overwintering host.

Monochromatic green illumination promoted aphid feeding behaviour (Figure 1.4), causing
aphids to increase probing activity (Doring et al., 2007). In the same study, illumination with
blue light had a negative effect on aphid feeding compared to illumination with an achromatic
(white) source, and so blue light may be considered a feeding inhibitor. Short wavelength ra-
diation was not tested in this study and so the probing response of aphids to UV is not known,
however thrips were shown to respond to high UVB when feeding, moving preferentially to areas
of lower UVB (Mazza et al., 1999). Therefore, for folivorous insects, green stimuli are generally
associated with hosts, however blue and UV stimuli may also play inhibitory roles in feeding
behaviours. It should also be noted that predominantly florivorous species are attracted to other
colours, for example the Western Flower Thrip is preferentially attracted to blue sticky traps
(Doukas and Payne, 2007) and white or pink inflorescences (McCall et al., 2013).

1.3.4 Moving from monochromatic experiments to a trichromatic model
of insect vision

Experiments using monochromatic illumination sources (as shown in Figure 1.4) are useful in
identifying peak behavioural sensitivity, however they are not representative of real-world, poly-
chromatic illumination. Figure 1.4.A shows the ERG- derived peak sensitivity of photoreceptors
located within thrip and aphid eyes which broadly align with the peak behavioural responses
in .B and so behavioural responses may be linked with stimulation of different photoreceptors.
Stimulation of the UV photoreceptor is associated with take-off, whereas stimulation of the green
photoreceptor is linked to landing, settling and feeding behaviours. A polychromatic visual stim-
ulus, such as sunlight reflected off a leaf, excites all three photoreceptor types. However due
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Figure 1.5: Colourspace diagrams for the behavioural responses identified in Figure 1.4. The three ternary
plots have an axis for each class of photoreceptor in the insect eye and the arrows show the effect that move-
ment in each of these axes is hypothesised to have on (A) take-off behaviour in thrips, (B) attractiveness to
flying insects, and (C) probing behaviour in Myzus persicae.

to the different wavelength sensitivities of each, the three colour channels (UV, blue and green)
are stimulated to different extents. The perceived colour of a visual stimulus may therefore be
thought of as the relative stimulation of each photoreceptor type as a proportion of the total
neural response (Doring et al., 2007). This may be represented in 3-dimensional space as in
Figure 1.5 where the behavioural responses presented in Figure 1.4 were used to generate broad
hypotheses in the colourspace models. For thrips on a non-host substrate, increased stimulation
of the UV channel, compared to the blue and green channels is predicted to increase take-off
(Figure 1.5.A). Whereas for flying insects, as the UV and green channels receive proportionally
more stimulation compared to the blue channel, targets become increasingly attractive(Figure
1.5.B). Finally, as green channel stimulation is increased, proportional to blue channel stimula-
tion, increased probing behaviours are expected (Figure 1.5.C). The behavioural response (whilst
feeding) of increased UV channel stimulation in M. persicae is not known.

1.4 Indirect effects of UV exposure on insects

In section 1.2, large-scale field studies suggested that UV-induced changes in host plant chem-
istry may affect the birth and death components of insect PGR (Chyzik et al., 2003; Dader et al.,
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2014; Paul et al., 2012). In this section I review the literature concerning UV-induced changes
in plant phytochemical composition and identify the effect this may have on herbivores. Some
studies linked both UV-induced changes in phytochemical composition with changes in inver-
tebrate performance, however this was not always the case. For some classes of chemical, the
effect of UV exposure on production, and the broad effect of the chemical class on invertebrates
have been studied separately and so I synthesise these findings where possible.

1.4.1 Alkaloids and polyamines

Alkaloids and polyamines are grouped here as nitrogenous compounds with overlap in their
biosynthetic pathways (Ghosh, 2000). Although their structures and syntheses are numerous,
their toxicity and inhibition of herbivore feeding make them one of the most important plant
anti-herbivore defences (Wink, 1992). There has been relatively little research conducted into
the relationship between UV-induced changes in the concentration of different alkaloids and the
effect which this may have on the feeding behaviours, mortality or fecundity of insect herbivores
(Hectors, 2010), however given the importance of nitrogenous compounds in insect defence, the
inter-dependencies of these mechanisms on UV should be considered (Hatcher et al., 1997).

