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Abstract

Insect herbivores exploit plant cues to discern host and non-host plants. Studies of
visual plant cues have focused on color despite the inherent polarization sensitivity of
insect photoreceptors and the information carried by polarization of foliar reflectance,
most notably the degree of linear polarization (DoLP; 0-100%). The DoLP of foliar
reflection was hypothesized to be a host plant cue for insects but was never
experimentally tested. | investigated the use of these polarization cues by the cabbage
white butterfly, Pieris rapae (Pieridae). This butterfly has a complex visual system with
several different polarization-sensitive photoreceptors, as characterized with
electrophysiology and histology. | applied photo polarimetry revealing large differences
in the DoLP of leaf-reflected light among plant species generally and between host and
non-host plants of P. rapae specifically. As polarized light cues are directionally
dependent, | also tested, and modelled, the effect of approach trajectory on the
polarization of plant-reflected light and the resulting attractiveness to P. rapae, showing
that certain approach trajectories are optimal for discriminating among plants based on
these cues. | then demonstrated that P. rapae exploit the DoLP of foliar reflections to
discriminate among plants. In experiments with paired digital plant images that allowed
for independent control of polarization, color and intensity, P. rapae females preferred
images of the host plant cabbage with a low DoLP (31%) to images of the non-host plant
potato with a high DoLP (50%). These results indicated that the DoLP had a greater
effect on foraging decisions than the differential color, intensity or shape of the two plant
images. To investigate potential neurological mechanisms, | designed behavioral
bioassays presenting choices between images that differed in color, intensity and/or
DoLP. The combined results of these bioassays suggest that several photoreceptor
classes are involved and that P. rapae females process and interpret polarization
reflections in a way different from that described for other polarization-sensitive taxa. My
work has focused on P. rapae and its host plants but there is every reason to believe
that the DoLP of foliar reflection is an essential plant cue that may commonly be

exploited by foraging insect herbivores

Keywords: Behaviour; Insect Vision; Polarization Vision; Photo Polarimetry; Degree

of Linear Polarization; Pieris rapae
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Chapter 1.
Introduction

Phytophagous insects must locate and select suitable host plants for feeding and
oviposition to maximize their fitness (Jaenike 1990). While searching for, evaluating, and
eventually accepting host plants, insects exploit diverse plant cues including visual,
infrared, olfactory, tactile, and gustatory characteristics (Prokopy and Owens 1983;
Renwick and Chew 1994; Finch and Collier 2000; Takacs et al. 2008). Visual cues are
thought to primarily mediate insect alightment on (host) plants (Prokopy and Owens
1983). Most studies of visual host plant cues have focused on the color or intensity of
foliar reflectance, or on leaf shape (Prokopy and Owens 1983; Reeves 2011). Despite
this focus, the polarization of foliage reflections has been hypothesized to be an

important host plant cue (Kelber et al. 2001).

1.1. Polarized Light

1.1.1. Physics of Polarized Light

Electromagnetic radiation in the ultraviolet (UV), human visible, and the entire
electromagnetic spectrum can be viewed as a wave or oscillation in the electric field
(Johnsen 2011). As a result, each photon of light can be described with respect to its
wavelength and the orientation of this oscillation. The direction of this oscillation is
known as the e-vector or axis of polarization (AoP). The AoP is expressed as an angle
relative to the vertical between 0-180°. The AoP is limited to 180° as the displacement of
the wave is in two opposite directions, and a AoP of X and 180°+X are equivalent. The
AoP can be decomposed into two perpendicular directional components, for simplicity
referred to horizontal and vertical. If the horizontal and the vertical component are in
phase with each other, the direction of oscillation does not change as the wave
propagates forward and the light is linearly polarized. However, if these two components
are out of phase, the resultant AoP will change as the wave moves forward. If the
components are out of phase by 74 wavelength (A), the AoP will trace out a circle through

one period and the light is circularly polarized. Other phase differences between the



horizontal and the vertical component will result in elliptically polarized light, where the
direction of oscillation will trace out an ellipse rather than a circle. Depending on the

direction of the phase shift, the polarization of the light will be either right- or left-handed.

The above descriptions apply to single photons but in nature, light is composed
of multiple photons and represents a mixture of many different oscillations (Johnsen
2011). When measured over time, the oscillations of photons composing a beam of light
from the sun and most other light sources are essentially random and cancel each other
out resulting in no net polarization. In this case, the light is said to be unpolarized.
However, if the AoP of photons is anisotropic or not randomly distributed, we can detect
an overall AoP of a beam of light (Fig 4.1b). This light is partially polarized and can be
viewed as a mixture of light oscillating in the direction of the overall AoP and light
oscillating in all directions (unpolarized). The strength of this anisotropy in light AoP is
referred as the degree of polarization. This degree of polarization can be calculated for
both circularly and linearly polarized light (DoLP; see also section 1.1.3). In an analogy
with color, linear polarization can be described by three distinct aspects (Bernard and
Wehner 1977; Cronin et al. 2014). AoP can be viewed as corresponding with hue, DoLP
is synonymous with saturation, and both color and polarization share the aspect of

intensity (/).

