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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
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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 insect PGR. In a
number of cases, immigration was shown to be reduced by UV-attenuation, however overall thrip
and whitefly PGR within the tunnels was unaffected (Table 1.2). UV-attenuation also appeared
to have a variable effect on birth/death rate when extrinsic factors were controlled for (section
1.2.5). These findings suggest that their is a secondary mechanism controlling overall PGR in
tunnels which is linked to UV exposure, but is not due to insect behaviour. As UV (especially
UVB) is known to affect many plant processes which interact with herbivore defence (section
1.4, since reviewed by Ballaré (2014)), it is to be expected that spectral modification in the
UV will affect the plant phytochemical composition and that this will affect feeding herbivores.
Across a wide range of plant taxa, there were many species-specific responses to UV-exposure
and extensive evidence of UV-induced changes in the concentration of these compounds which
have roles in both photoprotection and herbivore defence (section 1.4). Particularly important
chemical classes for UV-induced herbivore defence are the isoprenoids (including carotenoids,
section 1.4.3) and phenolics (section 1.4.4), and so any plant-herbivore interactions which are
strongly influenced by these chemical classes are likely to be affected by UV exposure.

I identified two major areas in which spectral modification is likely to have an effect on insect
PGR: (i) the direct effect on the insect, through manipulating dispersal and host-finding be-
haviours, and (ii) the indirect effect on the insect, through the interaction between UV-exposure
and herbivore defence.The applied research community has established a strong basis for the
use of UV-attenuation to control dispersal behaviours, however little is known about the indi-
rect effects (plant-mediated) of UV-attenuation on the birth or death rate of insects under UV-
attenuated light environments. Whilst some small-scale laboratory studies had been conducted
by the fundamental research community, predominantly testing the effects of UV-supplementation
of plant material on Lepidoptera, very little was known about the effects of UV-attenuation on
phloem-feeding insects.

Given the established scope of the project (section 1.1) and the findings of this introductory
chapter, the initial aims of the project were:
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Figure 1.7: Effects of light on aphids. During dispersal flight, UV light (A) is used to orientate flight.
Green light reflected from vegetation (B) attracts dispersing aphids which land on the plant material. Plant
chemistry is affected by spectral balance (C) and this can affect birth and death (D). When alates are
produced, these use UV as a take-off cue for secondary dispersal (E).
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. To establish a model system using a phloem-feeding pest (Order:Hemiptera) for experimen-
tal work testing the effects of UV-attenuation on birth and death rate.

. To assess the relative importance of UV in mediating plant defence against phloem-feeding
pests (indirect), compared to other mechanisms (indirect) by which UV may affect their
population growth.

. To utilise methods applicable to protected cropping practice (i.e. attenuation of solar UV
rather than UV supplementation).

. To synthesise the findings of experimental work in the context of both the fundamental and
applied literature, in order to produce new hypotheses for the methods by which selective
UV-attenuation may act in a suppressive capacity against phloem-feeding pests.

25



CHAPTER 2

General Materials and Methods

2.1 The experimental system

In the general introduction, I identified a need to develop a robust system for testing the effects
of ultraviolet (UV)-attenuation on a model phloem-feeding herbivore. Myzus persicae has been
identified as a commercially-important pest in protected cropping (Legarrea et al., 2010), used
extensively as a model in UV-manipulation experiments of Hemiptera (Kuhlmann et al., 2009,
2010; Mewis et al., 2012; Paul et al., 2012), and identified as a polyphagous aphid capable of
feeding on more than 400 plant species (Zhang et al., 2016). In comparison to other aphids,
the visual sensitivity and visual ecology is somewhat better understood: the photoreceptors have
been characterised using electroretinography (ERG) (Kirchner et al., 2005) and probing activity,
in response to colour, measured (Doring et al., 2007). As such, M. persicae was an obvious choice
as an aphid model for investigating the effects of UV on aphid population growth. Brassica
oleracea had been previously used for the study of UV on the interaction of M. persicae with its
host (Mewis et al., 2012; Kuhlmann et al., 2010) and so was chosen as the host plant for use in
initial experiments.

2.1.1 The glasshouse environment

Glasshouses were located at the Lancaster Environment Centre (54.04°N, 2.80°W). Each glasshouse
had a floor area of approximately 4 m x 4 m. Temperature was partially controlled by temperature-
controlled passive ventilation, thermal blinds and heating. Over the course of the glasshouse
practical work undertaken between February 2014 and January 2016, the mean (+ one standard
deviation) temperature was 22.4 + 5.0°C and relative humidity was 43.5 &+ 13.4%. Supplemen-
tary lighting was supplied by eight sodium lamps until January 2015 and then by eight Senmatic
FL300 Sunlight Light-Emitting Diode (LED) units to maintain a daytime total irradiance of at
least 115 W m™2. Measured maximum Photosynthetically-Active Radiation (PAR), ultraviolet-
A (UVA), and ultraviolet-B (UVB) irradiances were 225.7 W m™2, 14.9 W m™2, < 0.01 W m2
respectively (Figure 2.1). For experimental work and maintaining insect stocks, a day:night
photoperiod of 16:8 hours was used.
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Figure 2.1: Measured irradiance at plant growing level inside the glasshouse at Lancaster University. Mea-
surement was made in mid-August at approximately solar noon when the sun was un-obscured by clouds.
Dashed lines show the lower and upper limit of the UVA waveband (315 nm and 400 nm).

2.1.2 Life-cycle and characteristics of Myzus persicace

Myzus persicae, like many heteroecious aphid species, has a complex life cycle (Irwin et al., 2007).
In early spring asexual winged females hatch from overwintering ova and move from the winter
hosts (Prunus spp.) to a diverse range of summer host plants. These asexual winged females
give birth to asexual wingless females and subsequently, rapid population growth occurs. As the
colony increases in size and the relative aphid density increases, production of asexual winged
‘dispersal morphs occurs (Irwin et al., 2007). In M. persicae, this is triggered by a reduction in
phloem quality and, to a lesser extent, spatial crowding (Miiller et al., 2001). These dispersal
aphids make short flights, or may even walk, to new host plants in close proximity where they
produce more asexual wingless females (Irwin et al., 2007). This is distinct from the autumn
migration, where production of winged males and winged sexual females occurs, allowing the
population to move back to the primary hosts (Prunus spp.) and undertake sexual reprodution.
This process is triggered by reduced day length (Searle and Mittler, 1982), moderated by a
generational “interval timer” (Margaritopoulos et al., 2002).

During the asexual component of the life cycle of M. persicae, individual fecundity and longevity
may be heavily influenced by a number of biotic and abiotic factors, however for a colony reared
at a typical glass house temperature of 25°C on chinese cabbage (Brassicae rapa), the intrinsic
rate of increase (population growth rate) was between 0.23 and 0.36 aphids/aphid/day (Davis
et al., 2006). In the same study, the mean generation time was between 9 and 14 days.

2.1.3 Rearing and use of Myzus persicae

Myzus persicae (Sulzer) was used throughout the experimental work from a colony held at Lan-
caster University and originally collected locally. Aphids were reared on the B. oleracea cultivar
currently being used for the experimental work (Derby Day, Volta or Zen, as described above).
Stock plants were reared as described above but were potted into larger pots at four weeks to
lengthen the duration on which the culture could be kept on them. Aphids were kept in mesh
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tent cages (0.5 m x 0.5 m x 0.5 m) on three to five stock plants per cage. Cages were located
on benches within the experimental glasshouses and were therefore under the same climatic
conditions as the experimental plants for each experiment (see above for details). New stock
plants were added and old or damaged plants were removed every two weeks. The 16:8 hour
day:night regime ensured the aphid culture remained in its summer state with asexual female
apterous aphids produced continuously and asexual female alate aphids produced when the
colony was placed under mild stress by reducing the interval between plant replacement.

Apterous (wingless) aphids of a similar size and pigmentation were selected for experimental
work. Whilst this guaranteed that all aphids were asexual females (males are relatively easy to
differentiate), separation of immature asexual winged females from wingless females was diffi-
cult because immature winged females also lack wings and so are easy to mistake for wingless
females. Later instars are more easily differentiated by visual patterning on the back (lighter
colouration around the perimeter of the abdomen in winged immatures) and so were more eas-
ily avoided. Therefore, to control for this during experimental work, later instar aphids were
used and, in order to reduce the proportion of alates in the stock culture, host plants were re-
placed regularly (maintaining lower population density reduced alate production (Miiller et al.,
2001)).

2.1.4 Cultivars and growing procedure

A number of cultivars of Brassica oleracea were used throughout the experimental work. The
cabbage cultivar ‘Derby Day’ (supplied by Nickys Nursery Ltd. Fairfield Road, Broadstairs, Kent.
CT10 2JU) was used in the initial field experiments. A calabrese, ‘Volta’ (supplied by Nickys
Nursery Ltd. Fairfield Road, Broadstairs, Kent. CT10 2JU) was selected for polytunnel field
experiments and mortality assays due to a more open leaf structure during early growth stages
(no head formation). This cultivar was chosen because of its wide range of sowing dates (and
so presumed tolerance to a wide range of temperatures), moderate Botrytis tolerance and green
foliar material. Due to supply problems, experimental work was moved to a second cultivar of
calabrese, ‘Zen’ (supplied by Tozer Seeds Ltd. Pyports, Downside Bridge Road, Cobham, Surrey,
KT11 3EH), for the behavioural experiments. This cultivar had similar sowing requirements and
appearance to ‘Volta’.

Seeds were sown at 0.5 cm depth in Levington’s M3 high nutrient compost (supplied by LBS
Worldwide Ltd, Standroyd Mill, Cottontree, Colne, Lancashire BB8 7BW) and allowed to germi-
nate under perspex propagator hoods in the glasshouse. Depending on experiment, polystyrene
module trays (field experiments, behavioural experiments) or transparent polypropylene cups
(mortality experiments) were used to contain individual plants. Three seeds per container were
sown and all but one seedling were removed a few days after germination. Containers were
grouped in plastic trays which allowed proper drainage. Plants were well watered with tap wa-
ter and no fertilisation was applied due to the high nutrient content of the substrate and short
duration of the experiment.

2.2 Experimental polytunnel field site

Whilst latter stages of this project used small, typical, plant science laboratory facilities and
growing environments to dissect the mechanisms of aphid responses to UV, the initial work was
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concerned with identification of broad aphid population responses to both current commercial
and prototype light environments in small scale field experiments. These experiments neces-
sitated the design and construction of a suitable field site to test horticultural films, allowing
sufficient replication for experimental power in addition to simple management and usability.
The following section describes the design and layout of the site.

2.2.1 Design principles

1. The field site allows sufficient replication of up to four prototype plastics. Previous
studies on the effects of UV-attenuation on insect populations often had limited true repli-
cation, with a number of studies using only one (Legarrea et al., 2012b,a) or two (Doukas
and Payne, 2007) simultaneous structure replicates per treatment. Although these previous
studies have used replication within the light treatments (i.e. within tunnels), a preferable
approach is to have replicate tunnel structures organised in a randomised block design, as
used by Antignus et al. (2006). This approach controls for any spatially-determined covari-
ance of the site, such as temperature, humidity or shading. During the planning phase of
this research project, four horticultural polyethylene (PE) film claddings of interest were
identified, based on their spectral properties. Therefore, with four treatments and a min-
imum replication of three per treatment, the minimum number of structures needed was
12.

2. The structures should be structurally sound and adequately support the film claddings.
Lancaster is subject to occasional strong winds and so any external structures should be
suitably anchored with ground anchors and strong enough to resist moderately high winds.
Additionally, the films should be supported far enough from the experimental plants and
cages such that if they are changed midway through an experiment, this will not affect the
experimental plants.

3. The structures allow some ventilation to prevent excessive temperatures and main-
tain lower relative humidity. High humidity is favourable to the propagation of some fun-
gal pathogens. Additionally, very high air temperatures are also considered unfavourable
for plant development.

4. The user should be able to work within the tunnel structure. Many experiments require
in situ measurements to be made (such as aphid counts, chlorophyll fluorimetry etc.).
Removal of the plants from the experimental light environment may stimulate physiological
changes and so should be minimised where possible. Similarly, movement of plants with
resident insect populations may cause their dislodgement and subsequently affect their
survival or Population Growth Rate (PGR).

5. The site was irrigated by drip irrigation to maintain plants in a well-watered state.
Maintaining adequate soil moisture content throughout the growing period is essential as
droughting or over-watering would introduce a second stress which may interact with the
herbivore population growth.

2.2.2 Structure design

Based on the design principles described previously, a tunnel structure was designed from stan-
dard and bespoke parts (fabrication and supply: NP Structures Ltd. Mill Green, Waterside Road,
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B

Figure 2.2: Final structure design. A small, steel-framed polytunnel (A), on temporary supporting plates
(B). A timber frame supported a galvanised steel weld mesh growing platform (C), allowing the user to
work within the tunnel (D).

Colne, Lancs, BB8 0TA) (Figure 2.2) which gave a 1.9 m x 1.2 m growing area constructed of
weld-mesh on a timber frame. The timber frame was assembled and coated with a green timber
treatment. This growing bench was housed within a tunnel of height 2.2 m, width 1.3 m and
length 3.1 m, providing adequate space at both ends for a user to make measurements. The
growing area was suspended from the two side support beams on brackets designed to hold a
door unit. The tunnel was anchored using cargo tape and a screw-in ground anchor. Horticul-
tural film claddings (details below) were used to clad all sides of the tunnel structure to the level
of the bench. Below the bench was left unclad to allow ventilation below the growing space.

A Galcon DC irrigation timer and manifold connected to the mains water supply was used to
irrigate the tunnels on a single circuit. Each tunnel had a terminal with 12 dripper nozzles.
Irrigation was programmed twice a day for various durations, depending on the size of the

plants.

2.2.3 Site layout

The tunnels were oriented so that the ends were un-obscured by other tunnels or structures, and
were facing approximately south to provide maximum exposure to solar radiation (Figure 2.3).
At the western end of the compound, there was a partially opaque fence and so the first tunnels
were positioned three metres east of this. To the north of the site was a glasshouse array and
the main laboratory building. Tunnels were positioned a minimum of three metres from the
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buildings. In order to estimate the best positioning of tunnels on the available site, a shadow
model was constructed in Google SketchUp (now Trimble SketchUp) which allowed the approxi-
mate position of shadows to be estimated at different points through the growing season (Figure
2.3). I concluded that tunnels were best spaced 1 m apart to reduce the shading effect from
neighbouring tunnels, however as the tunnels were oriented south, the shading effect from other
tunnels was minimal. The area beneath the tunnel was covered with a light-coloured landscaping
ballast over a weedproof membrane and was regularly controlled for weeds with glyphosphate
herbicide.

Figure 2.3: Site layout. The top image shows a Google Sketchup simulation of the site to check for possible
shading issues. The bottom image shows the site layout as used for the field experiments.
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2.3 Light and insect photobiology experiments

As the interaction of organisms and light is the central theme of this thesis, the fundamental
principles, measurement and expression of light treatment is of great importance.

2.3.1 Definitions and units

As light is of central importance to this thesis, I briefly define the terminology and concepts of
light and its units. Light may be thought of as both a wave and a particle and, as such, may
be measured either as an energy or a quantity. Dose is defined as the energy (J) or quantum
(umols) intersecting a 2-dimensional plane and the units are either energy per unit area (J m=2)
or quantum per unit area (umols m~2). Irradiance is the energy transferred per second with
units of W m™2 or mW cm™2. The analogous unit for quantum is photon fluence which is the
quantity of photons transferred per second with units of ymols m=2 s~1. UV light is the band of
electromagnetic radiation with wavelengths between 100 nm and 400 nm. This region is further
divided into Ultraviolet C (100 nm-280 nm), Ultraviolet B (280 nm-315 nm), and Ultraviolet A
(315-400 nm). Human visible light is defined as the waveband between 400 nm and 900 nm
(although it is acknowledged that humans are capable of perceiving light beyond this range).

2.3.2 Hardware tools for measuring light

A Macam SR9910 double monochromator spectroradiometer (Macam Ltd. No longer trading)
was used for spectral measurements. This was regularly calibrated against deuterium and QTH
reference sources. For measurement of irradiance, a cosine corrected head on a 1.5 m shielded
quartz fibre was used. Irradiances were recorded at a minimum resolution of 1 nm between 250
nm and 400 nm, and 5 nm between 400 nm and 800 nm.

For transmission measurements of a material, a 20 cm diameter Macam integrating sphere was
used for light collection, allowing the total (diffuse and direct) transmission to be measured. A
1 m quartz fibre connected the top collection port to the spectroradiometer. A 6283NS mercury-
xenon arc lamp (supplied by Newport Spectra-Physics Ltd. Unit 7, Library Ave, Harwell Oxford,
Didcot OX11 0SG) housed in an Oriel lamp housing was used for illumination of the sample.