Alkaloids from a number of plant taxa have been shown to play a role in UV photoprotection
through their oxygen radical-scavenging properties (Hectors, 2010; Gregianini et al., 2003; Ly-
don et al., 2009). In Psychotria brachyceras, the alkaloid brachycerine increased by an order
of magnitude in response to short wavelength UVB and ultraviolet-C (UVC) (Gregianini et al.,
2003) and in Erythroxylum novogranatense, total truxilline concentration was greater in plants
exposed to ambient UV compared to plants grown in the absence of UV (Lydon et al., 2009).
Although it is difficult to draw comparison between ambient solar UV treatments (such as that
delivered by Lydon et al., 2009) and treatments which include high doses of UVC (Gregianini
et al., 2003), production of these antioxidant compounds is clearly linked to plant UV exposure.

Whilst alkaloids produced in response to UV exposure have antioxidant properties, these com-
pounds have not been shown to affect herbivore reproduction or behaviour. A study using
another member of the Psychotria genus (Psychotria leiocarpa) demonstrated that whilst N,-D-
glucopyranosyl vincosamide had strong antioxidant activity and was therefore a likely compo-
nent of the plant UV response, it was not an antifeedant for Helix aspersa or Spodoptera frugiperda
(Matsuura and Fett-Neto, 2013).

Polyamine accumulation has been identified as transient and highly variable but increases are
generally associated with the initial stages of UV acclimation (Hectors, 2010). Similarly, feeding
of the aphid Rhopalosiphum padi stimulated an initial increase in poly- (putrescine and sper-
mine) and mono- (tryptamine) amines in cultivars of a hybrid monocot (Triticosecale). After
one week of aphid feeding, the overall polyamine content fell before again rising (Sempruch
et al., 2012). In vitro polyamine supplementation of plant material provided some evidence that
they are involved in herbivore regulation, causing reduced survival and growth of an aphid,
Sitobian avenae (Sempruch et al., 2012) however the methods used were not sufficient to deter-
mine whether polyamines acted directly on the herbivores or as elicitors of other plant responses
(Hussain et al., 2011). Considering the relatively transient presence of polyamines in response
to biotic stressors, it would appear likely that their role is either in their capacity to produce anti-
herbivore Reactive Oxygen Species (ROS) during the early stages of infestation or as a signalling
component of the wider antiherbivore response (Hussain et al., 2011).
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Although plant alkaloid and polyamine profiles are sensitive to both UV and herbivore attack,
current evidence does not suggest an important functional overlap between plant responses to
these two stressors. There is, therefore, little evidence to suggest that UV-exposed plants will be
better defended against herbivore attack due to increases in antioxidant nitrogenous compounds,
however future approaches which explore this link further are encouraged.

1.4.2 Glucosinolates

Glucosinolates are sulfur-containing glucosides which play a number of roles in mediating the
interactions between cruciferous plants, herbivores and their natural enemies. As precursors to
toxic isothiocyanates, they are a key part of the antiherbivore defensive system in crucifers. Addi-
tionally, they are used by a number of specialist herbivores as oviposition and phagostimulatory
cues, are sequestered as defensive compounds by specialist aphids and act as tritrophic signals
for natural enemies (Hopkins et al., 2009).

The effect of UVB on glucosinolate concentration in Brassicas is not clearly understood. An
experiment using Brassica oleracea exposed to ambient UVB showed decreases in total indolyl
glucosinolate concentration compared to UVB- controls (Kuhlmann et al., 2010). However a
further study showed the opposite, with rapid increases in tissue aliphatic glucosinolates under
supplementary UVB (up to one kJ m=2 day~!) whilst slower (< 24 hours) increases were ob-
served in indolyl glucosinolate concentration (Mewis et al., 2012). This study also demonstrated
mixed responses in transcription of glucosinolate-related genes with up- and down-regulation
occurring after UV exposure. Whilst these studies broadly describe total aliphatic and total in-
dolyl concentration, it is likely that up- and down- regulation may occur simultaneously within
these broad groups and that these responses are cultivar- and developmental stage- specific.

Other authors have shown increases in glucosinolate production with increased UVB exposure,
but these have often used very high UVB doses (> 46 kJ m=2 day!), or short wavelength
UVC which is not present in sunlight and the findings should therefore be treated with caution
(Schreiner et al., 2012).