While there are some biological sources of circularly polarized light (Cronin et al.
2014), only stomatopods have been demonstrated to detect the handedness of
polarization (Templin et al. 2017). Other arthropod photoreceptors perceive elliptically
polarized light as linear polarized light with a lower DoLP. As polarization of elliptically
polarized light approaches circular, the DoLP decreases with circularly polarized light
being indistinguishable from unpolarized light (Johnsen 2011). Thus for the remainder of

my thesis, polarization will refer to linear polarization, unless otherwise noted.

1.1.2. Measuring Polarized Light

Polarimetry is the quantification of the polarization of light (Horvath and Varju
2004; Foster et al. 2018). At its most basic, polarimetry entails taking and comparing
measurements of the intensity of a light source with different orientations of a polarizing
filter (a M4 retarder may also be involved if characterizing circularly polarized light). Most

methods use polarizing filters, light guiding optics, and some form of light detector. By



comparing measurements with a set of formulas, we can determine a set of Stokes

parameters (or Stokes vector) which describe the polarization of a given beam of light.

Three measurements of intensity at different orientations of a polarized filter are
needed to determine the three Stokes parameters relevant for linearly polarized light
(Johnsen 2011). However, most commonly measurements are taken with the filter’s
transmission axis (orientation with maximum transmission) at 0°, 45°, 90° and 135°. The
Stokes parameters, and from them the AoP and DoLP, can be calculated with these

equations below (Eq. 1-5; Horvath and Varju 2004).

I=1Iy+Isp = lys + 135 (1)
Q =1y — Iy (2)
U=ls — i35 (3)

1 Q
= = = 4
AoP 5 arctan (U) 4)

N 5

DoLP =
° I

Photographic polarimetry is the most commonly used technique for quantifying
the intensity measurements required to estimate Stokes parameters (Foster et al. 2018).
This technique was initially dubbed video polarimetry because a video camera was used
to capture the images used for analyses (Horvath and Varju 1997). The current method
uses multiple exposures taken with a digital camera to measure polarization across a
scene. The DoLP and AoP are then typically depicted through false color images (Foster
et al. 2018), however polarization depicting overlays added to a typical photograph offers
several advantages such as greater ease of depicting ellipticity, greater ease of
distinguishing small differences in AoP, and all information can be depicted in a single
panel (Gagnon and Marshall 2016). A lack of spectral resolution is a disadvantage of
using digital cameras, because color is limited to the typical red, green and blue (RGB)
color channels (Foster et al. 2018). Using a spectrometer instead of a camera gives
greater spectral resolution but at the cost of spatial resolution. The various methods of

polarimetry are extensively reviewed in Horvath and Varju (2004, Chpt. 1) and Foster et



al. (2018). A more detailed description of the photographic polarimetry methods used in

my thesis is presented in Chapter 2.

1.1.3. Sources of Polarized Light

Natural and artificial light are generally unpolarized (Cronin et al. 2014).
Polarized light in nature is a consequence of scattering (Johnsen 2011). Whether it be
scattering by small particles, or reflections from shiny objects (which are a form of
coherent scattering), the underlying optical mechanism is the same. Both types of
scattering are common, so while most light sources are unpolarized, partially polarized
light is very common in nature (Cronin et al. 2014). There are other sources of polarized

light in the natural world (see Kénnen 1985) but they are beyond the scope of this thesis.

When a ray of light is scattered by a particle small in size relative to the incident
(original) wavelength, light scattered at 90° to the original direction of travel becomes
highly polarized, with a AoP perpendicular to a plane including both the original ray and
the scattered ray (see Fig. 8.2A and 8.3A in Cronin et al. 2014). For skylight, these small
particles are air molecules and their light scattering results in a band of strongly
polarized light 90° from the sun (overhead at sunrise or sunset). The DoLP is
approximately 80% and diminishes as one approaches the sun and the anti-solar point
(Johnsen 2011). Multiple scattering prevents this band of light from approaching 100%
DoLP. Scattering of light is also responsible for the polarization of light underwater,
although this generally does not exceed a DoLP of 30% (Johnsen 2011). As most light
underwater is downwelling from the surface, unless the observer is near the surface
during the crepuscular period, the greatest polarization will be seen when looking
horizontally through the water column (90° from the main direction of light propagation)

and will have a roughly horizontally AoP.