2.3.3 Software tools for processing spectral data

As much of the statistical analysis for the experimental work in this thesis was conducted us-
ing the R statistical programming environment, this was also used to perform calculations on
the recorded spectra. Within this, the ’photobiology’ package (Aphalo et al., 2012) was used
as the primary processing tool for the spectroradiometer raw data. Raw data from the spectro-
radiometer, stored as line-separated value text files with a .dti or .dta file extension, was read
directly into R and further calculations applied from that point. The package makes use of the
object-oriented environment in R to import spectra or groups of spectra as objects and apply
user-specified transformations. This may include simple multiplication to convolve a spectra
with a spectral weighting function, or a division to calculate a transmission. The ’raster’ package
was used to import and process GeoTIFF irradiance maps. Plots were generated with either the
‘ggspectra’ or parent package ‘ggplot2’.
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2.3.4 Measuring irradiance

All irradiance measurements were made in accordance with standard photometric procedures
(Labsphere, 2015). For a typical irradiance measurement, the cosine head was orientated ver-
tically so the sensor surface was parallel with the sky. Measurements were taken with an inte-
gration time of 100 ms for solar and 200 ms for non-solar sources. Solar measurements were
conducted within one hour of solar noon (13.00 BST) and under cloudless conditions. Shorter
integration times were used under sunlight to reduce the overall measurement time and there-
fore reduce the likelihood of a change in atmospheric conditions which would give inaccurate
measurement.

Analyses for insect experiments relied on the use of weighted or unweighted integrated irradi-
ances as predictors in the statistical models. Unweighted irradiance integrals (such as total UVA,
UVB, PAR, etc.) were calculated as

)\max
E = Z EQ) - A 2.1)

>\min

where E is the total integrated irradiance between A;; and A\max, E()) is the irradiance over a
given waveband, and A()) is the width of the waveband.

In some circumstances, it is desirable to calculate effective irradiance, where an unweighted ir-
radiance (e.g. an illumination source) is convoluted with a Spectral Weighting Function (SWF)
(e.g. the wavelength sensitivity function of a photoreceptor). The integral of an effective irradi-
ance spectrum is a dimensionless value, E*, which can be thought of as the effective response of
a system to a given spectrum. SWFs are referred to as Biological Spectral Weighting Functions
(BSWFs) when the target system is biological (e.g. photoreceptors, other chromophores, etc.)
Effective irradiances were calculated as:

)\max
E* = ) Eer(V) - EQ) - AN (2.2)

)\min

where E* is the total effective integrated irradiance between A, and Amax and E.g () is the
weighting for a given waveband.

2.3.5 Measuring material transmission

Transmission measurements of material samples were made using an integrating sphere illumi-
nated as described above. The lamp beam was focused through a quartz lens into the front port
of the integrating sphere. The rear port was obscured with a calibrated polytetrafluoroethylene
(PTFE) reflectance reference disc and the top collection port connected to the spectroradiome-
ter with a 1m quartz fibre. After allowing a 30 minute warm-up period for the lamp, a 100%
reference scan was made with the entry port of the integrating sphere un-obscured. The entry
port was then covered with a single layer of the measured material and a second scan recorded.
Transmission calculations were made in the ‘photobiology’ R package. For each wavelength, the

transmission was calculated as
E(/\)ﬁltered

t(\) =
E(A)reference

(2.3)
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Figure 2.4: Normalised photoreceptor responses for the three Myzus persicae receptor types

where E(\)fijrereq i the irradiance of the filtered light source at a given wavelength and E(A) seference
is the irradiance of the same light source unfiltered.

It was often useful to estimate the effective irradiance transmission of the material under an envi-
ronmentally representative illumination source, for example the % transmission of erythemally-
weighted solar UV into a polytunnel, clad with a PE film of known transmission. The transmission
spectrum was first convolved with a standard surface-level solar reference spectrum (in this case
ASTM G173 direct, see section 2.3.8 for description) to obtain the transmission spectrum. The
transmission spectrum and the reference spectrum were each convolved with the desired spec-
tral weighting function (see above) and the final effective transmission for a known filter under
a known spectra was calculated as

T = Ezltered (2.4)

reference

Some caution must be applied when using this, as the percentage transmission estimate is only
applicable for similar illumination spectra. If, for example, a solar spectrum has been used to
estimate the erythemally-weighted transmission of a material, that transmission percentage only
applies to transmission of a similar solar spectrum through the material.

2.3.6 Biological Spectral Weighting Functions

A number of BSWFs were used throughout the thesis. The visual action spectrum for Myzus
persicae (Figure 2.4) was extracted from Doéring et al. (2007) and was used to calculate the
effective stimulation of the trichromatic aphid visual system (see next section for description of
colourspaces). Other BSWFs were used in Chapter Four to approximate alignment with known
action spectra of UV-induced damage. BSWFs used were:

1. The erythemally-weighted CIE action spectrum, Commission Internationale d’Eclairage
(1999)

2. Combined spectra for human health risk factors, International Commission on Non-Ionising
Radiation (2004)
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3. Naked DNA action spectrum, Setlow (1974)
4. In vivo DNA damage in Alfafa sp., Musil (1995)

All were used directly within the "photobiology’ package in R (Aphalo et al., 2012).

2.3.7 Colourspace derivation and use

Insect visual perception of light is determined by the sensitivity of the insect eye to different
wavelengths. When normalised, these Visual Action Spectras (VASs) can be used as BSWFs to
measure the effective stimulation of a photoreceptor by a given illumination source. The use of
these insect VAS as BSWFs provides a convenient way of describing the effective irradiance per-
ceived by the insect and so the VAS for short- (‘UV’), medium- (‘Blue’) and long-wavelength
(‘Green’) photoreceptors for M. persicae were used to generate a M. persicae 3-dimensional
colourspace. Modifying an approach used by Osorio and Vorobyev (2008), this was calculated
as follows:

The illumination spectrum was first convolved with each of the three photoreceptor VAS such
that

E;hotoreceptor = Z Eeer(A) - EQV) - AN (2.5)

where E.¢ was the normalised photoreceptor response spectrum for a given photoreceptor type.
The effective response for each photoreceptor was then converted to a proportion of the total
photoreceptor stimulation (the sum of all three photoreceptor types):

E*
Ryy = W (2.6)
EEV + EElue + EEreen

E*
lue
Rplue = b 2.7)
EITIV + EElue + E“Ereen

E*
Green (2.8)
E{IV + Eglue + Eéreen

RGreen =

This generated a set of three colour coordinates for each illumination source, such that
aRyy + bRpjye + CRgreen = 1 (2.9)

where a,b and c are weighting values determined by the signal processing neural network. Neu-
ronal weightings for the different photoreceptor types are context dependent and will change as
the insect-eye is colour-adapted to the light environment (Chittka et al., 1992), therefore the ab-
solute position within the unweighted colourspace (where a = b = ¢ = 1) is arbitrary. Instead,
it is the relative position of one illumination source to another that is of interest, and so, for
graphical representation, the colourspace may be scaled about a convenient reference spectrum.
For the work undertaken in this thesis, the centrepoint was defined as the aphid response to a
standard solar spectra (similar to chromaticity diagram principles developed by Vorobyev and
Brandt (1997)). The ASTM G173 direct spectrum was used and all measured values were scaled
such that the ASTM spectrum was at the centre of the ternary diagram (Figure 2.5). This allowed
interpretation of spectra as increased or decreased photoreceptor responses, relative to sunlight.
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uv G

Figure 2.5: Ternary plot showing the conceptual application of a visual colourspace. The ASTM G173 direct
spectrum is defined as the centrepoint and shifts in each of the three axes represent relative changes in the
stimulation of each photoreceptor type.

2.3.8 Third-party solar datasets

Certain data modeling and interpolation required the use of standardised modeled and measured
spectra from external sources. Here, a description of those datasets and their source is provided:

ASTM G173 Direct

This is a representative solar reference spectrum. The spectrum was designed to be a repre-
sentative mean for all regions of the U.S.A, over all seasons (ASTM International, 2012). As
environmental irradiance and dose vary widely in time and space, this was considered a typical
clear sky spectrum and was predominantly used for spectral balance calculations, rather than
for irradiance or dose calculations. The spectrum was obtained from the ’photobiologySun’ R
package.

DEFRA measured dataset

Erythemally-weighted solar irradiance averages recorded at 30 minute intervals for a site at
Reading, UK (51.44°N, 0.94°W). The dataset retrieved from the DEFRA radiation data repository
(DEFRA, 2016). A subset of the data from 20th June 2013 to 31st of August 2013 (to coincide
with the field experiment) was used to calculate daily dose integrals for erythemally-weighted
solar radiation as a spectral dataset broadly representative of British summertime.

SoDa modeled dataset

Mean hourly erythemal dose for a given location, retrieved from the SoDa website (SoDa, 2016)
(actual data service supplied by Meteotest, Fabrikstrasse 14 3012 Bern, Switzerland). Values
were calculated using a modified version of the radiation transfer model described by (Rigollier
et al., 2000). The parameter values entered into the interface on the website are presented in
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Table 2.1: Input parameter values for the SoDa radiation transfer model interface.

Parameter Value

Latitude and Longitude Reading: 51.44°N, 0.94°W
Lancaster: 54.04°N, 2.80°W

Spectral part of UV Erythemal all sky
Radiation unit Irradiance

Select time unit hourly

type of ground grass

chain method Erythemal all sky

Table 2.1. The model returned hourly mean irradiance values. These were used to calculate daily
dose integrals for erythemally-weighted solar radiation (comparable with the above measured
dataset).

Aura-OMI Daily Gridded Surface UV

Satellite surface daily erythemally-weighted UV doses in a 1° x 1° grid obtained through the
Giovanni interface (NASA, 2016). A time-averaged dataset for the period 21st of June 2013 to
31st of August 2013 (to temporally align with the DEFRA dataset described above) was obtained,
providing mean daily surface erythemally-weighted UV dose at a 1° x 1° resolution. A subset
area over western Europe and north Africa was selected for use. Using the Giovanni tool, a
single-colour colourscale was selected with 65 separate colour levels, smoothing was applied
and the dose range scaled between 1 kJ m™2 and 7 kJ m~2. This map was then exported from the
web interface in the GeoTIFF format. The GeoTIFF image was processed in R using the 'raster’
package. After importing the GeoTIFF as a raster brick, colour channel values, longitude and
latitude were transformed into a data frame. The colour values, from each of the three colour
channels, for each pixel were summed and the result scaled between one and seven to produce
a geo-referenced map of erythemal daily dose.

2.3.9 Film transmission spectra

The industrial element to this research project allowed access to commercial PE film claddings
with various transmission profiles. Whilst there was a commercial research component to their
use in field experiments, the optical properties and stability of these films meant that they were
highly suitable as UV-manipulating filters for laboratory work. Four different films were used
for experimental work at Lancaster: a commercial UV-transparent film (Lumisol, Figure 2.6.A),
a commercial ‘standard’ film (Lumitherm, Figure 2.6.B), a commercial UV-opaque film (Lumivar,
Figure 2.6.C) and an experimental film (referred to as ‘Tex’, Figure 2.6.D). All were supplied
by BPI-Visqueen, Lundholm Road, Ardeer, Stevenston, KA20 3NQ. Additionally, spectra for two
experimental films not used in the experimental work are presented here, predominantly for
modeling purposes (referred to as ‘C1’ and ‘C6’, Figure 2.6.E and 2.6.F).

2.3.10 Experimental light sources

A number of illumination sources were used for laboratory experiments. For UVB supplementa-
tion, UVB-313 EL fluorescent tubes were used (supplied by Q-LAB EUROPE, LTD., Express Trad-
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Figure 2.6: Commercially available PE film transmission spectra. Measured transmissions as described
above for (A) UV-transparent, (B) standard, (C) UV-opaque films and (D-F) three experimental films. The
red-shaded region shows the UVB component and the blue-shaded region shows the UVA component of
the transmission spectrum. The dashed line shows 100% transmission.The transmission profile for Tex (D)
shows transmission values above 100% due to fluorescent emission in this region.
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ing Estate, Stone Hill Road, Farnworth, Bolton, BL4 9TP). For short wavelength UVA, UVA-340
fluorescent tubes were used (supplied by Q-LAB, address as above). Long wavelength UVA sup-
plementation was provided by Philips TL 6 W BLB fluorescent tubes (supplied by Philips-Lighting
UK). Where necessary for experimental work, Valoya NS-1 LED units (supplied by Valoya Ltd.,
Melkonkatu 26, 00210 Helsinki, Finland) were used for non-UV, broadband supplementation.
LED units were used for work carried out in Chapters five and six. Four colours were used: Deep
Blue (455 nm peak, i-LED part number: ILH-ON04-DEBL-SC211-WIR200), True Green (528 nm
peak, i-LED part number: ILH-ON04-TRGR-SC211-WIR200), Hyper Red (656 nm peak, i-LED
part number: ILH-ON04-HYRE-SC211-WIR200) and UV (365 nm peak, i-LED part number: ILH-
XS01-S365-SC211-WIR200.). These were supplied by RS Components (Green Lane Industrial
Estate, Kennedy Way, Stockport SK4 2JT). These were controlled with a raspberry Pi via a 5V
motor controller board (also supplied by RS Components, see above).

2.3.11 Standardised canopy transmission spectra

As discussed in 1.3, insect vision is highly sensitive to spectral balance, and so quantifying the
light environment typically experienced by the aphid was a significant development in under-
standing the mechanisms by which it influences behaviour. In order to produce a simple model
of the effect of the canopy on solar radiation, the transmission of light through the canopy was
measured in a controlled illumination envioronment. Calabrese (v. Zen) was grown (as de-
scribed in section 2.1) in 5 cm x 5 cm x 5 cm module units, grown as a single 3x4 cell module
tray. Plants were grown for four weeks (approximately five true leaves present) to produce a
seedling canopy environment, representative of the experimental work conducted elsewhere in
this study. The measurement arena was established within a CE room, using UVA-340 (UVA),
UVB-313 (UVB) and Valoya NS-1 LED units (400-700nm) for illumination.

For the single leaf transmission measurement, the sensor was clamped in position and a repre-
sentative leaf (either second or third leaf) was positioned directly over the sensor head so that
it was touching the probe (Figure 2.7.A). The plant was then removed and a 100% reference
scan was made. This was repeated three times and the averaged values used to calculate the
through-leaf transmission.

For canopy transmission measurements, the cosine head was clamped in position, pointing up,
towards the lamp sources which were positioned directly above the measurement arena. Five
measurements were made with the head under the canopy and five were made at different
positions around the arena, once the tray of plants had been removed. Under-canopy and control
spectra were averaged and the average transmission calculated (Figure 2.7.B).

A direct measurement of the compost reflectance was made by orientating the cosine head down-
wards, measuring the spectra and then orientating the head towards the lamps and adjusting the
height so that the measurement was made in the same vertical plane (Figure 2.7.C).
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Figure 2.7: Transmission and reflectance measurements of naturally-occurring aphid feeding environments.
Figures A. shows the transmission through a single Brassica oleracea leaf. Figure B. shows the average
canopy transmission and Figure C. shows the compost reflectance. Markers in the method diagram show (A)
metal halide source lamp, (B) UVA-340 and UVB-313 EL fluorescent tubes, (C) Brassica oleracea seedlings,
(D) M3 compost, (E) spectroradiometer cosine-corrected head.
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CHAPTER 3

Population and behavioural effects of ultraviolet radiation on

Myzus persicae in field experiments

Abstract

Background: Ultraviolet-B (UVB) radiation has previously been shown to influence pest
success by inducing plant responses which alter antiherbivore defence. This mechanism is of
interest in protected cropping, where crops are covered with films or nets, as spectral balance
may be manipulated through changes in the optical transmission properties of the cladding.
Very little is known about the plant-mediated effects of UVB on aphids and so the initial ex-
periments of the project were designed to test the responses of the aphid, Myzus persicae, to
ultraviolet-A (UVA) and UVB. This work was conducted in 2013 in small scale polytunnels,
utilising polyethylene (PE) films with different transmission properties to provide a gradient
of UVA and UVB transmissions.

Results: UVB was not found to significantly determine birth or death rate of M. persicae,
however there were treatment differences. The lowest aphid Population Growth Rates (PGRs)
on two cultivars of Brassica oleracea were seen when UVA was attenuated but some UVB was
transmitted into the growing environment. For both cultivars studied, canopy distribution
differences were observed between treatments. Under UVA-attenuated light environment,
approximately twice as many aphids were recovered from exposed feeding sites (upper leaf
surfaces of the upper canopy), compared to high UVA treatments.

Conclusion: UVB-induced changes in plant defensive chemistry were not thought to ex-
plain aphid PGR in this study, however, possible behavioural changes exposed the aphids to
higher levels of damaging UVB radiation in some treatments. This was hypothesised to explain
the PGR differences between treatments and identified new targets for research in subsequent
chapters of this thesis.
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3.1 Introduction

From the early 1980s, there has been interest in the use of horticultural polytunnel claddings
that modify the solar spectrum for pest control (Antignus, 2000). Study of insect flight behaviour
has determined, both mechanistically (Kirchner et al., 2005) and experimentally (Raviv et al.,
2004), that UVA (315 nm-400 nm) is both detected and utilised for flight orientation (Pfeiffer
and Homberg, 2007). Exclusion of ultraviolet (UV) radiation through the use of UV-attenuating
nets had an inhibitory effect on pest PGR: aphids and whiteflies (Order: Hemiptera) were more
likely to land when they entered a UV-attenuated environment (Legarrea et al., 2012c¢) and, if
presented with a choice, were less likely to enter areas with lower UV irradiances (Costa et al.,
1999) resulting in fewer infected plants and smaller pest populations in the crop as a whole.
Similarly, under UV-attenuating films, thrips (Order: Thysanoptera) remained closer to their
point of release and showed reduced preference for UV-attenuated environments (Kigathi and
Poehling, 2012). As such, these claddings offer a powerful tool for the control of arthropod pests
in horticulture.