Whilst the relationship between glucosinolate composition and the plant’s interaction with higher
trophic levels has been identified as highly complex (Kos et al., 2011), indolyl glucosinolates
have been specifically linked to herbivore success in at least one study (Kim et al., 2008a).
Generalist herbivores were negatively affected by high indolyl glucosinolate cultivars. However
previous studies which showed UVB-induced reductions in indolyl glucosinolates also showed
reduced aphid populations (Kuhlmann et al., 2010) compared to controls with higher indolyl
glucosinolate concentrations. Therefore, whilst these compounds are undoubtedly important in
plant defence, no simple relationship has been convincingly demonstrated between plant UVB
exposure, increase in glucosinolate expression and subsequent decrease in herbivore population.

Changes in glucosinolate concentration may also play a role in the relationship between herbi-
vore and natural enemy. The PGR of a specialist aphid Brevicoryne brassicae was shown to be
positively affected by indolyl glucosinolate concentration in the plants. Higher concentrations of
these compounds sequestered in the aphid was negatively correlated with predator success, al-
though not with parasitoid success (Kos et al., 2012). As before, more work is needed to establish
how this mechanism may interact with other competing effects of UV manipulation.
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1.4.3 Isoprenoids

Carotenoids

Carotenoids are medium-sized isoprenoids (carotenes) and their oxygenated derivatives (xan-
thophylls) typically associated with plant colouration and high light protection. Whilst carotenes
do absorb long wavelength UV and blue light, it appears that their major role in plants is pro-
tection of the photosystems via electron quenching of the chlorophyll molecules during high
light stress (Solovchenko and Merzlyak, 2008). Xanthophylls are formed as part of cyclic pro-
cesses which dissipate thermal energy and therefore also contribute to protection against high
light. Carotenoid synthesis has been linked to exposure to UVA and blue light in Brassica oler-
acea (Bohne and Linden, 2002) whilst total carotenes in Fagus sylvatica (Laposi et al., 2009) and
lycopene in the fruit of Solanum lycopersicon (Becatti et al., 2009) increased when plants were
exposed to ambient UVB, demonstrating sensitivity to both UVA and UVB.

Plant-derived xanthophylls such as lutein may be used by herbivorous insects as UV photopro-
tectants. In at least one species of Lepidoptera (Depressaria pastinacella), larval UV-avoidance
behaviour was negatively affected by the concentration of dietary xanthophylls. Insects which
were fed higher doses of lutein chose increased exposure to UV (Carroll et al., 1997) and the
sequestered concentration of lutein in wild individuals was positively correlated with the typi-
cal UV irradiances at the latitudes where they were recovered (Carroll and Berenbaum, 2006).
Plant derived carotenes were also shown to be precursors to insect pigments, both in cryptic
and aposematic colouration, and in the chromophores used in the visual systems of all animals
(Heath et al., 2012).

Carotenoids may also be relevant in antiherbivore defence. Plants have been shown to convert
carotenes into volatiles, known as apocarotenes; important natural enemy attractors in tritrophic
signalling (Heath et al., 2012). However, as most of the work in this area has demonstrated a
positive effect of dietary carotenoids (Carroll et al., 1997; Carroll and Berenbaum, 2006), it is
likely that any increases in carotenoid production elicited by UVB exposure has little affect on

tritrophic interactions.

Saponins and other Triterpene derivatives

The triterpene squalene is the precursor to saponins and phytosterols. Both positive and negative
changes in triterpene concentration has been linked to UV exposure and there is some disagree-
ment in the literature as to whether they are produced as part of the long-term UVB acclimation
response (Gil et al., 2012) or as short-term mediators of oxidative stress associated with UVC and
environmentally-unrepresentative UVB doses (de Costa et al., 2013). In Vitis vinifera, increases
in leaf silosterol, stigmosterol and lupeol were observed under field-representative doses of UVB
(4.75 kJ m™2 over 16 hours) (Gil et al., 2012). Similar doses applied to the tropical plant Quillaja
brasiliensis showed no significant change in triterpene concentration however an effect was seen
when a ‘high stress’ UVC treatment was applied (de Costa et al., 2013).

Saponins have a well documented negative effect on the mortality of herbivorous insects and
their production is known to be sensitive to insect feeding. The saponins hederogenin cellobio-
side and oleanolic acid from the crucifer Barbarea vulgaris were identified as the strongest in-
fluences on mortality of Phyllotreta nemorum (Kuzina et al., 2009). Further work on B. vulgaris
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identified the saponin biosynthetic pathway and candidate transcription factors which were also
activated by feeding of Plutella xylostella (Wei et al., 2013). In Medicago sativa, saponin concen-
tration was higher in plants which had been subjected to feeding by Spodoptera littoralis larvae
(Agrell et al., 2003). In the same study, a 14% reduction in larval mass was observed in insects
fed on previously challenged plants compared to feeding on undamaged plants.