Specular reflections from shiny (and not so shiny) surfaces are another
mechanism of producing polarization of light in nature (Cronin et al. 2014; Fig. 4.1ab).
This mechanism is highly dependent upon the incident angle of the reflected light, with
the DoLP being maximized when this angle approaches the Brewster’s angle (Johnsen
2011). The Brewster’s angle is dependent upon the index of refraction of the surface and
the surrounding medium. In the case of leaf tissue (1.5) and air (1) this gives an

approximate Brewster’s angle of 55° (Vanderbilt and Grant 1985; Grant et al. 1993). The



angle of incidence affects the reflections of light in accordance with its AoP relative to
the surface (see Fig. 8.4 in Johnsen 2011). At the Brewster’s angle, only light with an
AoP parallel to the surface is reflected, resulting in light polarized parallel to that surface.
However, this is only one component of the reflection, and typically the diffuse
component (see section 1.1.4) lowers the overall DoLP (Horvath and Varju 2004), with

natural scenes having DoLPs typically ranging between 0-50% (Foster et al. 2018).

1.1.4. Polarized Reflections from Plant Surfaces

Like other shiny surfaces, leaves polarize light through specular reflection (see
section 1.1.3) which is strongly directionally dependant (Foster et al. 2018). As
inflorescences are generally less shiny than leaves and typically reflect only weakly
polarized light (Horvath et al. 2002; van der Kooi et al. 2019), | focus here on reflections
from leaves. The reflected DoLP depends upon how closely the light’s incident angle
approximates the Brewster’s angle (Johnsen 2011). The incident angle itself is
dependent on the solar and observer elevation and azimuth, resulting in shifts in
polarization with observer position and time of day (Hegedus and Horvath 2004; see Fig.
2.1). Reflections from a leaf are polarized in a direction parallel to the surface. However,
groups of leaves with many orientations will be polarized tangentially with respect to the
sun (Kénnen 1985). Also worth noting is that as this specular reflection occurs at the leaf
surface, the incident light does not interact with the interior of the leaf, and the reflected

light has a spectral composition similar to that of the incident light (Grant et al. 1993).

In addition to these directional effects, the DoLP is affected by surface
characteristics of leaves across many spatial scales (Grant 1987). Generally, leaf
characteristics that increase surface roughness decrease the DoLP, making matte
leaves less polarized than shiny leaves (Grant et al. 1993). The cuticle is the first
“obstacle” encountered by a light ray striking a leaf (Grant 1987), and accounts for most
of the surface detail on small scales (less than 10% of A). Being extracellular and
multilayered, the cuticle forms a protective barrier at the plant-air interface. Its uppermost
layer is composed of epicuticular waxes of various chemical compositions that are
genetically determined and species-specific. These waxes scatter light, but unlike
coherent scattering, the resulting AoP of the light is random (Grant et al. 1993; Johnsen
2011). Moreover, undulations, pubescence and other large leaf features affect how light

reflects from a leaf surface (Grant et al. 1993). These large features lower the overall



DoLP of a leaf since the differently oriented surfaces will result in specular reflections

that are spread across a wider range of directions (Grant et al. 1993).

The DoLP of a leaf (or other objects) is also affected by the largely unpolarized
diffuse reflection. This diffuse reflectance is produced by light that enters the leaf and is
multiply scattered by the tissue, effectively randomizing the polarization of the light
(Grant 1987). This light does interact with the internal structure of the leaf, and the
absorption of light by pigments can reduce diffuse reflections at certain wavelengths.
This lower diffuse reflectance, when taken with the spectrally flat specular reflectance,
results in a relatively higher DoLP from darker-colored objects (Horvath and Varju 1997).
For this reason, green leaves have a lower DoLP in the green range of the human-

visible spectrum than in the red and blue range.

1.2. Arthropod Photoreceptors

1.2.1. Rhabdomeric Photoreceptors

To begin the cascade of chemical reactions underlying vision, the chromophore
of a visual pigment must first absorb a photon (Johnsen 2011; Cronin et al. 2014). The
largely linear molecular structure of these chromophores gives them an inherent
dichroism, allowing preferential absorption of photons with an AoP parallel to the
molecules’ long axis. Visual pigments are confined to cellular membranes and the
chromophores are held roughly parallel to the cellular membrane. As a result, the
polarization sensitivity of a photoreceptor largely depends upon the orientation of these

cellular membranes.

In arthropod photoreceptors, these membranes are ordered into finger-like
projections known as microvilli which are tightly packed forming the central light guide, or
rhabdom, of each ommatidium (Cronin et al. 2014; Fig. 4.1). These microvilli are
transverse to the long axis of the ommatidium and the light path (Johnsen 2011). The
tubular structure of these microvilli results in the long axis of the chromophores aligning
along the long axis of the microvilli in the portions of the membrane parallel to the light
path (see Fig 16.1 in Horvath and Varju 2004). This alignment results in a greater
sensitivity to light with an AoP parallel to the long axis of the microvilli (Johnsen 2011).

Even with a random-distribution photopigment alignments, this form dichroism will result



in light with an AoP parallel to the long axis of the microvilli (referred to as the preferred
e-vector or ¢max) being absorbed twice as much than light with an AoP perpendicular to
this axis. This polarization sensitivity (PS) is expressed as a ratio, with PS being ~2 in
the example above. Given the high PS observed in some insect species, it seems that
the orientations of these chromophores are constrained in some way to enhance their
alignment with the long axis of the microvilli (Horvath and Varju 2004; Roberts et al.
2011; Cronin et al. 2014).