Whilst it has been shown that removal of UV may reduce the spread of pest insects via a visual
mechanism, other studies have shown that exposure of plants to short wavelength UV—UVB—
had an inhibitory effect on Lepidoptera (Caputo et al., 2006; Hatcher and Paul, 1994), Coleoptera
(Ballare et al., 1996) and Hemiptera (Paul et al., 2012; Mewis et al., 2012). For Lepidoptera,
larval weight, feeding preference and oviposition were reduced on plants grown under solar UVB
(Caputo et al., 2006) and reduced PGR in the generalist aphid, Myzus persicae, was attributed
to increases in brassica glucosinolates (Mewis et al., 2012). UVB-induced increases in flavonoid
concentration have been shown to negatively affect aphid birth rate (Paul et al., 2012), likely due
to the strong antifeedant effect of flavonoid and flavonoid derivatives (Golawska et al., 2012b;
Lattanzio et al., 2000). However, it has been previously noted that UVB-induced changes in plant
chemistry do not always correspond with better defended plants (e.g. Izaguirre et al., 2007, for
a review of UVB-induced antiherbivore defence, see 1.4) and as such the UVB-induced plant
response may have no effect (Kuhlmann et al., 2010), or even a positive effect (Dader et al.,
2014) on herbivores.

It is therefore of interest to establish the relative importance of insect-mediated (visual response,
flight behaviour, movement within crop, etc.) and plant-mediated (UVB-induced increases in
defence) mechanisms that may affect pest insects within a crop. Accordingly, the aims of the
experimental work presented in this chapter were to first quantify the effect of UVA and UVB
on insect PGR through putative changes in plant defensive chemistry as well as identify any ob-
vious morphological responses in the plants (such as reduced leaf area, as has been observed
in previous studies (Paul et al., 2005)). As such, the experimental method excluded migra-
tory and dispersal behaviours by inoculating caged plants with small populations of wingless
aphids and measuring the PGR. Using three commercial and one prototype film with different
UV-attenuating properties, a novel factorial experimental design was employed where the effect
of UVA and UVB could be tested in both combination and isolation (Table 3.1). In accordance
with a previous study (Mewis et al., 2012), The primary hypothesis was that PGR would be high
under UV-opaque (Lumivar) and commercial standard (Lumitherm) films due to the absence of
UVB and low and medium, respectively, under UV-transparent and prototype (Tex) films, due to
the respective high and moderate UVB transmission.
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Waveband
Film UVA UVB PGR
Lumivar - - High
Lumitherm + - High
Lumisol + + Low
Tex - + Medium

Table 3.1: Predicted effect of cladding type on Population Growth Rate (PGR) of aphids inhabiting polytun-
nels. This is expressed in terms of their UVA and UVB transmission (+) or attenuation (-).

3.2 Methods

3.2.1 Light environment

The experiment was located on a south-facing site at Lancaster University. Twelve purpose-
built polytunnel structures (3 mx1.3 mx2 m) were spaced 1.5 m apart (see 2.3 for further
details). Each tunnel was clad in one of four film claddings: Lumitherm (a Standard film with no
specific UV-manipulating properties), Lumisol (a UV-transparent film), Lumivar (a UV-blocking
film) and Tex (a prototype film which attenuated UVA and transmitted some UVB). All films
were produced and supplied by BPI Visqueen Ltd. Lundholm Road, Ardeer, Stevenston KA20
3NQ. Full spectrum irradiance measurements were taken in each tunnel on 9™ July 2013 using
a Macam spectroradiometer (model SR9910, Macam Photometrics Ltd.) and a five metre quartz
fibre optic with a cosine corrected head. Measurements were made within one hour of midday
when no clouds were present. 100% reference measurements were made outside the tunnels,
before and after tunnel measurements. The mean spectrum was used to calculate the tunnel
transmission for each tunnel.

3.2.2 Plants and insects

For the first experiment, Brassica oleracea (cabbage, c.v. Derby Day supplied by Nickys Nursery,
Kent, UK) was sown in Levington’s M3 compost (supplied by LBS Horticulture Ltd., Standroyd
Mill, BB8 7BW) in 134 mL modules in a partially temperature controlled glasshouse. 72 plants
(six per tunnel) were moved to the tunnels on 10t of June (five days after sowing) and watered
in trays by flood irrigation.

In the second experiment, two cultivars were compared: Derby Day (as above) and a calabrese
(c.v. Volta, supplied by Marshalls Seed Ltd., Cambridgeshire, UK). Seeds were sown in trays of
M3 compost in a partially temperature controlled glasshouse and left to germinate uncovered.
After six days, 36 plants of each cultivar (72 total) were transplanted individually into 500 mL

1 th

pots and moved into mesh cages inside the experimental structures (11" August).

Stocks of Myzus persicae were kept on Derby Day or Volta as described previously (2.1) before
transfer to plants of the same experimental cultivar.
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3.2.3 Aphid PGR experiment

In the first experiment, plants were transferred into individual standard mesh insect tent cages
(approximate volume = 35L) suspended from the tunnel structure at 29 days post-germination.
Ten apterous (wingless) M. persicae were transferred to a leaf fragment in a Petri dish and placed
at the base of the plant, allowing aphids to colonise the plants. Plants were harvested two weeks
after inoculation with aphids (43 days post-germination) which approximates a single generation
of Myzus persicae (see 2.1.2 for description of life cycle).

In the second experiment, the plants were grown in the mesh cages from six days post-germination.
At 23 days post-germination, five apterous (wingless) M. persicae were transferred to a leaf frag-
ment in a Petri dish and placed at the base of the plant, allowing aphids to colonise the plants.
Plants were harvested two weeks after inoculation with aphids (37 days post-germination).

For both experiments, in situ measurements of leaf temperature were made with an infrared
thermometer on three separate days during the experiments. For the final harvest, plants were
dissected and the number of aphids on upper and lower surfaces of each leaf was recorded. Leaf
area was measured with a LICOR LI-3000C portable leaf area meter (LI-COR Environmental -
UK Ltd, St.John’s Innovation Centre, Cowley Road, Cambridge, CB4 OWS). Above-ground plant
fresh mass was also measured.

3.2.4 Statistical methods

All statistical analyses were conducted using the R Statistical Computing Environment (R Core
Team, 2013). The effect of light treatment on plant leaf area and leaf temperature was tested
with a one-way ANOVA.

To compensate for the nested experimental design (replication within tunnels), Generalised Lin-
ear Mixed Effect Models (GLMMs) were used to test the effect of light treatment on the final pop-
ulation size for each experiment, whilst accounting for the nested experimental design of cages
within tunnels. The ‘MCMCglmm’ package was used to implement the Markov Chain Monte
Carlo technique to provide more reliable parameter and 95% confidence interval estimates than
can be achieved using the Ime4’ package (for introduction to this method see Baguley, 2012).
For final population size, a Poisson family was specified as the count data followed an approxi-
mate Poisson distribution.

PGR for estimated mean final population sizes was calculated with Equation 3.1 (after Renshaw
(1993)) where Ny is the start population and N; is the population after time period t (days).

Nt

PGR = w 3.1)
To test the effect of light treatment on aphid position, the ‘MCMCglmm’ package was used with
a ‘multinomial2’ family, to predict the proportion of aphids in an exposed position. Proportion
of aphids in an exposed position (proportion exposed) was defined as the number of aphids on
the upper surface of the first and second true leaves divided by the total plant population. All
MCMCglmm models used the default weak priors and models were checked by testing for chain
autocorrelation as specified by Hadfield (2010). Chain length was set to 100,000 and the default
burn-in (3000) and thinning interval (10) was used for all models, unless otherwise specified.
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3.3 Results

3.3.1 Light Environment

On the day of measurement (9™ July, 2013). Photosynthetically-Active Radiation (PAR) was
recorded between 1835 mol m2 s~! to 2142 mol m2 s~! within one hour of noon. The trans-
mission spectra for all structures were measured on this day and were broadly in keeping with
the expected transmission profiles (see 2.4.9 for transmission spectra measured on an integrating
sphere). Percentage transmission for total UV, UVA and UVB were calculated for each treatment
(Table 3.2, Figure 3.1). The Lumisol (UVA+|UVB+) film had uniform transmission of 69%
across the UV waveband. Both Lumivar (UVA-|UVB-) and Tex (UVA-|UVB+) blocked UVA, al-
lowing transmission in this waveband of less than 3%. Tex and Lumisol both transmitted in the
UVB with Tex transmitting 19% and Lumisol transmitting 69% UVB. Lumitherm (UVA+|UVB-)
allowed some transmission in the UVA (18%) but not in the UVB (< 0.1%). PAR transmission
varied across treatments, between 67% (Lumitherm) and 82% (Tex).

These transmission profiles allowed a semi-factorial experimental design where the effect of UVB
in isolation (Tex), UVA in isolation (Lumitherm), and UVA and UVB in combination (Lumisol)
could be compared to a UV-attenuated control (Figure 3.1). As such, the light treatments are
referred to by their UVA and UVB transmission (e.g. Lumisol: UVA+|UVB+, etc.), rather than by
the film brand names.

Table 3.2: % Transmission of sunlight through four horticultural films measured in situ at the field site
(n = 12). Mean values are shown for three tunnels 41 standard error of the mean.

Film Total UV UVA UVB PAR Light Treatment
Lumivar 0.7+0.1 08+£0.1 0.0 68.5+ 3.7 UVA-|UVB-
Lumitherm 15.2+0.5 17.9+4+0.5 0.1+0.1 67.4+3.7 UVA+|UVB-
Tex 4.7+0.1 22401 19.24+0.8 82.0+22 UVA-|[UVB+

Lumisol 69.1+21 69.1+18 69.1+3.5 763+20 UVA+|UVB+

3.3.2 Effect of light treatment on plant morphology

Total leaf area of cabbage (v. Derby Day) was not significantly affected by light treatment in
experiment 1 (F3 ¢g = 1.058,p = 0.373). The mean leaf area was 241 + 13 cm?. In the second
repeat of this experiment, leaf area of Derby Day was larger than in the first experiment, but was
not significantly affected by light treatment (F3 37 = 0.483,p = 0.697) with a mean leaf area of
513+ 10 cm? across all treatments. Calabrese (v. ‘Volta’) total leaf area was also not significantly
affected by light treatment (F3 390 = 1.853,p = 0.159) with a mean leaf area of 382+ 8 cm?.

An infrared thermometer was used to measure the radiative temperature of plants grown during
experiment 1. The upper leaves of the plant were measured three times and the mean recorded
as the temperature. The mean leaf temperature was 29.6+0.2°C. There was no significant effect
of light treatment on leaf temperature (F3 gg = 2.146,p = 0.102).
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Figure 3.1: UVA and UVB % transmission for experimental structures. Points show the mean values (n = 3
structures per treatment) and error bars show the measured range.

3.3.3 Effect of light treatment on Myzus persicae PGR

In both experiments, light treatment had a significant effect on the final population size of M.
persicae (Table 3.3, Figure 3.2). In the first experiment, M. persicae final population size was
significantly lower (p = 0.012, Table 3.3, Figure 3.2.A) on Derby Day grown under UVA-|UVB+
(57 aphids plant™!) than on Derby Day grown under UVA+|UVB+ (209 aphids plant™1). Final
population sizes under UVA+|UVB- (161 aphids plant™') and UVA-|UVB- (124 aphids plant™')
were not significantly different to final population sizes under UVA+|UVB+ (Table 3.3, Figure
3.2.A).

Table 3.3: GLMM model coefficients for two separate models (cv. ‘Derby Day’ and cv. ‘Volta’) for aphid final

population size. Parameters presented are: ! Posterior Mean. 2 Lower 95% Confidence Interval. 3 Upper
95% Confidence Interval. Significance codes: * = p < 0.05, ** = p < 0.01, *** = p < 0.001

Experiment Predictor gl LCI? UCI® p-MCMC

Intercept 5.15 441 592 <0.001***
Experiment 1 UVA-[UVB+ -1.41 -2.52 -0.39 0.012*
v. Derby Day UVA+|UVB- -0.50 -1.54 0.59 0.338
UVA-[UVB- -0.61 -1.75 0.40 0.241

(Intercept) 5.11 4.64 5.60 <0.001***
Experiment 2 UVA-|[UVB+ -0.93 -1.65 -0.27 0.011*
v. Volta UVA+|UVB- -0.27 -0.98 0.47 0.447
UVA-[UVB- -0.02 -0.72 0.65 0.946

In the second experiment, there was no significant effect of light treatment on final population
size in Derby Day (8 < 0.2, p > 0.5 for all treatments, Figure 3.2.B). The mean population size
across all treatments was relatively high (193 aphids plant™') compared to aphids on the same
cultivar in the first experiment.
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Figure 3.2: Aphid plant final population sizes and population growth rates (PGRs). Boxplots show the
median, interquartile range and range for each light treatment. Panels show v. Derby Day, experiment 1
(A), v. Derby Day, experiment 2 (B) and v. Volta, experiment 2 (C). Red letters show significantly different
treatments (model coefficients in Table 3.3). Mean PGRs are shown for each light treatment by tunnel %
UVA transmission (D) and tunnel % UVB transmission (E). Line colours show experiment and cultivar: red
= v. Derby Day, experiment 1; blue = v. Derby Day, experiment 2; green = v. Volta, experiment 2.

47



3.3. Results

Aphid final population size was significantly lower (p = 0.011, Table 3.3, Figure 3.2.C) for aphids

on Volta under UVA-|UVB+ (65 aphids plant™') compared to aphids on Volta under UVA+|UVB +

(166 aphids plant™!). Final population sizes under UVA+|UVB- (127 aphids plant™!) and UVA-
|UVB- (162 aphids plant™) were not significantly different to final population sizes under UVA+|UVB +
(Table 3.3, Figure 3.2.C).

In order to adjust for the different size starting populations (n=10 in experiment 1, n=5 in
experiment 2) in the two experiments, the PGR was calculated from the model coefficients for
each light treatment and cultivar in both experiments (Table 3.4). PGR was similar between M.
persicae on Derby Day in the first experiment and on Volta in the second experiment. The PGR for
M. persicae on Derby Day in the second experiment was not affected by light treatment and was
higher than the PGRs for Volta and Derby Day in experiment One (PGR = 0.52 aphids aphid~!
day‘l).

In order to explain the differences between PGRs in terms of the UVA and UVB transmission of the
tunnels, in the two experiments where an effect of light treatment was seen (Experiment 1, Derby
Day and experiment 2, Volta), PGRs were calculated and the two datasets analysed together. The
GLMM was specified as y ~ UVA x UVB + (1|Tunnel) + (1|Experiment) (‘Tunnel’ and ‘Experiment’
fitted as individual random effects) where UVA and UVB were the % tunnel transmissions for the
respective wavebands. The minimum adequate model was found to include the interaction term
(UVAxUVB), which was highly significant (p = 0.001, Table 3.5). This showed that attenuation
of UVA had a negative effect on aphid PGR, but only when UVB was not attenuated. As such,
there was no linear relationship between PGR and UVA (Figure 3.2.D) or UVB (Figure 3.2.E)
transmission of the tunnels.

Table 3.4: Mean Population Growth Rates (PGRs) for M. persicae on two cultivars of B. oleracea under four
different light treatments. GLMM predicted means were used for the Derby Day, experiment 1, and Volta,

experiment 2. Group mean was used for Derby Day, experiment 2 as there was no significant effect of light
treatment.