Considering the important role saponins have in the protection against herbivores, UV-controlled
changes in composition or concentration are likely to be important predictors of herbivore suc-
cess, however more work is needed to establish the magnitude and direction of the response
across species.

Volatile Terpenes

The volatile terpenes form a large proportion of the functional group termed Volatile Organic
Compounds (VOCs). These are small polymers with lipophyllic properties which allow them
to move readily across cell membranes and into the air surrounding the plant. This allows
them to act as chemical messages to other organisms (‘kairomones’) whether that is pollinators,
herbivores or natural enemies of herbivores (Dudareva et al., 2013). Additionally, every major
insect Order uses plant volatiles or their precursors for inter- or intra- specific signalling. These
are obtained during feeding and may be modified or sequestered intact before release as alarm,
aggregation or sex pheromones (Miiller et al., 2011).

Short-term UVB exposure of plants after growth in a UVB-deficient environment was generally
linked to increased volatile terpene production. Exposure in growth chambers showed increases
in volatile terpene production in Mentha piperita (Dolzhenko et al., 2010) and Vitis vinifera
(Gil et al., 2012), however both of these experimental approaches relied on the use of plants
which had not been grown in the presence of UVB. Although the doses were field-relevant, the
plants were exposed to relatively high UVB irradiances with no acclimation. The responses may
therefore be somewhat different to the responses which might be expected had the plant been
grown under UVB from germination, as in typical UVB removal field experiments.

Where field exclusion methods were used, the pattern of VOC emission was less pronounced
where some species showed either small increases (longifolene in Daphne gnidium (Llusia et al.,
2012)), no change (overall volatile terpene content of Mentha piperita (Dolzhenko et al., 2010))
or even a decrease («- and - pinene in Pistacia lentiscus (Llusia et al., 2012)). The differences
in response to field compared to growth chamber was reflected in different gene expression pat-
terns: whereas high irradiance, short-term exposure of unacclimated plants may have elicited
an antioxidant stress response—it has been suggested that volatile terpenes are involved in ROS
scavenging and thylakoid stabilisation (Gil et al., 2012))—chronic UV exposure likely lead to pri-
oritisation of production of more typical UV-induced photoprotectants at the expense of volatile
terpene synthesis.

The role of plant volatiles, especially small terpenes, in insect-insect and insect-plant communi-
cation has been reviewed extensively by Miiller et al. (2011) but the potential influence of UVB
on this system has been little-studied. VOC emission from Picea abies was not affected by UVB
exposure, however when the plant was exposed to the herbivorous beetle, Hylobius abietus, VOC
emission increased (Blande et al., 2009). As with the carotenoids, there is no consistent relation-
ship between environmental UVB exposure and change in emission. It is likely that any volatile
used as a tritrophic feeding cue (i.e. an attractant to predators and parasitoids) would need to
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Figure 1.6: Simplified phenyl-propanoid pathway

be insensitive to UV exposure in order to prevent ‘false alarm’ messages being released during
periods of high UVB exposure, but no herbivory. Therefore mechanisms such as that described
by Blande et al. (2009), where there is little or no overlap in the UV- and herbivore- initiated
VOC synthesis mechanisms, are be expected to be the most common.

1.4.4 Phenolics

Plant phenolics are a large and varied class of plant secondary metabolite, characterised by
the presence of one or more phenol group. All are derived from the amino acid phenylala-
nine which is synthesised via the Shikimate pathway from C3 and C4 carbohydrate derivatives.
Synthesis then occurs via the phenylparanoid pathway (figure 1.6) where the phenolic acid, p-
coumarate, is converted into lignin precursors (Hydroxycinnamic acids such as caffeic, ferulic
and sinapic acid), flavonoid precursors (Chalcones) or isoflavonoid precursors (Meijkamp et al.,
1999). Whilst there are many molecular species in the phenolic pathway, the terminal products
predominantly exist as glycosides (such as the flavonol glycosides and anthocyanins). Perhaps
the most well known group are the flavonoids; compounds based on a 3-ring phenolic (C¢C3Cg)
framework in either monomer or polymer form (Sisa et al., 2010). This large group includes the
anthocyanidins, flavonols, flavones and their respective glycosides.