As visual responses occur at the level of the photoreceptor, these responses are
sensitive to polarized light only if the microvilli of a photoreceptor are also aligned. In
order to have photoreceptors with high absolute sensitivity to light, the microvilli must be
densely packed into the rhabdom. Aligning the microvilli is the most efficient way to
achieve this high density (Cronin et al. 2014). Many photoreceptors do have straight
microvilli, but many others have microvilli oriented in two different directions, or microvilli
that splay out like a fan (Johnsen 2011). In these cases the PS of the photoreceptor is
degraded. Twisting of the microvillar axis along the photoreceptor can also reduce PS
(see section 1.2.3; Wehner and Bernard 1993; Horvath and Varju 2004).

1.2.2. Dorsal Rim Area

In many insects, there is a specialized section of the compound eye termed the
‘dorsal rim area’. This area faces upwards at a small part of the sky (Cronin et al. 2014),
viewing the polarization pattern therein (see section 1.1.3). Many species of insects
utilize skylight polarization information during navigation (Labhart and Meyer 1999). The
rhabdoms in the dorsal rim area — unlike their counterparts in all other areas of the eye —
are short in length (thus enhancing PS), have a large cross-sectional area, and have a
wide field of view. Invariably, these ommatidia also possess two photoreceptors with
orthogonal microvilli and similar spectral sensitivity, allowing for opponent processing
(Cronin et al. 2014; Labhart 2016). The ommatidia of the dorsal rim are arranged in a fan
like pattern so that these orthogonal photoreceptors present a variety of ¢max. The signals
originating from ommatidia with similar ¢max are processed and pooled in POL-neurons of
the optic lobe, describing the strength of the polarization signal at AoP near 0, 60 and
120°. Comparisons between these three POL-neurons then allow for the determination

of skylight AoP independent of DoLP and intensity, similar to the process of photo



polarimetry described above (see section 1.1.2). This information is used in several

navigation-related behaviors linked to polarized light (see section 1.3.1).

1.2.3. Photoreceptor Twist

In many insects, rhabdoms outside of the dorsal rim area are twisted along their
longitudinal axis reducing or even demolishing PS (Horvath and Varju 2004; Labhart
2016). For example, the microvillar direction in honey bees, Apis mellifera, shifts by
1°/um resulting in a twist of ~180° over the length of the rhabdom. Among different
insect species, the amount of this twist varies throughout the length of the eye but this
twisting greatly reduces the PS of photoreceptors (Horvath and Varju 2004). A highly
polarization-sensitive photoreceptor with microvilli aligned along its length absorbs less
unpolarized light, a process known as self-screening. The distal portion of the
photoreceptor absorbs most of the light with an AoP at or near it's ¢max, resulting in most
of the light available to the proximal portion of the photoreceptor having an AoP
perpendicular to it's dmax (Cronin et al. 2014). This twisting along the length of the
rhabdom nullifies this effect (Horvath and Varju 2004) and is thought to be an adaptation
by diurnal floral foragers enabling them to accurately perceive colors by avoiding the
potentially confounding effects of polarization-induced false colors (see section 1.2.5).
Although photoreceptor twists are known only from bees, ants, flies and odonates, other
insects have other means of degrading PS (see section 1.2.1; Horvath and Varju 2004;
Johnsen 2011).

1.2.4. Ventral Polarization Vision

While there are several prominent examples of insects (most notably the
honeybee) with low PS in the ventral compound eye (Horvath and Varju 2004), it has
been recently shown there are many other insects with such PS (Heinloth et al. 2018).
However photoreceptor twist remains the default assumption for uncharacterized
compound eyes, despite examples of photoreceptor twisting being limited to the
Hymenoptera, Odonata and Diptera (Horvath and Varju 2004; Heinloth et al. 2018).
Ventral polarization vision or PS in the ventral eye region (‘ventral PS’) is well known
among aquatic insects that are attracted to horizontally polarized light which is used as a
cue for bodies of water (see section 1.3.2; Horvath and Varju 2004; Heinloth et al. 2018).

For example, common backswimmers, Notonecta glauca (Hemiptera: Notonoctidae),



possess a specialized region in their ventral eye for detection of polarized light. Other
insects associated with aquatic environments with behavioral evidence for ventral PS
include members of the Ephemeroptera, Odonata, Diptera, Coleoptera, Trichoptera, and
other members of Hemiptera (Horvath and Varju 2004; Horvath et al. 2014b).