LT Film Cultivar PGR
Experiment 1 UVA+|UVB+ Lumisol Derby Day 0.43
UVA-[UVB+  Tex Derby Day ~ 0.25

UVA+|UVB-  Lumitherm Derby Day 0.40
UVA-|UVB- Lumivar Derby Day 0.36

Experiment 2 UVA+|UVB+ Lumisol Derby Day 0.54
UVA-|UVB+  Tex Derby Day 0.54
UVA+|UVB-  Lumitherm Derby Day 0.54
UVA-|UVB- Lumivar Derby Day 0.54

UVA+|UVB+ Lumisol Volta 0.50
UVA-|UVB+  Tex Volta 0.37
UVA+|UVB-  Lumitherm Volta 0.46
UVA-|UVB- Lumivar Volta 0.50

3.3.4 Effect of light treatment on spatial distribution

Aphids in both experiments and on both cultivars were significantly differently distributed in
the plant under different light treatments (Figure 3.3). Under UVA+|UVB+, 0.6% to 2.3% of
aphids were found in exposed positions. Under light treatments with low UVA transmission
(UVA-|UVB+, UVA-|UVB-), significantly more aphids (Table 3.6) were located in exposed feed-
ing positions (2.2% to 5.9%). The UVA+|UVB- and UVA-|UVB+ treatments were not significantly

48



3.3. Results

Table 3.5: GLMM model coefficients for the model PGR ~ UVA % UVB. Parameters presented are: !
Posterior Mean. 2 Lower 95% Confidence Interval. > Upper 95% Confidence Interval. Significance codes: *
=p < 0.05, ** = p < 0.01, *** = p < 0.001

Predictor Bl LCIZ UCI®  p-MCMC
(Intercept)  4.7x1071  -7.4x1071 1.54x10°  0.1361
UVA % 9.0x1073 -1.4x1072 -4.2x103 < 0.001***
UVB % -3.7x1073  -8.2x102  6.8x10%  0.105

UVAXUVB 1.7x10% 7.2x10° 2.8x10™%  0.001**

different to the UVA+|UVB+ control, apart from in experiment 2, v. Derby Day where signifi-
cantly more aphids were found in exposed feeding positions under UVA-|[UVB+ compared to the
UVA+|UVB+ treatment (p = 0.012, Table 3.6, Figure 3.3.B). 3.9% of the total population were
found in exposed positions under the UVA-|UVB+ treatment compared to only 0.6% of the total
population under UVA+|UVB+.

Table 3.6: GLMM model coefficients for three separate models for proportion of aphids found in exposed
positions.Parameters presented are: ' Posterior Mean. 2 Lower 95% Confidence Interval. > Upper 95%
Confidence Interval. Significance codes: * = p < 0.05, ** = p < 0.01, *** = p < 0.001

Experiment Predictor gl LCI? UCI® p-MCMC

(Intercept) -448 -5.54 -3.48 < 0.001%**
Experiment 1 UVA-[UVB+ 1.28 -0.04 2.83 0.074
v. Derby Day UVA+|UVB- 0.68 -0.70 2.12 0.316
UVA-|UVB- 1.39 0.06 2.77 0.041~

(Intercept) -5.14 -6.29 -4.15 < 0.001%**
Experiment 2 UVA-[UVB+ 193 047 3.31 0.012*
v. Derby Day UVA+|UVB- 1.15 -0.29 2.57 0.104
UVA-|UVB- 1.54 0.10 2091 0.033*

(Intercept) -3.73  -4.25 -3.19 < 0.001%**
Experiment 2 UVA-[UVB+ 0.60 -0.19 141 0.136
v. Volta UVA+|UVB- 0.33 -0.48 1.10 0.400
UVA-|UVB- 0.88 0.19 1.62 0.022*

When proportion exposed was plotted against UVA transmission, there was a negative trend
(Figure 3.3.D). There did not appear to be a relationship between proportion exposed and UVB
transmission (Figure 3.3.E). The relationship between UVA and UVB transmission and propor-
tion of aphids found in exposed positions was formally tested by fitting a second GLMMs using
data from the two experiments (all cultivars). Model simplification of the full model rejected
the interaction (UVAxUVB) and main effect of UVB to give the minimum adequate model:
y ~ UVA + (1|Tunnel) + (1|Experiment). This was fitted and checked as described previously
(Materials and Methods)

Tunnel UVA transmission had a significant negative effect (p < 0.001, 8 = —0.017 ) on the
proportion of aphids inhabiting exposed parts of the plants (Figure 3.4). The two UVA- treat-
ments (tunnels clad in Lumivar and Tex) were predicted to have the highest proportion of aphids
feeding in exposed positions (3.9% and 3.8%, respectively). The UVA+|UVB- treatment (tunnels
clad in Lumitherm) was predicted to have fewer aphids inhabiting an exposed feeding position
(3.0%) UVA+|UVB+ treatment was predicted to have the lowest proportion (1.3%).
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Figure 3.3: Proportion of aphids feeding in exposed positions. Boxplots show the median, interquartile
range and range for each light treatment. Panels show v. Derby Day, experiment 1 (A), v. Derby Day,
experiment 2 (B) and v. Volta, experiment 2 (C). Red letters show significantly different treatments (model
coefficients in Table 3.3). All three treatments are shown by tunnel % UVA transmission (D) and tunnel %
UVB transmission (E). Line colours show experiment and cultivar: red = v. Derby Day, experiment 1; blue
= v. Derby Day, experiment 2; green = v. Volta, experiment 2.
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Figure 3.4: GLMM predicted mean (solid line) and 95% confidence intervals for the proportion of aphids
inhabiting exposed parts of the plant at different UVA transmission values. Red dots and markers show the
tunnel transmission values of the four films used in the experimental work.

3.4 Discussion

3.4.1 Plant-mediated effects of UV on aphid PGR

This study did not identify a direct relationship between UVA or UVB exposure and changes
in aphid PGR. Both high (UVA+|UVB+) and low (UVA-|UVB-) had similar PGR and so, in this
study, UVB-induced changes in plant chemistry are not likely to explain the differences in pop-
ulation size between treatments. UVB-induced changes in plant chemistry have been shown to
affect the interaction between plant and insect, particularly in systems where phenolics are an
integral part of the antiherbivore defence. UVB irradiation of barley (Triticum aestivum) caused
increased probing activity and reduced feeding duration in the grain aphid (Sitobian avenae)
(Zu-Qing et al., 2013). This was likely to have been due to increases in phloem or epidermal
flavonoids, which have been shown to decrease salivation and reduce probing behaviours of
aphids (Golawska et al., 2012a). UVB-induced increases in flavonoids have also been linked to
decreased feeding in Lepidoptera (Grant-Petersson and Renwick, 1996; Hatcher and Paul, 1994;
Izaguirre et al., 2007; Markham et al., 1998) as well as reduced oviposition and pupal growth
(Caputo et al., 2006). Therefore, where antiherbivore defence is linked to plant phenolics, in-
creased UVB often reduces insect fitness, however, where protection from herbivores is reliant on
other phytochemicals, UVB exposure may not affect, or even inhibit defence. Some studies have
shown that exposure to solar UVB does not reduce aphid PGR (Dader et al., 2014; Paul et al.,
2012; Croft, 2006) compared to those grown under UV-attenuated light environments. The rea-
sons for this are not well understood but may be attributed to reduced antiherbivore defence due
to allocation of resource to photoprotection, or through UVB-induced increases in the production
of compounds beneficial to herbivores (Simmonds, 2003; Carroll and Berenbaum, 2006).
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Previous work with M. persicae on brassicas has shown varied responses to UV exposure. Exclud-
ing the UVA-|UVB+ treatment, my findings are consistent with a study which showed that M.
persicae PGR was not significantly affected by attenuation of solar UVB (Kuhlmann et al., 2010).
Whilst phloem flavonoid concentration increased with UVB exposure, total glucosinolate concen-
tration remained broadly unchanged. As it is the glucosinolate profile, particularly the concentra-
tion of indolyl glucosinolates, which has been shown to act in defence of M. persicae (Kim et al.,
2008b), if there is no change in glucosinolate composition or concentration (as in Kuhlmann
et al. (2010)), a change in aphid PGR would not be expected. The same study did demonstrate
a negative effect on the specialist aphid Brevicoryne brassicae, suggesting that this species may
be more susceptible to UV-induced changes in flavonoids. A further study showed that UVB ir-
radiation of brassicas pre-conditioned them against M. persicae attack, causing a negative PGR
in aphids feeding on UVB-exposed seedlings (Mewis et al., 2012). The study demonstrated that,
as well as broad increases in aliphatic glucosinolates (not as important for anti-aphid defence),
UVB exposure caused small increases in indolyl glucosinolate concentration which could explain
the decrease in aphid performance. I suggest that the effect of UVB-exposure of Brassica sp. on
phloem-feeding insects may be highly dependent on the specific traits of the insect, as well as
being subject to inter- and intra- specific variation amongst plants.

3.4.2 UV-induced changes in canopy position

In this study, increased occupation of the adaxial (upper) leaf surface was seen when UVA trans-
mission into the tunnels was low or absent. Since this work was conducted in 2012, a further
study has shown the same effect, in a different system (Soybean and Aphis glycines) where aphids
were more likely to be located in exposed positions under solar UV-attenuated light treatments
compared to full sunlight (Burdick et al., 2015). This suggests that there is a behavioural compo-
nent in feeding site selection that is sensitive to UVA radiation. Although studies have speculated
on the role of UV in feeding site selection (Luft et al., 2001; Naranjo, 2007; Paulsen et al.,
2013), the majority of previous work studying aphid behavioural responses to spectral balance
has focused on winged aphids during dispersal or migratory flight (see General Introduction for
discussion). M. persicae has trichromatic vision (Kirchner et al., 2005), perceiving light in the UV
(~ 300 -400nm), blue (~ 400 - 500nm) and green (~ 500 — 550nm) spectral regions. Work on
aphid vision has broadly focused on two main areas: the effect of target colour on attractiveness
(Doring et al., 2007), and flight behaviours under UV-attenuated environments (Raviv et al.,
2004). Alate (winged) aphids were attracted to yellow- or green-reflecting targets and repulsed
by blue- or UV- reflecting targets when in dispersal flight, presumably in vegetation-seeking be-
haviour (Doring et al., 2007). It is also well-evidenced that flight behaviour of Hemiptera is
disrupted by the use of UV-attenuating claddings (Doukas and Payne, 2007; Fereres and Moreno,
2009; Legarrea et al., 2012c), probably because UV light identifies the sky, allowing the aphid to
maintain orientation during flight (Barta and Horvath, 2004). Very little is known about the role
of UV illumination in apterous (wingless) aphid behaviour. It has been previously thought that
aphids use plant-tactile cues to locate feeding sites (Simmons, 1999), however my data, like that
of Burdick et al. (2015), suggest that aphids both detect UVA, and determine their feeding site
in response to it.

Whilst many phloem-feeders predominantly inhabit the lower (abaxial) leaf surface (Naranjo,
2007), there are circumstances where inhabiting the upper leaf surface is advantageous, such as
when the lower leaf surface has a high population density (Luft et al., 2001), when predation is
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higher on lower leaf surfaces (Paulsen et al., 2013) or when plant structural defences are more
obstructive on the lower leaf surfaces (Simmons, 1999). Population density has been shown to
be a key factor in the prevalence of upper surface inhabitation in Hemiptera (Luft et al., 2001).
Nymphs of the plant bug Trioza eugeniae were more abundant on the upper surfaces of shaded
leaves when population density was high. Individual mortality was higher on unshaded, exposed
leaves, suggesting that exposure to solar radiation is damaging to insects which typically inhabit
sheltered parts of the plant (Luft et al., 2001). This trade-off with the hazards of the upper leaf
surface (radiation, predation from the air, dislodgement, etc.) has been shown to occur when
predation risk from terrestrial predators increases (Paulsen et al., 2013). The black pecan aphid,
Melanocallis caryaefoliae, was shown to routinely inhabit the upper leaf surfaces of its host in
order to avoid coccinellid predators (Paulsen et al., 2013). The authors note that there were
few abundant aerial parasitoids in the bioregion where the experiment was conducted and that
their presence may affect the success of this unusual strategy. Other studies have suggested
that different rates of movement from the lower to the upper leaf surface may be influenced
by the host leaf structure rather than by photo- or geotropisms (Simmons, 1999). Overall, it is
likely that a combination of these factors play a part: when there are pressures from intraspecific
competition, predation or plant defensive structures such as trichromes, movement to the upper
surface may mitigate exposure to the hazards of the upper leaf surface.

3.4.3 Novel light environment generates new hypotheses

In two of the three experiments, populations of aphids grown under the novel UVA-|UVB+
light environment, had lower PGRs than aphids reared both under high UV-transmittance films
(UVA+|UVB+) and UV-attenuating films (UVA-|UVB-), which had similar PGRs. As such, the
low PGRs observed in the UVA-|UVB+ treatment is not likely to be explained by UVB-induced
changes in plant defensive chemistry, and so an alternative hypothesis, explaining the negative

effect of UVB, which occurred only when UVA was attenuated, is proposed (see Figure 3.5 for
diagram):

1. Aphids were more likely to inhabit exposed feeding sites under light environments with
attenuated UVA (UVA-|UVB-,UVA-|UVB+) compared to light environments which did not
(UVA+|UVB-,UVA+|UVB+) and so it is likely that M. persicae both perceives UVA light and
avoids it.

2. Under the novel light environment (UVA-|UVB+), more aphids inhabited exposed feed-
ing sites than under UVA+|UVB+ light environments and so a greater proportion of the
population were directly exposed to UV than would be expected under unfiltered sunlight.

3. This increased exposure to UVB had a direct negative effect on individuals in exposed
feeding sites, causing a reduction in total plant PGR through mechanisms, as yet, unknown.

It is not known why PGR was affected by light treatment in the first experiment and not in the
second experiment on the same cultivar (Derby Day), however plants in the second experiment
had approximately twice the leaf area and so there may be a spatial component to this mech-
anism. We also found variation in the PAR transmissions of the different films. Although PAR
was not linearly related to total UV, UVA or UVB transmission, an effect of PAR on aphid PGR
cannot be discounted at this stage. This variation in PAR transmission, as well as the inherent
variability in environmental conditions (e.g. total irradiance, temperature, humidity etc.) meant
that a different approach was needed to isolate the mechanism proposed above. In Chapters 4-6,
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Figure 3.5: Putative mechanism for direct effect of UV on aphids. Solar UVA and UVB (A) is selectively
filtered by spectrally-manipulating films (B). When UVA is transmitted into the tunnel, it is perceived by
the aphid (C), causing it to move to sheltered feeding sites within the plant (D). However when UVA is not
transmitted, aphids do not move to sheltered feeding sites. When UVB is transmitted but UVA is not, aphids
are exposed to UVB (E) which has a direct, negative effect on PGR.
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I move from field-scale approaches such as this, to refined campaigns of controlled laboratory
work in order to test the fundamental hypotheses generated from the work presented here.

3.5 Conclusions

In summary, the results presented here show two important findings: Firstly, that the relationship
between UV exposure and the population growth of phloem-feeding insects is not consistent in
all varieties of B. oleracea and in all M. persicae strains. I did not find a relationship between
UVB exposure and aphid population size and suggest that plant-mediated UVB responses are
unlikely to be an important constraint on aphid population size in the study system. However,
this work illustrates how the relationship between UVB exposure and herbivores cannot be easily
generalised.

Secondly, through the use of a novel film, for the first time, the effect of UVB in the absence of
UVA could be tested, yielding surprising results. This allowed us to identify two new hypotheses
that (i) wingless M. persicae perceive UVA and use it to position themselves in parts of the plant
which are less exposed to solar radiation and (ii) that this is because exposure to solar UVB
has a deleterious effect on the aphid population, either through increasing mortality or reducing
fecundity. These hypotheses are tested in Chapters Four (Effect of solar UV on M. persicae mor-
tality) and Six (Evidence for a novel functional role of the UV photoreceptor in M. persicae) of
this thesis.
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CHAPTER 4

Characterising the direct effects of UV radiation on Myzus

persicae

Abstract

Background: In the previous chapter, data from a field experiment showed that popula-
tions of aphids which, through changes in their behaviour, are directly exposed to solar ultra-
violet (UV) may experience lower Population Growth Rate (PGR). Other studies have shown
a negative effect on PGR when aphids and plants have been exposed to high UV, however,
these studies have failed to isolate the direct effect on the aphid from previously identified
plant-mediated effects of UVB.

Results: A dose response was characterised in Myzus persicae using different wavebands
and doses to irradiate aphids independently of the host plant. Mortality was negatively related
to CIE (erythemal)-weighted dose (p< 0.0001). UK summer mean daily equivalent doses pre-
dicted mortality of 41-43%, indicating that aphid populations exposed to full sunlight would
have negative PGR.

Conclusions: Ambient UV is highly damaging to M. persicae and so this species must have
adaptations to mitigate this. Photoprotective physiological responses may form a component
of this, however adaptation is also likely to be behavioural whereby M. persicae responds to
UV and avoids exposure.
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4.1 Introduction

The results of field experiments which tested the effect of UV manipulation on the growth of
Myzus persicae on Brassica oleracea led to a hypothesis that aphids had increased exposure to
UV under certain light conditions, and that this increased exposure had a negative impact on
PGR (3.3.3). Previous studies have demonstrated a plant-mediated effect of UV, where plant
photoprotective responses to UV reduced the PGR of aphids, even though the aphids had not
been exposed to UV (Mewis et al., 2012). Indirect effects of plant ultraviolet-B (UVB) exposure
have been well documented in Lepidoptera with insects showing reduced feeding preference and
larval weight (Caputo et al., 2006; Grant-Petersson and Renwick, 1996; Hatcher and Paul, 1994),
reduced larval survival (Zavala et al., 2001) and reduced preference for UVB-exposed material
as oviposition sites (Foggo et al., 2007). This response has been broadly attributed to overlap
in UV photoprotective responses of plants with antiherbivore defence (Ballaré, 2014). However,
this response may be host-specific (Dader et al., 2014) and depends on the extent to which these
two plant mechanisms overlap (Caputo et al., 2006).