Anthocyanins

Anthocyanins are glycosides (most commonly glucosides) of anthocyanidins and are responsi-
ble for much of the dark blue through to red pigmentation in flowers, leaves and stems (Close
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et al., 2003). Whilst it is accepted that UV induces the biosynthesis of anthocyanins, large accu-
mulations in palisade and spongy mesophyll cells - compared to the epidermal cells where the
majority of UV light is absorbed - has led to speculation that they are not used for UV absorption
in mature leaf tissue (Close et al., 2003). However, studies have shown that anthocyanins in
young leaves have strongly UV-absorbing properties and their distribution in expanding leaf tis-
sue offers protection against UV-induced photoinhibition (Domingues et al., 2012; Fondom et al.,
2009; Woodall and Stewart, 1998).

The roles of anthocyanins in antiherbivore defence are difficult to identify as genes identified
in the biosynthetic pathways of anthocyanins typically have a high degree of pleiotropy with
other flavonoids (Schaefer and Rolshausen, 2006). Nicotiana tobacum, expressing an Arabidopsis
thaliana transcription factor (AtMYB75/ PAP1) known to be responsible for anthocyanin produc-
tion, was fed to lepidopteran tobacco pests in choice and no-choice assays (Malone et al., 2009).
Larval growth rate (Helicoverpa armigera, Spodoptera litura) and larval survival (H. armigera)
were lower for individuals fed on plant material from the anthocyanin-expressing mutant. Al-
though this might suggest an inhibitory effect of the anthocyanin, there were also increases in
leaf tissue concentration of caffeic acid and its derivatives, known to have a suppressive effect
on survival in dietary supplementation experiments, making the results hard to interpret.

Anthocyanins are likely to be most important in host-herbivore signalling. In a feeding assay,
feeding rate and larval growth rate were low on a solid purple leafed phenotype, compared to
both the purple-veined phenotype (which had higher anthocyanin concentrations than the wild
type) and the wild-type green phenotype (Johnson and Dowd, 2004). There was no difference
in survival between larvae reared on the purple-veined and green phenotypes, indicating a likely
antifeedant effect rather than a response to the toxicity of anthocyanins. Lepidoptera that typi-
cally feed on green foliage have also been shown to identify and selectively feed on green leaf
tissue (low in anthocyanin) over anthocyanin-pigmented leaf tissue, even though larval survival
was little affected by feeding on anthocyanic leaf tissue compared to green tissue of the same
plant (Markwick et al., 2013). Therefore it is likely, as proposed by Close et al. (2003) and
termed the Defence Indication hypothesis by Schaefer and Rolshausen (2006), that a major role
of anthocyanins in herbivore defence is in the visual cues which they provide to herbivores, in-
dicating the likely phenolic status of the plant. Anthocyanin expression is typically — although
not universally (Hughes et al., 2010) — associated with high concentrations of other phenolics
which have a negative impact on survival. Anthocyanins are thought of as ‘red’ pigments in hu-
man colour perception, however many insects lack photoreceptor sensitivity to red light and so
are unable to discriminate long wavelength colour. However anthocyanin-rich tissue also reflects
proportionally less green light than tissue with low concentrations of anthocyanin, whilst the
reflectivity of blue light remains unchanged (Gitelson et al., 2009). As such, insects with green-
and blue-sensitive photoreceptors may perceive this relative decrease in the green:blue ratio and
respond by showing reduced feeding effort or attraction (Doring et al., 2007). Therefore, as the
mechanism of repulsion is likely a visual one, exposure of anthocyanin-expressing crop species
and cultivars to UV will be important for maximum induction of signal colouration which acts as
a pre-contact repellent of pest insects.