Ventral PS also occurs in terrestrial insects across several taxonomic orders. In
Orthoptera, desert locusts, Schistocerca gregaria, are known to avoid large bodies of
water during migratory flights due to their polarized reflections (see section 1.3.2;
Shashar et al. 2005). The eyes of cockroaches (Blattodea) are polarization sensitive
outside the dorsal rim area, as demonstrated through a combination of
electrophysiological, behavioral and morphological studies (Hegedus and Horvath 2004;
Mishra and Meyer-Rochow 2008). There is a mixture of behavioral and morphological
evidence for ventral PS in several hemipteran families (Wakakuwa et al. 2014; Mishra
2015; Paris et al. 2017). Morphological studies have shown photoreceptors with
microvilli arrangement suggesting PS in many families of beetles (Wachmann 1977;
Gokan and Hosobuchi 1979; Lin 1993; Mishra and Meyer-Rochow 2006; Meyer-Rochow
and Mishra 2009), and electrophysiological recordings have demonstrated PS in
Curculionidae and Buprestidae (lli¢ et al. 2016; Megli¢ et al. 2020). While not all
lepidopterans show evidence for ventral PS (Horvath and Varju 2004), some have
extreme PS (Belusi€ et al. 2017). Butterflies, in particular, are sensitive to polarized light
throughout their compound eyes, with Papilio butterflies being particularly well studied
(see sections 1.2.5, 1.3.3, 1.4.4; Cronin et al. 2014; Mathejczyk and Wernet 2017;
Heinloth et al. 2018). While photoreceptor twisting is known from several higher
dipterans, behavioral and electrophysiological investigations have demonstrated PS in
the ventral compound eye (Horvath and Varju 2004; Heinloth et al. 2018). These
dipterans seem to be reliant on populations of low-twist photoreceptors in the ventral
compound eye, as demonstrated in Drosophila (Wernet et al. 2012). Even in the
Hymenoptera where examples of photoreceptor twist and low ventral PS can be found,
little is known about ventral polarization vision (Zeil et al. 2014) and further examination
of the ventral compound eye may yet discover groups with ventral PS. Given these
widespread examples among insects and the PS inherent in rhabdomeric
photoreceptors, it seems that polarization sensitivity throughout the insect compound

eye should be assumed unless proven otherwise.



1.2.5. Perception of Polarized Light

Depending on the number and spectral sensitivity of photoceptors involved, there
are several possible ways polarized light might be perceived by an arthropod visual
system (Labhart 2016). Just as a single class of photoreceptor is insufficient for color
vision (Cronin et al. 2014), comparisons between signals from photoreceptors with the
same ¢max (1D system) are unable to glean any specific information about DoLP and AoP
(see Fig. 2b in Labhart 2016). Even though photoreceptor responses are affected by
polarization, these differences are indistinguishable from changes in responses caused
by stimulus color or intensity. Opponent processing between two photoreceptors that
differ in ¢max (2D system) in a polarization-opponent (polop) interneuron can allow some
discrimination between DoLP and AoP. However, as photoreceptor responses can be
affected by both DoLP and AoP, there is significant ambiguity among them (How and
Marshall 2014; see Fig. 3 in Labhart 2016). Despite this ambiguity, these 2D systems
underly many of the polarization-mediated behaviors (see section 1.3), and can allow for
“true” polarization vision (perception of AoP independent of intensity). Based on theory,
a visual system would require three photoreceptors with different ¢max (3D system) to
unambiguously determine AoP, DoLP, and intensity (Bernard and Wehner 1977; see
Fig. 2d in Labhart 2016). Processing of polarization information by polop neurons in the
dorsal rim area is the best known example of a 3D system (see Section 1.2.2), however
signals from these neurons have a low spatial acuity and are not independent of
intensity and color (Labhart 2016).

True polarization vision requires that the response to polarized light is unaffected
by the spectral makeup or the intensity of the stimulus light (Labhart 2016). If the
photoreceptors compared in opponent processing differ in their spectral sensitivity, this
difference results in polarization-induced false colours, where photoreceptor response is
dependent on both stimulus color and polarization. The perception of false colors has
been demonstrated in Papilio butterflies, however the photoreceptors are only
moderately sensitive to polarized light (PS~2) (Kelber et al. 2001). False colors should
allow butterflies to discriminate between matte and shiny surfaces (Hegedis and
Horvath 2004). Vertebrate host-finding in horseflies and phototaxis in Daphnia have also
been shown to be dependent upon both color and polarization (Flamarique and
Browman 2000; Megli€ et al. 2019). The perception of intensity may also be dependent

on polarization, as has been shown in foraging Papilio (Kinoshita et al. 2011) and in
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target detection by fiddler crabs (How et al. 2015). These examples suggest that the
visual systems of arthropods combine intensity, color and/or polarization information in

ways suited to the biotic and abiotic characteristics of their particular habitats.

One additional aspect of polarized light perception worth mentioning is the
distinction between simultaneous and successive mechanisms (Kirschfeld 1972). The
mechanisms discussed thus far have focused on simultaneous mechanisms. Successive
mechanisms entail comparisons of multiple observations over time after the alignment of
AoP from an object and the ¢max of the photoceptor have changed either through rotation
of the eye or movement of the arthropod through the environment. Such a mechanism
requires only a single polarization-sensitive photoreceptor (Horvath and Varju 2004) and
is functionally similar to photographic polarimetry (see section 1.1.2). This behavior has
been demonstrated in stomatopod crustaceans where these organism use torsional
movements of their eyes to maximize polarization contrast (Daly et al. 2016). Compared
to other visual subsystems, successive mechanisms require a greater degree of neural
processing and integration making them a less parsimonious explanation (Labhart
2016).