Whilst there is evidence that UV exposure may reduce insect PGR through induced changes in
plant defence, it may not be the only mechanism by which UV affects insect populations. In
Chapter Three, aphids were found to be more numerous in exposed leaf positions under treat-
ments with attenuated UVA. Aphid populations were smallest under treatments that attenuated
ultraviolet-A (UVA), but did not attenuate UVB. This was not attributed to plant response to
UV because treatments that had higher UVB doses had larger aphid populations and so it was
hypothesised that aphids were more likely to expose themselves to UVB under UVA-attenuated
treatments, which had a direct effect on their survival or fecundity (3.4.3). Direct effects of UV
on survival of Hemiptera have not previously been conducted in isolation of the plant, however,
there are some experiments that show a negative effect on overall PGR at high UV irradiances,
which may be via a direct effect on the aphid (Burdick et al., 2015; Dader et al., 2014; Tariq et al.,
2015). In other invertebrates, UVA and UVB exposure has been directly linked to increased egg
(Fukaya et al., 2013) and adult (Zhang et al., 2011a) mortality.

UV exposure may also affect insect physiology such that PGR is affected independently of mortal-
ity. UV irradiation at moderate doses has been linked with increases in reproductive effort (Dader
et al., 2014; Fukaya et al., 2013; Hu et al., 2013; Tariq et al., 2015), possibly as mitigation for
increased egg or larval mortality (Murata and Osakabe, 2013). Reproductive effort may also
decline as a result of UV stress due to the physiological costs of compensating for UV-induced
damage (Meng et al., 2009). These sublethal mechanisms may be as important in predicting
UV-induced changes in PGR as mortality effects, although they are, as yet, little understood.

This chapter sought to establish the response of M. persicae to UV radiation, independently of
potential plant-mediated mechanisms. Both mortality and post-exposure PGR were quantified in
order to determine the presence of any dose-dependent lethal or sublethal effects. These findings
were then placed into an environmentally relevant context through the use of Biological Spectral
Weighting Functions (BSWFs) as an improved method for describing and using radiation dose
information.
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4.2 Methods

4.2.1 Plants and insects

Brassica oleracea (v. ‘Volta’) was used as the host for the aphid stock culture and experimental
work. Plants were grown in 500 mL drinking cups with 100 mL of compost in the bottom
as described previously (2.1.4). The bottom of each cup was pierced and the cup placed on
moistened fibre matting in a large seed tray. Seeds were sown directly into the cups three weeks
prior to aphid irradiation. After one week of growth under propagator hoods, the hoods were
removed and any surplus seedlings removed, leaving one plant per cup. Experimental repeats 1-
6 were conducted in a fully temperature controlled glasshouse which was maintained at 15+1°C.
experimental repeats 7-9 were conducted in a partially temperature controlled glasshouse where
the mean temperature for each experiment was between 20°C and 22°C.

Aphid stocks were reared in the same glasshouses as the plants (2.1.3) in large tent cages prior
to UV exposure. As discussed in 2.1.3, Myzus persicae reproduces asexually and has a generation
time of approximately 2 weeks under the glasshouse conditions used for the experimental work
(2.1.2). Prior to irradiation of aphids, exposure to short wavelength UVB was expected to be neg-
ligible (maximum measured erythemal irradiance ~ 0.006 W m-2) as the glasshouse glass does
not transmit light in these ranges, however the glasshouse did transmit some longer-wavelength
UV (> 320nm).

4.2.2 Light treatments

UV dose and spectral quality was manipulated using various combinations of optical filters and
lamps (Table 4.1). Three fluorescent tube lamps were used to deliver UV doses in different
parts of the UV spectrum: UVB313 which delivers predominantly UVB and some short wave-
length UVA; UVA340 which produces mainly short wavelength UVA; and UVA360 which pro-
duces long wavelength UVA. UVA340 tubes were filtered with Mylar (A\;; ~ 340nm) to attenu-
ate UVB and ultraviolet-C (UVC). UVB313 and UVA360 tubes were filtered with cellulose acetate
(Amin =~ 290nm) low-cut filters to attenuate short wavelength UVB or UVC not experienced
under solar illumination (details in Table 4.1). Additional polyethylene (PE) films and steel
gauze neutral density (ND) filters were used to further alter spectral quality and intensity (Table
4.1). Further details of lamps and filters are presented in 2.4. These filters and lamp combina-
tions were selected to provide a range of different qualitative and quantitative treatments across
the environmentally-relevant UV spectrum (wavelengths >290nm). Using different qualitative
treatments (as opposed to varying only irradiance) allowed the use of techniques for assessing
different BSWFs as models of aphid response to UV (see 4.3.2).

Light treatments were given in a purpose built fluorescent tube housing with a temperature
controlled surface positioned directly below the fluorescent tubes. The irradiation surface was
removable such that a cosine corrected head could be located with the light collection surface
at the same level as the irradiation surface, below the lamps. Spectroradiometer measurements
were made (2.4.4) with the cosine head covered with the filters described in Table 4.1.
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Table 4.1: Light Treatments for the experimental work presented in 4.3. Description and transmission of
the filters is presented in 2.4

Treatment Lamp Position Low-Cut Filter Film ND Filter
1 UVB313 8 Cellulose Acetate Lumivar None
2 UVB313 12 Cellulose Acetate Tex 1x ND
3 UVB313 10 Cellulose Acetate Tex None
4 UVB313 14 Cellulose Acetate Lumivar None
5 UVB313 8 Cellulose Acetate  2x Tex None
6 UVB313 12 Cellulose Acetate  3x Tex None
7 UVB313 8 Cellulose Acetate Lumisol 1x ND
8 UVA360 8 Cellulose Acetate Lumisol None
9 UVA360 10 Cellulose Acetate Lumisol 1x ND
10 UVA360 12 Cellulose Acetate Lumisol 2x ND
11 UVA340 10 Mylar None 1x ND
12 UVA340 8 Mylar None None
13 UVA340 12 Mylar None 2x ND
14 UVA340 14 Mylar None None
15 UVA360 14 Mylar None None

4.2.3 Exposure procedure

An aluminium block with a 60 mm diameter hole cut through it was used to contain each treat-
ment cohort of aphids (Figure 4.1). On the underside of the block, a square of filter paper was
taped into place, forming the base of the containment chamber. This was moistened with DI
water and aphids were transferred individually onto the paper, using a fine paint brush. After
transferring all aphids to the filter paper, the chamber was sealed by taping the low cut filter
(Mylar or cellulose acetate) over the upper surface with masking tape. The other optical filters
were similarly taped in place, forming a window through which the aphids could be irradiated.
After allowing a 30 minute lamp warm-up period, the sealed containment chambers were placed
on the temperature controlled plate in the exposure chamber (Figure 4.1). As the aphids were
irradiated independently of plant material, it was expected that this would be somewhat stress-
ful as they would be expected to spend the irradiation period seeking a host plant. In order to
reduce the effect of this, a refrigeration unit was used to cool the temperature controlled plate
to 10°C in order to slow movement and so reduce energy expenditure from attempting to seek
out a host. Aphids were exposed for between one and six hours, depending on treatment. As a
component of this chapter involved the identification of appropriate BSWFs for aphid mortality,
doses for each treatment are presented and discussed in the results and discussion sections.

4.2.4 Population growth procedure

Once irradiation was complete, the optical filters were carefully removed from the aluminium
block to retrieve the aphids. Aphids were tested for instantaneous mortality by gently probing
with a fine paintbrush. Each aphid was then placed on a separate 3-week old Brassica oleracea
(c.v.“Volta”) seedling, grown in a 500 mL drinking cup. To secure the aphids within the cups, a
domed ‘smoothie’ cap with a piece of fine muslin grown glued over the drinking hole, was placed
on top of each cup. The cups were returned to the glasshouse and the aphid population allowed
to grow for a week. At the end of the seven day period, the number of aphids in each cup was
recorded as well as whether or not the original aphid was apterous (wingless) or alate (winged)
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Figure 4.1: Exposure Procedure. Aphids were placed on moistened filter paper (A) which was taped se-
curely to the base of an aluminium block (B) with a circular hole cut through it. Optical filters (C, specified
in Table 4.1) were taped in place with masking tape (D) so that they completely covered the circular hole
(shown partially covered for illustration purposes). The metal moulding was placed on a temperature
controlled plate (E) in the exposure chamber, beneath the fluorescent tubes (F).

at the point of harvest. As the generation time for Myzus persicae is approximately 9-13 days
under glasshouse conditions (2.1.2), any additional aphids recovered were assumed to be the
offspring of the original single individual placed in the cage, and so it was possible to estimate
the population growth of a single cohort.

4.2.5 Statistical analyses

The R-statistical package was used for all analyses and plots as described previously (2.4.3). For
mortality analysis, binomial Generalised Linear Models (GLMs) were fit to the data, using the
quasibinomial family to compensate for overdispersion where applicable. For final population
counts, Poisson GLMs were used to estimate the effect of UV, aphid morph and the temperature
covariance of the glasshouse, on final population size. Model simplification was conducted using
the ’drop1’ function in the ’stats’ package. In order to establish which BSWF best described aphid
mortality in response to UV, a number of similar models were compared. The residual deviances
were used as a proxy measure of model fit and so a reduction in residual deviance was considered
an improvement in model fit, as described in (Crawley, 2007). Handling of spectral data and
subsequent convolutions and calculations were made using the "photobiology’ package.

4.2.6 Further population modeling

In order to establish the effect of repeated exposure (i.e. a daily dose of UV every day throughout
the growing period), two separate components must be incorporated into a single, continuous-
time model: the mortality effect (a discrete-time model) and the PGR of survivors (a continuous
time model). So that this model was more useful in modeling applications, the CIE (erythemal)
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dose was used as the dose parameter because CIE dose and irradiance information are more
widely available than full spectrum data.

After an aphid has been irradiated, it may either die before reproduction (‘died’) or survive to
reproduce and produce offspring (‘survive’). The probability that an individual aphid is killed by
a single dose (Py,) can be related to UV dose (d) by using inverse logistic transformation of the

GLM such that:
eBo+p1In(d)

Pm = Bt A @ “4.1)
In this equation, [y is the GLM intercept coefficient and 3, is the coefficient for In(d) (Crawley,

2007).

For the second component of the combined population model, the standard PGR model is used to
estimate the survivor PGR. Population growth may be calculated using the standard population
model (Renshaw, 1993):

N¢ = Nge™ (4.2)
rearranged with respect to r:
In({r)
r=—2 (4.3)

t
where N is the population size after a given time, N is the starting population, r is the continu-
ous PGR and t is the population growth period.

The effect of UV on survivor fecundity may be quantified by testing for changes in final population
size from populations originating from a single survivor. Where there is an effect of UV exposure
on fecundity, the GLM equation may be incorporated into the above equation to calculate the
effect of UV dose on r. Alternatively, where there is no effect of UV on the subsequent PGR of a
population from a single survivor, a constant PGR may be used for r.

Once the continuous-time model for r has been established, this must be combined with the
mortality probability of UV exposure to calculate the overall PGR (R) for a repeated exposure
scenario:

R = In((1 -Pp)e) (4.4)

4.3 Results

Aphids were exposed to a single dose of UV on filter paper. After UV-exposure, aphids were
transferred to individually-caged calabrese plants for seven days (one aphid per plant). All
aphids survived initial exposure and transfer to host plant and, after seven days growth on the
host plant, the final population was counted. If no aphids were present on a plant, the individual
was recorded as having died from exposure (‘died’). If one or more aphid remained on the plant
after seven days, the aphid was recorded as having survived exposure (‘survived’). One dataset
(out of 9) was excluded due to high mortality in the control treatment, attributed to disease
infection.

An analysis of mortality was first examined by spectral treatment (lamp type) and unweighted
UV irradiance. Appropriate action spectra were then compared to establish which BSWFs best
described the mortality probability of an aphid exposed to a single dose of UV. Aphids that
survived exposure and transfer were used to estimate PGR after UV-exposure. These two models
(separately describing mortality and PGR) were combined to produce a continuous time model of
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aphid PGR under repeated daily UV exposure to standardised UK summer illumination. Finally,
this model was used to generate predictions for different films under UK summer conditions.

4.3.1 Aphid mortality

The three lamp types (UVB313, UVA340 and UVA360) provided the core spectral classes for this
study with total UV dose the continuous variable. Mortality (‘survived’ or ‘died’) for each aphid
was fitted in a binomial GLM with unweighted UV dose and lamp type as predictors in the model.
Model simplification showed the interaction term to be non-significant and so the additive model
y ~ In(dose) + [lamp type] was determined to be the minimum adequate model. Model fit was
improved through use of a quasipoisson family to compensate for overdispersion, and by natural
log-transforming UV dose.

Mortality increased with unweighted UV dose and the magnitude of this effect was determined by
the spectral balance (lamp type) (Table 4.2, Figure 4.2). For treatments of the same unweighted
irradiance, radiation from the UVB313 source was more than an order of magnitude more lethal
(LDsg = 30.8 kJ m~2) than the radiation from a UVA340 source (LDsq = 1365 kJ m™2). All
aphids survived under UVA360 lamps therefore an LDsg could not be estimated and the relative
effect size of UVA360 UV irradiation was therefore set to 0.

Table 4.2: Coefficients for the quasibinomial GLM model y ~ In(dose) + lamp used to test the effect

of unweighted UV from three different illumination sources on the mortality of M. persicae. Significance
codes: * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

Estimate Std. Error  tvalue Pr(>|t])

(Intercept) -3.8445 0.6408 -5.9998 <0.001 ***

Ln(UV dose) 0.5325 0.0955 5.5745 <0.001 ***
Lamp: UVA360 -17.1860 949.3743 -0.0181 0.9856

Lamp: UVB 2.0199 0.4919 4.1065 <0.001 ***

4.3.2 Identification of appropriate BSWF

The use of two, spectrally-distinct UVA-sources (UVA360 and UVA340) and a UVB source, each
clad with different combinations of spectrally-modifying filters (see Table 4.1) gave a broad
range of spectral qualities and irradiances. In order to account for the different biological effec-
tiveness of photons of different wavelengths (and therefore different energies), the identification
of BSWFs which best describe the relationship between M. persicae, irradiance and spectral bal-
ance was an essential part of this study. Two separate approaches were used to identify BSWFs
that best predict aphid mortality following a single UV exposure. In the first, normalised model
effect sizes for the three lamp types were compared to candidate BSWFs, to estimate which best
approximated the response seen in the data presented here. In the second approach, for each
BSWF or waveband of interest, a GLM was fitted, comparing dose to mortality. Measures of
model fit were used to rank the models by how well they fitted the data and so identify the
BSWFs that best predicted mortality.
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Figure 4.2: Mortality and model predictions by lamp type and UV irradiance (log;, scale). Individual
points show the proportional mortality for each treatment (as described in table 4.1). The lines and con-
fidence bands show the prediction of mortality and 95% confidence intervals as predicted by the GLM

y ~ In(dose) + lamp.
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Figure 4.3: Lamp and action spectra for identifying appropriate BSWFs for UV-induced aphid mortality. (A)
shows lamp spectra normalised to one with dashed lines showing the approximate waveband centres. (B)
shows four candidate action spectra for aphid mortality on a log scale, standardised to one at 309 nm. The
red line and coloured dots show the relative effect size (normalised to one at 309 nm) of lamp type on
mortality for each of the three lamp types at the approximate waveband centres identified in (A).

Approach One:

Normalised spectra for the three lamp types were used to estimate the peak centre of each (Fig-
ure 4.3.A). This was done by finding the central point by integrated irradiance between 290 nm
and 400 nm (i.e. the wavelength that divides the spectrum into two equal halves by energy). For
UVB313 tubes this was 311 nm, for UVA340 tubes this was 353 nm, and for UVA360 tubes this
was 370 nm. The relative effect sizes of each lamp on mortality, estimated by the GLM (Table
4.2), were scaled to one at 309 nm and compared to human health (‘CIE’ (Commission Interna-
tionale d’Eclairage, 1999) and ‘ICNIRP’ (International Commission on Non-Ionising Radiation,
2004)), naked DNA (‘Setlow’ (Setlow, 1974)) and in vivo plant DNA (‘Quaite’ (Quaite et al.,
1992)) BSWFs (Figure 4.3.B).