Flavonols, Isoflavonols and their Glycosides

Flavonols and isoflavonols, known widely for their antioxidant activity (Pollastri and Tattini,
2011) have been shown to deter feeding and inhibit fecundity in a number of aphid species. Lat-
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tanzio et al. (2000) identified that cultivars of Vigna unguiculata high in flavonols and isoflavonols
(quercetin, kaempferol and isorhamnetin) were often designated as resistant cultivars. When
phenolic content was manipulated in vitro by introducing methonalated phenolics into excised
leaf material, a range of phenolics were shown to have an inhibitory effect on larval deposition
of Aphis fabae. This was verified in vivo where larval deposition was lower in chemotypes high
in the flavonols quercetin and isorhamnetin. Exposure to near-ambient UVB has been shown to
increase total leaf flavonols and their corresponding flavonol glycosides in a number of species
(Josuttis et al., 2010; Kuhlmann et al., 2010; Ryan et al., 2001). Kuhlmann et al. (2010) showed
that exposure to near-ambient UVB increased the concentration of quercetin and kaempferol in
phloem compared to UVA-only exposure. Whilst plant UVB-exposure had a negative effect on
birth rate in the specialist aphid Brevicoryne brassicae, the generalist aphid Myzus persicae was
unaffected by UV exposure, probably because other Brassica defensive mechanisms (e.g. glucosi-
nolates, see above.) had a strong negative effect on birth rate.

Not all interactions between plant-produced flavonols and herbivores had negative implications
for the herbivore. In at least two species of Lepidoptera (Bombyx mori and Polyommatus icarus)
larvae sequestered derivatives of kaempferols and quercetins, either directly or through conver-
sion into other flavonol glycosides (Simmonds, 2003). These relationships were often highly
specialised with different derivatives of the same flavonol acting very differently (Simmonds,
2003). Therefore, UVB-induced changes in the relative concentration of different flavonols may
particularly affect specialists and, potentially, their ability to defend against predation.

Flavones, Isoflavones and their Glycosides

Closely-related to the flavonols, some flavones and isoflavones have been shown to have sim-
ilar antifeedant properties. In an artificial media experiment, elevated concentrations of the
flavone, luteolin, and the isoflavone, genistein, reduced the duration of salivation and ingestion
behaviours in Acyrthosiphon pisum, indicating that these compounds are detected by, and likely
harmful to, this species (Golawska et al., 2012a). However, the exact behavioural response is
dependent on both the pest species and the identity of the compound: some flavones, such as
4-Hydroxywogonin had no effect on feeding behaviour whilst others, such as acacetin, seemingly
affected certain species but not others (Castillo et al., 2013). Whilst total flavonoids increased
with UVB exposure (Harborne and Williams, 2000), flavones have more complex expression
patterns. In one study, the overall flavone glycoside concentration did not change with UVB ex-
posure, however the luteolin:apigenin glycoside concentration significantly increased (Markham
et al., 1998). Thus, the effects of UVB on herbivores, mediated via the flavone biosynthetic path-
way, is hard to predict and likely to vary widely between different plant species and their various
generalist and specialist herbivores.

1.5 Summary and project aims

Experiments using spectrally-modifying claddings have consistently identified a negative trend in
the overall (incorporating direct and indirect effects) PGR of aphid, whitefly and thrip in tunnels
clad with UV-attenuating claddings (section 1.2). The effect on extrinsic factors (immigration
and emigration) appear to be the dominant mechanisms, with experimental evidence for (i) re-
duced movement into low UV environments (section 1.2.2) and (ii) reduced preference for low
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UV environments in dispersing insects (section 1.2.3). There is also some evidence that dis-
ruption to insect vision, caused by UV-attenuation, results in spatial aggregation within tunnels
(section 1.2.4). This was due to the use of UV perception in flight as a direct cue for the sun
(section 1.3.2). When UV was removed, insects did not take-off, even when exposed to wave-
lengths associated with host plants. I therefore conclude that UV is a critical component in the
long distance dispersal behaviours of aphid, whitefly and thrip.

Most of the work in this area focused on Hemiptera and Thysanoptera and so little is known
about the effect of UV-attenuation on other orders, however there is some indication that UV-
attenuation also inhibits the spread of Diptera and Coleoptera (Table 1.2). The effect of UV-
attenuation on Lepidoptera is largely unknown, however most species have more advanced vi-
sual processing requirements than Hemiptera and Thysanoptera (e.g. locating nectar sources,
correctly identifying mates, etc.) and so their vision may be less susceptible to UV-attenuation.
Additionally, many commercially-relevant pest species are predominantly night flying (section
1.3.2) and so may be less reliant on visual cues for flight. As such, applications for the use of
spectrally-modifying claddings are most appropriate as an IPM tool for control of aphid, whitefly
and thrip and it is in these species where future investigative work should concentrate.

Whilst control of immigration and spread within a crop had a strong effect on limiting PGR, there
was some evidence of a second mechanism by which UV-attenuation affected in