1.3. Polarization-Related Behaviors

1.3.1. Navigation

As mentioned previously (see section 1.2.3), many insects use skylight
polarization (see section 1.1.3) as a navigational cue (Horvath and Varju 2004;
Mathejczyk and Wernet 2017). Skylight navigation is prevalent among central-place
foragers such as bees, ants and wasps that return to their nest after foraging bouts (Zeil
et al. 2014; Mathejczyk and Wernet 2017). This navigation was first demonstrated in
honey bees that integrate celestial polarization and solar position as a direction
reference in their in-hive “waggle dance” which informs nestmates about the location of a
food source. Desert ants, Cataglyphis bicolor, are perhaps best suited to investigate the
use of skylight polarization as a navigational cue (Mathejczyk and Wernet 2017).
Returning to their nest without the aid of landmarks, these ants — using “path integration”
— chart a direct straight line path relying heavily on celestial polarization (Horvath and
Varju 2004; Zeil et al. 2014; Mathejczyk and Wernet 2017). Polarized light navigation

also occurs in other species of bees and ants (Zeil et al. 2014).
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Unlike ants and bees (Hymenoptera), most insects do not repeatedly travel back
and forth to a central location (Mathejczyk and Wernet 2017). Behavioral experiments
with these non-hymenopterans are typically based on observations of spontaneous
behaviors (i.e., turning) in response to rotations of a polarized filter. These “polarotactic”
behavioral responses have been noted in many insects including monarch butterflies
(Danaus plexippus), flies (Drosophila, Musca), crickets, locusts and scarab beetles
(Horvath and Varju 2004; Mathejczyk and Wernet 2017). Anatomical investigations of
the dorsal rim area in many taxa suggests that the use of polarized light as a

navigational cue is common among insects (Labhart and Meyer 1999).

1.3.2. Water Location and Avoidance

Insects living in or near aquatic habitats are commonly attracted to sources of
horizontally polarized light (Horvath and Varju 2004; Mathejczyk and Wernet 2017;
Heinloth et al. 2018). Light reflecting off the water surface becomes horizontally
polarized, often to a high degree (see section 1.1.3), and can be a useful cue for insects
seeking bodies of water (Wehner 2001). The backswimmer, Notonecta glauca,
exemplifies this mode of resource location but this mode has also been noted in a
myriad of other water associated insects (see section 1.2.4; Horvath and Varju 2004).
This attraction results in many dark shiny man-made surfaces such as wet asphalt, cars,
and glass buildings becoming ecological traps, as they are mistaken for water bodies
during oviposition and other behaviors since they produce horizontally polarized light.
This phenomenon is known as polarized light pollution (Horvath et al. 2009, 2014b). For
certain insects living at or near the water-air interface polarized reflections could interfere
with other visual tasks (Heinloth et al. 2018), and it seems that in water striders (Gerris
lacustris) their ventral eye is adapted to filter out these reflections (Horvath and Varju
2004). Horizontally polarized light can also be used as a cue to avoid water (Wehner
2001), as shown for flying locust swarms that alter course to avoid crossing large water
bodies (see section 1.2.4, Shashar et al. 2005).

1.3.3. Intraspecific Polarization Signaling

The body structures of many arthropods produce polarized light patterns which
likely function in intraspecific signaling (Cronin 2018). This possibly covert

communication channel is especially intriguing but its investigation can lead to erroneous
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conclusions (Marshall et al. 2014) since polarization is difficult to manipulate
independent of color and intensity (Foster et al. 2018). Nonetheless, there are examples
among insects and other arthropods suggesting the use of polarized light as a
communication signal. For example, the wings of many butterflies produce highly
polarized light through iridescence which likely has a signal function for polarization-
sensitive conspecifics (Mathejczyk and Wernet 2017). In the nymphalid butterfly
Heliconius cydno, a depolarizing filter altered the preference of approaching males
(Sweeney et al. 2003). However these shifts in mate preference may have been due to
filter-related changes in light intensity or color (Horvath and Varju 2004). Further
supporting polarized light as a intraspecific signal is findings that the wings of butterflies
living in forests, where polarized light is rare, are far more likely to reflect polarized light
than the wings of butterflies living in open habitats (Douglas et al. 2007). Crustaceans
are also known to use polarized structures in courtship displays (Marshall et al. 2019).
Stomatopod crustaceans, known for their polarization vision, possess a number of
polarized-light producing structures used during courtship. Experimentally reducing the
DoL P of this presumed signal alters mate-choice, however the effects of DoLP and color
could not be completely disentangled (Chiou et al. 2011). Fiddler crabs too have
polarized light-producing body structures and are known to be sensitive to AoP and
DoLP (Zeil and Hofmann, 2001), but in this case polarization may just be a component

of a crab’s contrast with the background (Marshall et al. 2019).