Aphids irradiated with the UVA340 source had higher expected mortality than is predicted by any
of the human health or DNA BSWFs, suggesting that the BSWF best predicting the effect of UV
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Table 4.3: Residual deviances and main effect p-values for seven candidate models predicting aphid mor-
tality. The models are ordered by residual deviance with the lowest deviance (and therefore the best fitting
model) first. Significance codes: * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

Model Residual Deviance Pr(>|t])
died ~ In(Doseqyaite)  263.03 < 0.001%*%*
died ~ In(Dosejcnirp)  264.32 < 0.001%**
died ~ In(Dosecg) 264.48 < 0.007%**
died ~ In(Dosegeqoy) ~ 267.32 < 0.001%%*
died ~ In(Doseyyg) 268.84 < 0.001%**
died ~ In(Doseyy) 309.86 0.001**

died ~ In(Doseyya) 316.03 0.031*

on mortality in this part of the spectrum, had a high relative weighting at 353 nm. Additionally,
aphids irradiated with a UVA360 source had 100% survival, suggesting that the relative effect
of UV at 370 nm was zero. With the exception of the Setlow BSWF (which predicts an effective
weighting of zero), the three other BSWFs predict that there will be a relatively small effect
of light with a wavelength of 370 nm. Therefore the best fitting BSWF should balance high
effectiveness of radiation at 353nm and very low effectiveness at 370 nm. Setlow predicts zero
effectiveness at 370 nm but underestimates irradiation at 353 nm (Figure 4.3). Quaite appears
to offer the best fit, slightly underestimating effectiveness at 353 nm and over-estimating at 370
nm.

Approach Two:

For all treatments, the four BSWF-weighted (Quaite, ICNIRP, CIE and Setlow) and unweighted
waveband (UV, UVA UVB) doses were calculated and used to fit seven models (model fits and
raw data presented in Figure 4.4). Natural log transformation of dose always yielded lower
deviances and better fitting models compared to untransformed equivalent models. The models
were ranked by residual deviance (Table 4.3). The Quaite in vivo DNA model was the best fitting
and unweighted UVA the worst. However, the four BSWFs-weighted models (Figures 4.4.A-D)
and the UVB model (Figure 4.4.E) all had similar residual deviances and therefore described the
data similarly. Unweighted UV and UVA were very poorly-fitting models (Figures 4.4.F-G) with
much larger deviances than the other models (Table 4.3). Therefore any of the four BSWFs or
unweighted UVB irradiance models can be recommended for use predicting M. persicae mortality
but should be prioritised in the order presented in (Table 4.3).

Model parameters are presented for the Doseqyaite (Table 4.4) and for the Dosecrg model (Table
4.5). The Quaite model was the best fitting model, with the lowest residual deviance (263.03).
The CIE model was the best fitting model (deviance of 264.48) for which there is widespread
spatial and temporal data available (DEFRA, 2016; NASA, 2016; SoDa, 2016).

Table 4.4: Quasibinomial GLM model parameters for the model y ~ In(Doseqyaite) predicting the mortality
of aphids exposed to different doses of Quaite-weighted radiation. Significance codes: * = p < 0.05, ** =
p < 0.01, *** = p < 0.001.

Estimate Std. Error  tvalue Pr(>|t|)

(Intercept) -1.4218  0.2248 -6.3252 < 0.001%%*
In(Dosequaire) ~ 0-5733  0.1023  5.6020 < 0.001%**
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Figure 4.4: Aphid mortality described by different BSWFs. For all plots, individual points show the pro-
portional mortality for each treatment (as described in table 4.1) and the lines and confidence bands show
the estimated mortality and 95% confidence intervals respectively. (A-D) show the mortality predictions for
CIE (erythemal), ICNIRP (human exposure), Quaite (in vivo DNA) and Setlow (naked DNA). (E-G) show

the mortality predictions for unweighted UVB, UVA and UV, respectively.
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Table 4.5: Quasibinomial GLM model parameters for the model y ~ In(Dosecg) predicting the mortality
of aphids exposed to different doses of CIE-weighted radiation. Significance codes: * = p < 0.05, ** =
p < 0.01, *** = p < 0.001.

Estimate Std. Error  tvalue Pr(>|t))

(Intercept)  -0.7458 0.1620 -4.6048 < 0.001%***
In(Dosecrg) 0.5001 0.0846 5.9111 < 0.001%***

Table 4.6: Quasipoisson GLM model parameters for the model y ~ morph x temperature predicting aphid
population growth rate of survivors of UV irradiation. Significance codes: * = p < 0.05, ** = p < 0.01,
#% = p < 0.001.

Estimate Std. Error  tvalue Pr(>|t))

(Intercept) 0.2376 0.2808 0.8462 0.399
Morph: Alatae 2.4131 0.7684  3.1405 0.002**
Temperature 0.1431 0.0147 9.7383 < 0.001***
Morph: Alatae x Temperature  -0.2019 0.0419 -4.8231 < 0.001***

4.3.3 Sublethal effects

In order to establish the effect of dose on aphid PGR, all aphids irradiated were caged individ-
ually and the population counted after seven days in the glasshouse. Experiments 1 to 6 were
conducted in a fully temperature-controlled glasshouse (15+1°C) and experiments 7 to 9 were
carried out in a glasshouse with partial temperature regulation. As M. persicae development and
reproductive rate is largely dependent on temperature (Davis et al., 2006), mean glasshouse
temperature over the experimental period was used as a covariate in the statistical model. Addi-
tionally, if a winged (alate) aphid was found during the final count, this was assumed to be the
original aphid irradiated (as the developmental period for a winged aphid from birth to maturity
is greater than one week) and so morph (winged or wingless) was used as a predictor in the
model. For aphids exposed to the highest treatment (Doseqyaite = 67 kJ m~2), there was a single
surviving aphid and so this was removed from the growth rate analysis.

The full model was specified as y ~ In(Doseqyajte) X morph x temperature, using the quasipoisson
family to compensate for overdispersion. After model simplification, an interaction between
morph and temperature remained highly significant, however the effect of Quaite-weighted dose
on final population size was non-significant and so it was removed from the model to produce
a final model y ~ morph x temperature (Table 4.6). In the combined model, the direction and
magnitude of the main effect was different for the different morphs, so for simpler interpretation
of the interaction, the data were partitioned by morph and separate models run with temperature
as the sole effect (Table 4.7). Temperature had a significant positive effect on the final population
size of a population originating from a wingless aphid (5 = 0.1431,p < 0.001, Figure 4.5).
There was a slight negative effect of temperature on PGR originating from a winged aphid (5 =
-0.0587,p = 0.012, Figure 4.5).

For further calculations requiring a measure of M. persicae survivor PGR, a value predicted by
the wingless aphid model at a set temperature of 20°C was used. When converted to PGR this
was estimated, by the model presented in Table 4.7, to be 0.4429 aphids aphid~! day!.
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Figure 4.5: Effect of temperature on final population size for aphids surviving exposure to UV. The plots
are paneled by aphid morph: Alatae (winged) or Apterae (wingless). Individual points show the final
population size after seven days of a population originating from a single aphid. Individual point colour
shows the treatment Doseqyajre value. The trendlines and ribbons show the estimated mean and 95%
confidence interval from the GLM fitted for each aphid morph.
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Table 4.7: Quasipoisson GLM model parameters for two separate models y ~ temperature predicting aphid
population growth rate of survivors of UV irradiation for Wingless (Apterae) and Winged (Alatae) aphids
separately. Significance codes: * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

Estimate Std. Error  tvalue Pr(>|t))

Wingless (Apterae)

(Intercept) 0.2376 0.3148 0.7547 0.452
Temperature 0.1431 0.0165 8.6854 < 0.001%***

Winged (Alatae)

(Intercept) ~ 2.6507 0.4098 6.4683 < 0.001%***
Temperature  -0.0587 0.0225 -2.6157 0.012*

Table 4.8: Predicted effects of exposure to UK summer UV. Three solar CIE (erythemal) datasets were used
to calculate a mean daily CIE dose (Dosecg) which was then used to calculate daily mortality of M. persicae,
based on the response of the model y ~ In(Dosecig) (Table 4.5). From this, the estimated PGR, based on
repeated daily exposure to Dosecig (the mean value for each dataset), was calculated.

Dataset Latitude Longitude Dosecig+=SE  Daily Mortality PGR
aphids
aphid!

City, Country, Type deg. deg. kim?2day' % day1

Reading, UK, Measured 51.44°N 0.94°W 2.12 £0.11 41% +4% -0.08

Reading, UK, Modeled 51.44°N 0.94°W 2.65 +0.12 44% +4% -0.13

Lancaster, UK, Modeled 54.04°N 2.80°W 2.59 +0.13 43% +4% -0.12

4.3.4 Applying the models to real-world scenarios
Typical UK summertime

Using three third-party datasets, measured and modeled CIE-weighted day doses were averaged
for date values between 21st of June, 2013 and 31st of August 2013 (Table 4.8). These values
were used to estimate the daily mortality, as predicted by the model (Table 4.5). As no effect
of UV on fecundity of survivors was demonstrated in the experimental work presented in this
chapter, dose-dependent mortality was combined with a standardised survivor PGR of 0.4429 to
estimate the overall PGR. The modeled dataset estimated higher CIE-weighted daily doses than
the measured dataset at the Reading site and therefore predicted higher mortality (Table 4.8).
Daily mortality for all three datasets varied between 41% and 43% and therefore, the overall
PGR was estimated as always negative, varying between -0.08 and -0.13 aphids aphid~! day!.
The Reading measured dataset for 2013 predicted an overall PGR approximately 36% higher
than the typical-year modeled dataset for the same location. The Lancaster modeled dataset
estimated a PGR approximately 4% higher than the Reading measured dataset.

Horticultural growing environments in the UK

To estimate the effect of UV light reaching a crop when filtered through horticultural films,
the mean CIE-weighted daily dose values for each solar spectral dataset (Reading Measured,
Reading Modeled, Lancaster Modeled) were convolved with the CIE-weighted transmittance of
three commercial (Lumisol, Lumivar and Lumitherm) and three experimental (C1, C6 and Tex)
films to provide typical daily CIE doses under each film. Estimated under-plastic CIE-weighted
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Figure 4.6: UV-induced effect on aphid population growth rate under horticultural tunnels in the UK. Point
ranges show the predicted mean + the 95% confidence intervals (where applicable) for aphids exposed to
mean UK summer day doses. (A) shows the predicted single-exposure growth rate, (B) shows the single-
exposure mortality rate and (C) shows the continuous exposure growth rate. No meaningful confidence
intervals could be computed for (C) and so only the predicted means are shown.

day doses were then used to compute single exposure mortality (Figure 4.6.A) and repeated
exposure PGR (Figure 4.6.B) for aphid populations which are exposed to the full daily dose each
day throughout the population growth period.

For the Reading measured dataset, estimated repeated exposure PGR under the UV-transparent
(Lumisol) film was only slightly higher than under full sunlight (-0.07 aphids aphid~! day!
compared to -0.08 aphids aphid~! day~! under full sunlight). For the same spectral dataset, the
UV-opaque film (Lumivar), had an estimated PGR of 0.41 aphids aphid~! day~!. Populations
under the ‘standard’ film were predicted to have a PGR of 0.33 aphids aphid~! day~!. The three
experimental films had predicted PGRs between the ‘standard’ film and the UV-transparent film
with predicted PGRs of 0.21, 0.20 and 0.10 for ‘Tex’, ‘C1’ and ‘C6’ respectively. As would be
expected, the two modeled datasets showed the films ranked in the same order but, due to their
higher predicted daily doses, they predicted higher mortality and therefore lower PGRs under
CIE-transmitting films (Figure 4.6).
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Table 4.9: Lamp details for Table 4.10. Peak wavelength is the peak below 400 nm * A smaller secondary
peak was located at 312 nm

Code Lamp Peak Wavelength

s Solar (non-supplemented) 400 nm

1 Q Panel EL340 344 nm

2 Philips TL40 313 nm

3 Osram Vitalux 364 nm (312 nm)*
4 Panasonic UV 311 nm

5 Honle UVA Hand 100

6 unknown UVA fluorescent 360 nm

4.4 Discussion

This study sought to isolate the direct effects of radiation on the aphid M. persicae, from any
effect of UV irradiation of its host plant which may subsequently affect the aphid survival or
fecundity. A negative dose response for M. persicae survival and exposure to UV radiation was
identified and the magnitude of this effect was determined by the radiation source spectrum
(Figure 4.2). Longer wavelength UV (UVA) was found to be less lethal to aphids than shorter
wavelength UV (UVB). The mortality data were integrated into a CIE-weighted dose response for
prediction of aphid mortality under any illumination environment where the CIE-weighted dose
is known.

Of the aphids which survived irradiation, no sublethal effect on PGR was observed. As far as the
author is aware, this approach — where aphids were irradiated on a non-plant medium and then
transferred to non-UV exposed plants — has not been previously used for Hemiptera and so this
is the first study to conclusively isolate the direct effect of UV radiation on aphids from indirect
effects mediated through the host plant.

Previous work has been conducted with a number of invertebrate orders: namely Hemiptera, Lep-
idoptera and the spider mites (Order:Trombidiforma) (Table 4.10). UV irradiance, dose and sup-
plementation technique vary widely between studies and often the light treatment information
provided in the papers is inadequate for drawing comparison between studies (see subsection
4.4.3 for a more in-depth discussion of this problem). In this section, I first review the findings
in the context of other studies of insect responses to UV irradiation before considering some of
the challenges of designing experiments to test the effect of UV on insects in a way that is both
comparable to other work and also allows prediction to be made in real-world contexts.
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4.4.1 Identifying a direct UV mortality effect

Effect on Hemiptera

Our work indicated a strong mortality effect of UV exposure at environmentally relevant doses —
the model predicted that a typical summer’s day in Lancaster, UK would be expected to kill 43%
of aphids directly exposed — and whilst other work broadly supports this (Table 4.10), no work
has previously studied the effect on Hemiptera, independently of the plant. Previous studies
of hemipteran responses to UV have almost exclusively started with the hypothesis that plant
changes, in response to UV, will affect insect survival and fecundity. Experimental designs where
aphids and plants were simultaneously exposed to the treatment light environments have been
used (Hu et al., 2013; Kuhlmann et al., 2010; Rechner and Poehling, 2014; Tariq et al., 2015),
making separation of direct- and indirect- effects difficult. However, in one of these studies, a
high irradiance, short time period exposure, where an aphid was confined to the upper surface
of a leaf, demonstrated a strong mortality effect (Hu et al., 2013).

In whole-plant experiments, where the plants and aphids were exposed to daily doses of UV, the
grain aphid (Sitobian avenae) showed reduced longevity under higher doses of solar and artificial
UVB (Hu et al., 2013). The PGRs of Myzus persicae and the specialist cabbage aphid Brevicoryne
brassicae were shown to be negatively affected by exposure to solar UVB (Kuhlmann et al., 2010).
This was attributed to increases in plant flavonoids (quercetins and kaempferols) associated with
both UV-exposure and antiherbivore defence, however the aphids were also potentially exposed
to UV radiation and so a direct effect cannot be excluded.

Exposure to both solar and artificial UVA had a negative effect on B. brassicae PGR (Rechner and
Poehling, 2014), whilst the citrus whitefly (Dialeurodes citri) had significantly higher egg mortal-
ity when caged under a UVA source on citrus leaves (Tariq et al., 2015). Therefore, exposure of
the plant-aphid system to short wavelength radiation had a negative effect on survival or PGR.
However whilst these experiments identify both UVA and UVB as important factors in the PGR
of Hemiptera, they do not allow us to partition direct effects on the insect from effects that may
be mediated through the plant.

More recently, studies have identified plant-mediated effects of UV on aphids through pre-
exposure of plants to UV, prior to aphid inoculation. Plants irradiated with UVB prior to B. bras-
sicae inoculation had significantly fewer aphids after a period of three days compared to aphid
populations on control plants (Mewis et al., 2012), supporting the claims made by Kuhlmann
et al. (2009) and Rechner and Poehling (2014) that UV triggers up-regulation of plant defence
and that these changes in plant defence negatively affect aphid performance.

UV exposure was not always shown to negatively affect aphid PGR. A study using M. persicae
reared on Capsicum annuum (pepper) pre-exposed to UVA demonstrated that aphid PGR was
10% higher in populations feeding on UVA-exposed plants compared to aphids feeding on plants
which had not been exposed to UVA (Dader et al., 2014). In the same study, M. persicae on
UVA pre-exposed plants did not have significantly different PGRs when grown under high UVA,
compared to low UVA, suggesting that there was no direct effect of UVA on the insects in this
study. Similarly, M. persicae on lettuce (Lactuca sativa) had higher PGRs when exposed to solar
UV, compared to populations where solar UV was excluded (Paul et al., 2012), indicating a lethal
effect of UV exposure to be unlikely. The plant-mediated negative effect on insect survival, seen
in brassicas (Mewis et al., 2012), does not appear to occur in pepper or lettuce, potentially due
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to a lesser degree of overlap between plant herbivory and plant UV defence responses (Izaguirre
et al., 2007).

UV lethality in other invertebrates

In Lepidoptera, various responses to UV exposure have been seen. In Ephestia kuehniella (Giiven
et al., 2015) and Helicoverpa armigera (Zhang et al., 2011b), larvae irradiated with artificial
UVA-emitting lamps, independently of their food source were shown to have increased mortality.
McCloud and Berenbaum (1999) separated plant-mediated- from direct- effect, demonstrating
that Cabbage Looper (Trichoplusia ni) only suffered increased mortality when reared on plants
under supplemental UVB, and not when fed UVB-supplemented plant material in the absence of
UVB, demonstrating the presence of a direct (but no plant-mediated) effect of UVB. However, in
experiments using exposure to ambient solar radiation, a mortality effect of combined UVA and
UVB has not been seen. Anticarsia gemmatalis showed no decrease in survival following exposure
to ambient UV (Zavala et al., 2001), nor did Thaumetopoea pinivora (Battisti et al., 2013), where
individuals exposed to direct sunlight actually had higher mass, compared to individuals shaded.
The authors attributed this increase to the higher temperatures experienced in full sunlight,
rather than a UV effect.