1.3.4. Object Detection

Polarized light (or the lack thereof) can be used for detecting and evaluating
objects in the environment, whether they be predators, prey, or hosts. Several
crustaceans are known to react to a looming stimulus, thought to mimic the approach of
a predator, which is visible only via polarization sensitivity (Cronin et al. 2014; Cronin
2018). These types of stimuli are typically presented via a LCD monitor with its front
polarizer removed, with increasing pixel values generating increasing shifts in AoP from
baseline (Foster et al. 2018). The pure-polarization contrasts and the highly polarized
light (100% DoLP) of these stimuli are atypical of those that these animals would
naturally encounter in their habitat (Cronin et al. 2014). However, effects of both DoLP
and AoP on predator avoidance responses by fiddler crabs have been demonstrated in a

natural setting (How et al. 2015). At least in fiddler crabs, this response to the object
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seems to be driven by both intensity and polarization contrast which are processed
separately (Smithers et al. 2019). The polarization contrast of objects may also be a
useful cue for prey detection, and could be exploited by aquatic and other water
associated insects and their larvae (Marshall et al. 2019). However, polarization contrast
requires the rather uniform background found in aquatic environments and moist
mudflats but not in terrestrial environments with their complex mosaic of polarized

reflections (Marshall et al. 2019; see section 1.1.3).

Animals in terrestrial environments use polarized light to locate both plant and
animal hosts. Horseflies in search for bodies of water or vertebrate hosts respond to
polarized surfaces (Horvath et al. 2014a). Horseflies seeking vertebrate hosts are
attracted to surface reflections with a high DoLP regardless of AoP, likely because the
various parts of an animal host produce different AoPs (Egri et al. 2012b). Even though
dark- and light-colored hosts are equally suitable for blood feeding, horseflies seek hosts
with darker pelage as they have a higher DoLP (Horvath et al. 2010; Egri et al. 2012a). It
should also be noted that black and white patterns, most notably the zebra stripes, can
make host less attractive to horseflies and other blood feeding flies (Egri et al. 2012a;
Blah¢ et al. 2012).

Insect herbivores may also use polarized light as a cue to help them locate and
evaluate potential host plants. This use has been best demonstrated with Papilio
butterflies, where polarization-induced false colors should allow these butterflies to
discriminate between shiny and matte leaves (Kelber et al. 2001; Horvath et al. 2002;
Hegedis and Horvath 2004). However, the test stimuli presented in these experiments,
had a DoLP much higher than that of plant-reflected light. Discrimination among real
plants has yet to be demonstrated (but see Chapters 4 and 5). As polarization sensitivity
in the ventral compound eye is quite common among insects (see section 1.2.4), groups
other than Papilio butterflies can be expected to exploit the polarization of plant-reflected

light as a host plant cue (Kelber et al. 2001).
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1.4. Cabbage White Butterfly

1.4.1. Geographic Origin and Global Spread

The cabbage white butterfly, Pieris rapae (Linnaeus, 1758), also known as the
small white, small cabbage white, or imported cabbageworm, is present on all continents
with the exception of South America and Antarctica. Its global spread has followed
human movements and the domestication and cultivation of Brassica crops (Ryan et al.
2019). The two recognized subspecies P. rapae rapae (Linnaeus, 1758) and P. rapae
crucivora Boisduval 1836 correspond to the European and Asian populations,
respectively. The most notable difference between the two subspecies is the greater UV
wing reflectance of P. r. crucivora females relative to both male conspecifics and P. r.
rapae females (Fig. 3.2; see section 1.4.2; Obara and Majerus 2000). As cabbage white
butterflies have the greatest genetic diversity in the eastern Mediterranean and Levant
region, this is likely their ancestral range where both subspecies originated (Fukano et
al. 2012; Ryan et al. 2019). According to genetic analysis, divergence between the two
subspecies occurred ~800 CE, likely related to trade along the Silk Road and
diversification of Brassica crops (Ryan et al. 2019; see Fig. 2). Greater trade between
China and Russia facilitated the expansion of P. r. crucivora to Siberia in ~1700 CE.
European colonization then led to the introduction of European P. rapae rapae to North
Africa in ~1800 CE, and to eastern North America in ~1860 CE. The completion of rail
lines across North America in the 1870s likely then resulted in an introduction of
butterflies from eastern North America to central California. Members of this western
population were inadvertently introduced into New Zealand in ~1924 CE, further

spreading to Australia in ~1932 CE.