Longer wavelength light has also been associated with increased mortality. Continuous exposure
to monochromatic violet light (peak wavelength of 417 nm) has been shown to induce greater
larval mortality in two species of Diptera (Drosophila melanogaster and Culex pipiens) than UVA or
wavelengths longer than 417 nm (Hori et al., 2014). Little is known about the mechanisms which
may drive this response, however it is possible that the mortality effect here is due to the absence
of other wavelengths, rather than the presence of the specified wavebands. Longer wavelengths
than 500 nm are only implicated in mortality when used at highly artificial intensities, such as
that delivered as pulsed laser light, which was also shown to induce mortality in Diptera (Keller
et al., 2016). Mortality occurred via a direct thermal effect on the insect, however this is clearly
not relevant to general understanding of insect photoecology.

Two species of spider mite showed varying degrees of susceptibility to UV exposure, depending
on species and life stage. Egg mortality increased with both UVA and UVB exposure in Panony-
chus citri (Fukaya et al., 2013) and the two-spotted spider mite, Tetranychus urticae, (Murata and
Osakabe, 2014) when eggs laid in UV-absent environments were irradiated with a UVB-emitting
lamp. Egg mortality of P. citri was also found to be higher for eggs laid in direct sunlight, com-
pared to those laid in shaded parts of the plant. Plant mediated effects are unlikely to affect
egg survival (most plant-mediated effects rely on ingestion of plant material) and so this was
identified as a direct effect of UV. Similarly, there was a dose dependent effect of UVB radiation
on T. urticae nymphs (Fukaya et al., 2013; Murata and Osakabe, 2014) and adults (Murata and
Osakabe, 2013) with adults showing higher resistance to UV than nymphs or eggs.

4.4.2 Sublethal effects of UV radiation

We found no evidence that the fecundity of aphids exposed to a single UV dose was affected by
UV dose, however, multiple non-lethal effects of exposure to short wavelength light have been
observed in invertebrates. These include changes in morphology and physiology, changes in fe-
cundity and reproductive effort, and changes in behaviour. As discussed above, it is often difficult
to identify a direct response to UV, rather than a response mediated through the plant and so
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some caution must be used when interpreting studies which did not isolate the invertebrate from
the host.

In the same way that plants produce photoprotectants in response to UV and high light (Ballaré,
2014), increases in invertebrate-derived photoprotectants occurs in individuals (Alkhedir et al.,
2010) and populations (Herbert and Emery, 1990). The grain aphid (S. avenae) has been shown
to increase production of carotenoids and other photoprotective compounds, in response to in-
creased non-UV light intensity (Alkhedir et al., 2010). Whilst this change occurred in individuals
over a number of days, light-induced increases in melanin pigmentation occurred only at the
population level in Daphnia pulex moved from a low light environment to a high light environ-
ment (Herbert and Emery, 1990). As well as UV-absorbing compounds, insects also have higher
antioxidant capacity under higher UV (Meng et al., 2009), however, it is not clear if this in-
crease occurs entirely through increased insect synthesis, or through increased dietary intake of
antioxidants when feeding on plants grown under high UV conditions (Carroll and Berenbaum,
2006).

Reproductive effort has been shown to increase with low UV doses, but decrease under high
UV doses (Tariq et al., 2015; Zhang et al., 2011a; Dader et al., 2014). Under low UVA daily
doses the citrus whitefly, D. citri, had higher egg mortality than in the UV-absent control, but
fecundity was higher (Tariq et al., 2015), suggesting a possible compensation mechanism for the
offspring lost to increased egg mortality. Similarly, M. persicae fecundity increased when exposed
to UVA (Dader et al., 2014), however the same light treatment caused a reduction in the num-
ber of Bemisia tabaci eggs per female, demonstrating that the threshold between compensation
and damage is likely to be species-specific. In addition to a change in the number of offspring
produced, there is also some evidence that the viability of offspring is reduced after exposure of
the adult. The grain aphid, S. avenae produced higher numbers of deformed offspring (Zhang
et al., 2016) after exposure to moderate UVA doses. The study also demonstrated that this ef-
fect is partially mitigated by feeding on a host species which supplies a higher concentration of

antioxidants.

In the Lepidoptera H. armigera, post-exposure oviposition rate increased at low UVA doses but
decreased at high doses (Zhang et al., 2011a). It appears that H. armigera can effectively re-
spond to UVA irradiation at low doses by increasing its antioxidant capacity, but at higher doses,
the antioxidant system becomes overwhelmed (Meng et al., 2009). Therefore, the temporary in-
creases in fecundity may occur as a compensation strategy, whilst the insect still has the capacity
to mitigate oxidative stress. However at higher doses, the insect can no longer compensate and
reproductive effort decreases along with a general decline in other physiological functioning.

Finally, invertebrates have been shown to respond behaviourally to high solar UV (Gencer et al.,
2006; Murata and Osakabe, 2014; Paulsen et al., 2013). The two-spotted spider mite (T. urticae)
avoided exposed areas, which would be advantageous feeding sites, during periods of high solar
UV irradiation (Murata and Osakabe, 2014). Earlier larval stages of the psyllid Homotoma ficus
avoided areas subject to high light exposure, perhaps due to increased UV-susceptibility (Gencer
et al., 2006), and the pigmented aphid Melanocallis caryaefoliae was more commonly found in
exposed feeding sites than less pigmented aphids. As well as responding directly to the light envi-
ronment, both Hemiptera (Zu-Qing et al., 2013) and Lepidoptera (Caputo et al., 2006) have been
shown to show feeding preference for plant material grown without UVB. These behavioural
responses to UV, whether responding directly to the light or to the change in food quality, clearly
have implications for survival and fecundity, through both the benefits of avoiding exposure to
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harmful doses of UV, and through the costs of feeding at less nutritious sites within the plant.
Insect behavioural responses to light are discussed further in Chapter 6.

4.4.3 Towards better insect photobiology experiments

The results presented in this chapter demonstrate a significant mortality effect of wavelengths in
both the UVA and UVB wavebands in isolation of the host(Figure 4.2), however it is difficult to
draw comparison directly with other studies as information about UV dose and spectral quality
is often not available. In this section I briefly review the major pitfalls of UV photobiology
experiments and present recommendations for improvement. The main areas of focus are the use
of biological spectral weighting functions, experiments using UVC sources and the confounding
effects of photoreactivation.

From wavebands to spectral weighting functions

In this study, short wavelength radiation was shown to be significantly more lethal than radiation
with longer wavelengths. As such, doses expressed in the somewhat arbitrary unweighted UV,
UVA or UVB wavebands did not explain the mortality response of M. persicae as well as doses
expressed with BSWFs (Figure 4.4), which shows that light in all parts of the spectrum has an
effect on organisms, however different wavelengths will be more effective than others in the
induction of a response. In this case, that response was aphid mortality and, as there is no M.
persicae mortality action spectrum, commonly-used action spectra were ranked according to their
degree of explanation of the experimental data.

We identified a number of BSWFs which apply a larger effective weighting to shorter wave-
lengths than longer wavelengths and, as such, better describe M. persicae mortality than any
of the unweighted measures of dose (Figure 4.4). Although an action spectrum describing the
damage of DNA in alfafa (Quaite et al., 1992) was found to best fit the data, CIE-weighted dose
is perhaps the most useful effective BSWF as CIE daily dose data are widely available, either di-
rectly from satellite data (NASA, 2016), or as UV-index values obtained through meteorological
services. Unfortunately, the use of BSWFs to describe light treatments in insects mortality ex-
periments has not been adopted, with most studies reporting the source type and the measured
UVA, UVB or total UV irradiance. Where the experimental work used sunlight, it is appropriate
to use unweighted irradiance to compare the experimental treatments to other field conditions
because the spectrum shape (i.e. the ratio of one wavelength to another) will not vary hugely.
However, if the experimental work relied on supplementation using fluorescent tubes or other
short-wavelength emitting source, it is very likely that the effective UV dose will be much higher
than the field unweighted equivalent due to a bias towards short wavelength UVB and even UVC
emitted by these lamps.

As an illustration of the magnitude of error which may be introduced, in a hypothetical scenario
where a UVB dose of 1 kJ m™2 is desired, a typical lamp choice might be a Q Panel EL-UVB313.
Unfiltered, this would provide a CIE-weighted dose 82% higher than the same unweighted UVB
dose delivered from sunlight (Table 4.11). Adding a cellulose acetate filter, which removes short-
wavelength UVB and completely excludes UVC radiation, would improve this, but would still
result in an overestimation of 55% in effective dose terms. Failure to take this into account may
explain observed higher insect mortality in lamp experiments, compared to field experiments
(Fukaya et al., 2013; Burdick et al., 2015, data presented in Table 4.10) and smaller effect sizes
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of experiments using solar UVB compared to experiments using UV lamps (Rechner and Poehling,
2014).

Table 4.11: Under-estimation of effectiveness of solar simulators. The unweighted UVA and CIE (erythemal)
doses for five different radiation sources, standardised to a UVB dose of 1kJ m~2. The radiation sources are
the modeled ASTM G173 direct solar model (solar), a Philips TL 6 W BLB (UVA360), a Q Panel EL-UVA340,
an unfiltered Q Panel EL-UVB313, and a Q Panel EL-UVB313 filtered with a single layer of cellulose acetate.
The final column shows the percentage estimation in erythemal effective dose of each artificial source.

Radiation Source UVB UVA CIE % change
kJ m™2 kim? kJm? from solar CIE
1 solar 1 66.57 0.13
2 Philips TL 6 W BLB 1 2689.09 0.97 +625%
(UVA-350 nm)
3 Q Panel EL-UVA340 1 20.65 0.14 +6%
4  Q Panel EL-UVB313 1 1.46 0.24 +82%
5 Q Panel EL-UVB313+CA 1 1.64 0.21 +55%

Use of artificial UVC

Certain studies have used UVC sterilisation sources for studies on insect response to oxidative
stress (Gunn, 1998; Giiven et al., 2015; Ghanem and Shamma, 2007). Doses of high-energy UVC
had a large effect on the survival of Lepidoptera (Gunn, 1998; Giiven et al., 2015) and Coleoptera
eggs (Ghanem and Shamma, 2007), however this is relevant only in the context of the use of
artificial UVC sterilisation sources for pest control purposes, as UVC radiation is not present under
ambient solar conditions. As UVC has not been encountered as a selective pressure by organisms
in their recent evolutionary history, adaptations for UVC protection have not evolved. Typical
organism-produced photoprotectants may have some coincidental protective properties against
UV, however, there is evidence that melanin does not provide protection against UVC (Gunn,
1998) and that it is largely transparent to UVC when in vivo (Kollias, 1995). Therefore, UVC
experiments cannot be considered suitable proxies for invertebrate responses to solar UV. In the
experimental work presented here, a low-cut filter such as cellulose acetate was used to prevent
exposure to these wavelengths and it is recommended that, unless the work seeks specifically to
evaluate the effectiveness of UVC, that all insect work use an equivalent low cut filter.

Photoreactivation as a confounding factor

Photoreactivation is the process of activation of photosensitive photolyase enzymes with long
wavelength UVA and human-visible light, in order to repair cyclobutane pyrimidine dimers
formed by exposure to shorter wavelength UV radiation (Britt, 1996). This mechanism can
dramatically reduce the effective lethality of short-wavelength radiation and has been studied
extensively in plants (Sakai et al., 2011a) and bacteria (Bohrerova et al., 2007). In T. urticae
mortality was much higher when nymphs and eggs were irradiated with only UVB compared to
those irradiated with UVB then exposed to UVA or short-wavelength visible light (Murata and
Osakabe, 2014). Photolyase activation and subsequent DNA repair by long wavelength light
has also been demonstrated in the common pill woodlouse (Armadillidium vulgare) (Sato et al.,
2010), demonstrating that photoreactivation is a highly important mitigation of short wave-
length radiation damage.
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Our study did not specifically control for possible photoreactivation effects during the UV expo-
sure procedure (a period of 1-6 hours), however aphids were moved to a UVB-absent glasshouse
(with supplementation in the Photosynthetically-Active Radiation (PAR) region), post-exposure,
where photoreactivation was expected to have occurred. Future experiments may consider using
an additional solar source (with all UV light removed by filtration) at an appropriate intensity, in
order to properly quantify the photoreactivation effect.

4.4.4 Using mortality data for prediction

Predicted effect of UV on aphids under UK summer conditions

The model generated from the mortality data were used to produce population models for dif-
ferent illumination scenarios, using widely-available CIE data (Table 4.8). In full sunlight on
an average UK summer day, the model predicts that an aphid population will have a negative
PGR, meaning that the population will be in decline. Clearly this is not the case as M. persicae is
a ubiquitous global species, both in natural and agricultural environments, and so this demon-
strates that aphids must have behavioural or physiological responses to mitigate the effect of UV.
This raises important questions as to the mechanisms that determine aphid exposure to harmful
UV radiation, however, these are considered extensively elsewhere in this thesis (Chapter 6) and
will not be discussed here. The predicted effect of UV may therefore be considered a mortality
maximum value (for mortality induced by direct exposure to UV), however the true mortality of
M. persicae in field experiments is predicted to be lower.

Predicted effect under horticultural films

The model also allowed the evaluation of six horticultural films in terms of the likely mortality
effects of an aphid population in direct sunlight (Figure 4.6). Although the absolute mortality
rate may not be accurate, they do allow the films to be ranked in order of their lethality to
unprotected insects. UV-transparent plastics yield near-ambient UV conditions and, therefore,
have very high expected mortality rates for unprotected aphids. Similarly, prototype films which
allow some UVB transmission also increase the risk of mortality for those aphids which expose
themselves to direct solar radiation, filtered through these plastics.

4.5 Conclusions

1. In conclusion, this chapter quantified the dose-mortality response of M. persicae in response
to UV radiation in isolation of any plant-mediated effect. This finding is the first instance
of a mortality effect of UV to be identified in Hemiptera, independently of plant-mediated
UV effects.

2. UV is clearly an important abiotic stress for M. persicae and so I predict that it has evolved
a mechanism(s) which mitigates the effect of UV as an inhibitory factor in its survival and
subsequent PGR.

3. After evaluating the literature in this area, it is recommended that future work studying
the effects of UV on insect survival or physiology consider the following when designing
experiments:
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(@

(b)

()

(d)

(e)

Where artificial sources are used as a proxy for solar UV, use sources which, as closely
as possible, mimic the spectral balance of sunlight.

Do not use UVC as a proxy for solar UV and use an appropriate low cut filter to exclude
wavelengths with a shorter wavelength than are present in sunlight.

Consider using a broadband illumination source to avoid inhibition of photoreactiva-
tion mechanisms in the target organism. [llumination between 370 nm and 600 nm
is typically required.

Use doses weighted with an appropriate Biological Spectral Weighting Function for
the system in question. A CIE (erythemal) action spectrum broadly approximated the
mortality response of M. persicae to broadband UV sources and could be appropriate
for insect mortality studies, however more work is needed to establish the confidence
with which this BSWF can be used.

Report all UV dose and irradiance information, ideally with full-spectrum irradiance
data where lamps have been used as solar simulators. Reporting of cumulative or
daily CIE dose information for solar experiments may also provide a data reference
which could aid in the future collation of studies.
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CHAPTER D

A new method for the rapid quantification of aphid behaviour

in different light environments

Abstract

Background: As the plant science research community and the horticultural industry
progress towards more energy efficient crop illumination through designer spectra, made pos-
sible by recent advances in affordable Light-Emitting Diode (LED) lighting units, we should
consider not only how plants will respond, but how pests and pathogens might be affected by
these unusual light environments.

Results: I present an affordable approach for testing the short term effects of light envi-
ronment on an aphid pest species, Myzus persicae, using off-the-shelf camera equipment and
Open Source software for image analysis. To demonstrate the capability of the system, aphid
behaviour was measured for one hour under high, field-like Ultraviolet-A (UVA) environments
and low ultraviolet-A (UVA) environments similar to LED-illuminated growth chambers. I
showed that a simple metric could be calculated to demonstrate that aphids spent 35-48%
more time in a stationary feeding position under the low UVA light environments compared
to aphids under high UVA treatments. I suggest that this is indicative of a UVA avoidance
mechanism for avoiding damage from solar ultraviolet radiation.

Conclusion: This method extends previous techniques for automated measuring of insect
behaviour to be robust under different light environments. I used Open Source programming
environments and off-the-shelf camera equipment to make this a highly customisable, cost-
effective technique for measuring insect responses to their light environment.
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5.1 Introduction

Fast-throughput behavioural assay techniques for pest insects are emerging as a rapid way of
screening for resistant crop phenotypes (Kloth et al., 2015; Thoen et al., 2016), but there is
potential to extend this technique to measure insect responses to other factors that may affect
their impact on a crop. New lighting technologies such as high-efficiency LEDs are increasingly
employed in plant growth facilities in both research facilities and in commercial production. The
light environment produced by LEDs is different from that produced by previous technologies
such as fluorescent, metal halide or high pressure sodium lamps. One consistent difference is that
unlike glasshouses and most traditional growth room lighting systems, LED-based plant lighting
systems produce little or no ultraviolet (UV). Different lighting environments have the potential
to affect not only the plants but also their interaction with invertebrate pests and microbial
pathogens (Paul et al., 2012). Methods to assess the effects of light environment on plant-
pest interactions remain relatively limited. Simple clip-cage experiments and feeding assays
are useful for establishing plant-mediated mechanisms affecting plant-pest interaction, such as
light-mediated resistance (see below). However, approaches that assess the direct effects of the
lighting on the insect are also required if we are to understand fully how the light environment
affects plant-pest interactions. That need applies, not only in experiments designed to investigate
this aspect of plant biology, but more generally wherever there is a risk of plants being challenged
by pests.

The expectation that different light environments will affect plant resistance to pest attack is
based on understanding of the role of light in regulating plant defence against pest and pathogen
(Ballaré, 2014). Changes in the spectral balance have been linked extensively to changes in
plant defensive chemistry with implications for herbivorous invertebrates (Roberts and Paul,
2006). For example, exposure to UV radiation, especially ultraviolet-B (UVB) radiation (280
nm-315 nm), has been shown to cause increases in UV-absorbing flavonoids (Dolzhenko et al.,
2010; Markham et al., 1998; Ryan et al., 2001), most likely produced to protect the plant from
photoinhibition and photooxidative stress caused by UV high irradiances (Agati et al., 2012).
A secondary effect of flavonoid production is enhanced resistance of the plant to invertebrate
pests. Many flavonol glycosides which are broadly known to increase with UV exposure, such
as quercetin, kaempferol and their derivatives, are known to play a role in pest resistance (Go-
lawska et al., 2012a; Zu-Qing et al., 2013; Lattanzio et al., 2000). Other classes of phytochem-
ical, such as glucosinolates (Hopkins et al., 2009), polyamines (Sempruch et al., 2010) and
alkaloids (Wink, 1992) have also been shown to inhibit feeding, reduce survival and limit Popu-
lation Growth Rate (PGR) in insects, however, their interaction with UV is not well understood
(Schreiner et al., 2012). Other studies using both phloem feeding (Kuhlmann et al., 2010) and
chewing (Izaguirre et al., 2007) insects have explicitly demonstrated the relationship between
UVB exposure, subsequent change in phenolic profile, and decreases in insect PGR or reproduc-
tive success.

Whilst there is undoubtedly a strong case that UVB-induced changes in plant chemistry can affect
resistance, the effect of UV on the invertebrates themselves may result in them incurring signif-
icant fitness costs. Reduced survival associated with exposure to UV has been demonstrated in
spider mites (Ohtsuka and Osakabe, 2009; Sakai et al., 2012) and also in various aphid species
(Dong et al., 2014; YiMin et al., 2014). Additionally, there is strong mechanistic evidence that
many invertebrates, including pests such as aphids, have the photoreceptors and neural process-
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ing capability to perceive UV light, particularly the long wavelength UVA radiation (315 nm-400
nm) (Doring et al., 2007). The UV environment can have major effects on insect behaviour, such
as in Red-Spotted Spider mite (Ohtsuka and Osakabe, 2009) and in Soybean Aphid (Burdick
et al., 2015) which show preference for low UV environments.

In order to understand the effect of different light environments on aphid behaviour, it was nec-
essary to establish a fast-throughput method which allowed the quantification of aphid behaviour
under various light environments. Recent advances in photogrammetric techniques have accel-
erated the speed at which insect behavioural responses may be quantified (Kloth et al., 2015;
Noldus et al., 2002) and through extending this robust technique to cope with unusual light
conditions, I sought to develop this as an approach for screening insect responses to light. The
aims of this research were to:

1. Establish a cost-effective method of recording and measuring the behaviour of wingless
aphids under different lighting environments.

2. Use this system to quantify wingless aphid responses to UV-supplementation of white light
(LED or fluorescent tube), using both UV-LEDs and UVA-emitting fluorescent tubes.

Wherever possible, I made use of open source software tools and coding environments, both to
minimise cost and increase the accessibility of this method.

5.2 Methods

5.2.1 Light environments and measurement

Two separate sets of experiments were conducted with the behavioural assay platform. These ex-
periments were conducted with simultaneous UVA+ and UVA- treatment groups (four UVA+ and
four UVA- aphids per experimental run). The first (Fluorescent Tube Supplementation, see Figure
5.1.A and B) used a Valoya B-series NS1 white LED lamp, supplying Photosynthetically-Active
Radiation (PAR) (400-700 nm) and two Philips TL(D)/08 fluorescent tubes for UVA supplemen-
tation (peak 360 nm). UV-blocking polyethylene (PE) film (Lumival, supplied by BPI Visqueen
Ltd. Lundholm Road, Ardeer, Stevenston KA20 3NQ) was used to filter-out UV from the UVA-
(control) treatment and a UV-transparent PE film (Lumisol, supplied as above) was used in the
UVA+ treatment.

For the second set of experiments (LED only), all light in the chamber was provided by high
power red (720 nm), green (530 nm), blue (450 nm) and UV (375 nm) LEDs which were inde-
pendently dimmed by high frequency (KHz) pulse-width modulation to deliver a high UVA+ and
a UVA- (control) treatment. Experimental runs were conducted individually, alternating between
a UVA+ treatment and a UVA- (control) treatment. As aphids possess three photoreceptors, this
allowed the spectrum in the experimental chamber to be easily manipulated to represent any
aphid colour.

Spectra were measured using a Macam 9910 series spectroradiometer (Macam Photometrics

Ltd.) and a cosine corrected head positioned at leaf disc height with the sensor surface parallel to

the arena surface. Spectra were processed in R using the ‘photobiology’ (http://www.r4photobiology.info/)
package to calculate spectral band irradiances and all plots were generated using the ‘ggplot2’
package.
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5.2.2 Behavioural assay platform configuration

For the fluorescent tube supplementation experiments, foam (5 mm open-cell polyurethane) was
cut to 25 mm x 25 mm pieces and attached to the interior of a 90 mm Petri dish (Figure 5.1.A
and B) to provide four replicate platforms per treatment. 11 mm diameter (95.1 mm?) leaf
discs were punched from a single leaf from a Calabrese plant aged between four and six weeks.
These were placed in the centre of the foam squares with the adaxial leaf surface orientated
upwards. Tap water was added to the Petri dishes, flooding the areas between the foam squares
and preventing the aphids from moving between replicate leaf discs. The water also served to
prevent desiccation of the leaf discs. The Petri dishes were then placed on a raised platform
(approx. 40 mm high) directly beneath the camera lens and fully exposed to the experimental
light sources.

Two areas of the cabinet housing the experiment were isolated by an opaque screen (Figure
5.1.B, marked .iii) with a camera mounted in each, allowing simultaneous operation of a control
and an experimental treatment. With a Petri dish containing four replicates in each half of the
chamber, eight aphids and two treatments were measured simultaneously.

In the LED-only experiments, two layers of filter paper were placed between the leaf disc and the
foam squares. Additionally, the Petri dish was replaced with a 96-well assay plate lid to provide
space for 12 replicates instead of four (Figure 5.1.C). A single LED lighting unit was used and to
avoid any temporal bias, replicate runs of the experiment were alternated between treatments.

Two Canon 1200D cameras fitted with Canon EF 50 mm f/2.5 Compact Macro lenses were con-
trolled by a PC using the Astro Photography Tool (http://www.ideiki.com/) software package,
which allowed full control of the cameras and time-lapse functionality. Images were captured at
f/13 with a shutter speed of between 1/10 and 1/15 seconds (depending on treatment). Camera
white balance and exposure program was set to Manual to ensure consistent image processing.
Cameras captured JPEG images at 30 second intervals for one hour.

5.3 Plants and aphids

Calabrese (Brassica oleracea, v. ‘Volta’ supplied by Nickys Nursery Ltd., Broadstairs, Kent, UK)
was used for fluorescent-tube supplementation experiments. Plants were grown in a glasshouse
at Lancaster University (54.0470°N, 2.8010°W) with supplementary illumination from 4x 600
W Senmatic FL300 Sunlight LED units. Humidity was recorded at an average relative humidity
of 47%. Glasshouse air temperature was recorded at an average of 20.2C. Plants were grown
in Levington’s M3 compost (supplied by LBS Horticulture Ltd., Standroyd Mill, BB§ 7BW) and
were well watered throughout the experiment. Experiments were conducted with plants 4-6
weeks after germination. Due to variation in solar radiation intensity and temperature in the
glasshouse, there was some variation in size of similarly-aged plants and this was standardised
by choosing similarly-sized leaves for the experimental work (those with an approximate leaf
area of 25 cm?). Plants were isolated from exposure to aphids or other invertebrates by growing
within a mesh cage after germination. In the LED-only experiments, calabrese (B. oleracea, v.Zen’
supplied by Tozer Seeds Ltd., Cobham, Surrey, UK) was used as a variety with reported similar
characteristics to ‘Volta’. Growth conditions were as above.
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Figure 5.1: Image capture and aphid detection stages. In the fluorescent tube supplementation experiments,
open-cell foam islands (A.i) were placed in a water filled 90 mm Petri dish (A.ii) with leaf discs (A.iii) placed
on top. Various filtered fluorescent tubes (A.iv) were used to supplement UV with human visible light
supplied by a Valoya LED unit (B.i). Images were captured by dSLR cameras (B.ii) mounted directly above
the Petri dishes. The two arenas were separated by opaque screens (B.iii). In second set of experiments (LED
only), all light was supplied by an LED unit (C.i) and a larger Petri dish was used to allow 12 replicates (C.ii).
An example frame is shown pre-analysis as it would be displayed in the GUI (D). (E) Shows the different
regions identified by the aphid detection script. Circle (E.i) is the perimeter of the leaf disc and is identified
manually by the user. This is expanded by 10% to generate (E.ii). All image data outside this perimeter
is excluded from analysis. Non-aphid areas (E.iii) which pass through the colour filter are excluded by
size and aspect ratio to correctly identify the centre (X3, Y3) of the aphid (E.iv) when X;,Y7 = (0,0) and
X5,Y2 = (5.5,5.5). An example frame is shown post-colour filtering (F) to illustrate how colour filtering
improves the contrast of the aphid (F.i) against the leaf and background.
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Myzus persicae was reared on the same variety as was used in the assays and was grown as above
in separate mesh cages, but in the same glasshouse and conditions. New plants were introduced
weekly and plants showing visible symptoms of stress removed.

Aphids were transferred from glasshouse to laboratory on a leaf from the culture. Mature wing-
less aphids of approximately similar size and colouration were selected for the experiment. One
aphid per leaf disc was transferred by paintbrush directly from the culture plant. This was car-
ried out under laboratory fluorescent lighting. The Petri dish or tray was then transferred to the
platform underneath the camera and the image capture process started.

5.3.1 Software and aphid tracking methods

The OpenCV 3.0 C++ library was used with Python 2.7 bindings to produce general tools for
cropping areas of interest, locating the aphid and outputting a calibrated Comma-Separated
Value (CSV) file with information relating to aphid position and direction. Python scripts were
developed to implement the C+ + library and to organise the resulting files. Any required Graphi-
cal User Interface (GUI), to allow user-adjustment of detection parameters, were generated using
OpenCV. Four key processing steps were identified: image subsetting, spatial calibration, aphid
location, and data processing. The software processing steps are described as follows:

Image subsetting

The original image sequences, containing multiple aphid repeats in each, are cropped to produce
new image sub-sequences with a single aphid in each (example in Figure 5.1.D). This is achieved
using a simple interface that allows users to manually identify single aphid areas within the
image sequence. All of the files within the original image sequence are then exported as a new
subsequence of individual images.

Spatial calibration

Spatial calibration and identification of the boundary of the leaf disc is achieved by generating a
GUI displaying an image (Figure 5.1.D) from the data folder with a user-defined circle overlaid.
The user adjusts the position and diameter of the circle to mark the boundary of the 11 mm leaf
disc within a single frame of the image subsequence. The user then views the circle overlaid
over the other frames in the subsequence to verify that the boundary is a good fit throughout
the image subsequence. Once the diameter and centre coordinates have been confirmed, this
information is exported as a JPEG file which is used as a mask image in the Aphid Location
processing stage

Aphid location

Each image in an image subsequence is masked using the mask file generated in the previous
step. This excludes all areas of the image (excluded area is the area outside the largest circle in
Figure 5.1.E) from analysis, apart from the leaf disc (Figure 5.1.E.iii) and a border zone (Figure
5.1.E.ii) to allow detection of aphids on or close to the leaf disc. This masked image is separated
into red, green and blue colour channels. To improve aphid contrast with the background,
the blue colour channel was subtracted from the red colour channel to produce a single-channel
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image (figure 5.1.F shows false-colour representation of the single channel image). This is passed
through a binary threshold filter with a user-adjustable threshold value to produce a binary
(black and white) image.

The binary image is searched for contours (the perimeters of solid white areas in the image) using
the OpenCV findContours function. These contours are filtered by minimum size, maximum size
and aspect ratio to exclude non-aphid areas (Figure 5.1.E.iv) and identify the aphid (Figure
5.1.E.v). This is graphically represented with a detection ellipse drawn around the aphid in
the GUL The filter parameters may be adjusted by the user until the aphid is tracked reliably
throughout the subsequence.

The centre point of the detection ellipse in each frame is referred to as the aphid’s position.
During the processing, if no appropriate contour is located or if the position is not within the
leaf disc perimeter, the position information is recorded as absent. The pixel positional infor-
mation is then converted to X and Y values (in mm) relative to the top left-hand corner of the
square box bounding the leaf disc circle (point X7, Y7 in figure 5.1.f) and the displacement be-
tween current and previous frame is calculated. For two consecutive frames in the subsequence,
positional information for both must be present to record a displacement value. If either lack
positional information (i.e. the aphid is recorded as off the leaf), displacement is recorded as NA
in the output file. For each image subsequence, a CSV file is generated containing positional and
displacement information for each time interval.

Data processing

Each image subsequence produces a single CSV file in a subfolder. Image subsequences may be
(manually) grouped by treatment and sequence during image import. A python script which
retrieves all of the individual CSV files and collates them into a single data file and a single
summary file was written to facilitate rapid import into R for statistical analysis.

5.3.2 Statistical Analyses

Analyses were run in the R statistical programming environment. Data from the two experiments
(Fluorescent Tube Supplementation and LED-Only) were analysed together. Three candidate in-
dices of aphid behaviour were tested: (i) proportion of time on leaf, (ii) proportion of time
stationary on leaf and (iii) average velocity. The two proportional indices were not expected to
be normally distributed and so were tested with Generalised Linear Model (GLM) with a quasi-
binomial error structure to account for the overdispersion in the data as described by Crawley
(2007). Average velocity data also exhibited a non-normal distribution with some evidence of
over-dispersion and was therefore tested using a GLM with an unspecified quasi error structure
(Crawley, 2007).
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Table 5.1: Irradiances and UVA percentages for experimental treatments. Spectra measured at 1nm inter-
vals using a Macam s.9910 spectroradiometer. Spectra for a Valoya LED unit and a fluorescent UVA source,
filtered with UV-transparent (FT UVA+) and UV-opaque (FT Control) PE films are presented. Spectra for
UVA+ (LED UVA+) and UVA- (LED Control) LED-only irradiation are also presented.

Irradiance (W m™2)
Total PAR UVA UVA %

FT UVA+ 14.25 12.35 1.70 12
FT Control 13.95 1359 0.15 1
LED Control 17.32 17.12 0.00 O
LED UVA+ 19.52 17.24 2.08 11

5.4 Results

5.4.1 Software calibration

In order to differentiate normal aphid movement that occurs during feeding (i.e. the wiggle of a

1 was set as a movement threshold

feeding aphid) from locomotion, a threshold of 0.014 mm s~
to identify time periods when movement was occurring (Figure 5.2.A and B). When the aphid
was located on the leaf (Figure 5.2.C and D) and the velocity was recorded as less than the
movement threshold (Figure5.2.A and B), aphids were recorded as in a probing status (Figure
5.2.E and F). The aphid tracking system also allows analysis of the positional information of the
aphid over the test period, such as the distance from the leaf disc centre (Figure 5.2.G and H). For
the two aphid examples presented, the control (UVA-) aphid showed relatively little movement
and maintained a position near the leaf disc centre whereas the UVA+ aphid moved at higher

velocities and moved off the leaf disc for part of the measurement period.

5.4.2 TIllumination

Irradiance was measured for the four light treatments at 1 nm intervals between 300 nm and
750 nm (Figure 5.3). Integrated irradiances were calculated for the four treatments for UVA,
PAR and total irradiance (Table 5.1).