1.4.2. Life History

The cabbage white butterfly, along with other Pieris butterflies (Pieridae:
Lepidoptera), has a long evolutionary history with plants in the order Brassicales (Edger
et al. 2015). Cabbage white butterflies exploit host plants in the family Brassicaceae, and
other plants from the Brassicales (Chew and Renwick 1995). The cabbage white
butterfly can be an economic pest of “Brassica” vegetables (Maltais et al. 1998). It is
multivoltine through much of its range, overwintering as pupae. Eggs are laid singly on

host plants, and progress through five larval instars before pupation (Jones 1977), with
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the full lifecycle being complete in approximately four weeks depending on temperature
(Webb and Shelton 1988). Larvae are well adapted to the glucosinolate defenses of their
host plants, even requiring their ingestion to complete development (Renwick and Lopez
1999). Early instars are unlikely to survive migrating to new host plants, and rely upon
maternal host plant choice (Courtney 1986). While egg mortality is low, early instars
have high mortality. Subsequent instars are more likely to survive but final instar larvae
and pupae suffer extensive mortality from parasitoids (Courtney 1986). Larvae are also
attacked by generalist insect predators, vertebrate predators and micro-parasites such
bacteria, fungi, and viruses, most notably the trans-ovarially transmitted granulosis virus,

which also hampers colony rearing (Courtney 1986).

Behavioural activities of cabbage white butterflies such as dispersal (see section
1.4.3), oviposition (see section 1.4.3), feeding and mating are well documented
(Courtney 1986). In pierids, adults feed mainly opportunistically as they rely on energy
reserves from larval feeding (Courtney 1986). When searching for females, males
generally disperse to areas with a high chance of mate encounters such as patches of
flowers or host plants (Courtney 1986). Adult females generally mate within one day of
emergence, with peak oviposition occurring 3-10 days post emergence (Jones 1977;
Webb and Shelton 1988). Males initially recognize females through sexually dimorphic
wings, with the wings of female P. r. crucivora having relatively high UV reflectance
relative to males (Fig. 3.2). Males also engage in “flutter responses” to deter the
incorrect approaches of other males (Obara 1970; Obara and Majerus 2000; Giraldo and
Stavenga 2007). Females first evaluate males during flight displays, with visual cues
from the dorsal wing surface being most important (Morehouse and Rutowski 2010).
Following the flight display the pair lands and the male approaches the female, with
mate acceptance being primarily mediated by volatile chemical cues (McQueen and
Morehouse 2018). Both males and females mate multiple times (Wedell and Cook 1999)

over their three to four week lifespan (Webb and Shelton 1988).

1.4.3. Host Finding

Dispersal flights in search of suitable host plant habitat represent the first stage
of host plant finding by female cabbage white butterflies (Hern et al. 1996). Females
searching for host plants disperse in a linear direction, with the move length and number

of eggs laid decreasing with increased host plant density (Jones 1977; Hern et al. 1996).
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This type of behavioral response to host plant density results in longer residency time in
dense patches and fewer eggs being laid on any one host plant. The strategy is thought
to better “spread the risk”, and may be an adaptation to host plants occurring in
ephemeral habitats. Cabbage white butterflies can disperse 250-600 m over the course
of a day, with one general direction being preferred (Jones et al. 1980). These
“oviposition flights” occur only in sunny warm weather, with most eggs being laid in the

late morning to early afternoon (Hern et al. 1996).

The second stage of host finding involves the approach towards, and the
alighting on plants. While foraging females are unable to orient to host plants at
distances beyond 1 m (Fahrig and Paloheimo 1987), below 1 m their approach seems to
be guided primarily by visual plant cues, primarily color (Hern et al. 1996). Leaf size or
shape did not affect the females’ preference when other variables were held constant
(Renwick and Radke 1988). Green objects are preferred both during approach (Hern et
al. 1996) and oviposition (Kelber 2001), but female can learn to associate hosts with
different colors (Snell-Rood and Papaj 2009). Leaf color can be indicative of host plant
suitability, with bluer cabbage plants containing fewer chemical defenses and allowing
for better larval performance (Green et al. 2015). While gravid females prefer green
objects, they do not visually discriminate between host plants (lkeura et al. 2010; Green
et al. 2015).

Volatile olfactory cues are also thought to play some role in host plant location in
pierids (Hern et al. 1996) but there is little evidence for volatile plant odorants attracting
cabbage white butterflies (Chew and Renwick 1995; Hern et al. 1996). While several
host plant odorants, including isothiocyanates, elicit antennal responses, these
responses do not seem to affect behavior (Chew and Renwick 1995). In a lab setting,
females deprived of host plant odor failed to discriminate between hosts, but this failure
has not been linked to any particular chemicals (lkeura et al. 2010). Conversely,
odorants from damaged cabbage plants and non-host odorants are deterrent (Hern et al.
1996). The role of olfaction for host plant location by cabbage white butterflies remains

largely unknown.

Better understood is the role of tactile cues or contact chemical cues in host plant
acceptance by cabbage white butterflies (Chew and Renwick 1995; Hern et al. 1996).

Host plants contact chemicals can both stimulate or deter oviposition by female

17



butterflies. Glucosinolates of Brassica host plants are major oviposition stimulants (see
Table 6.1 in Chew and Renwick 1995), with aromatic glucosinolates being more
stimulatory than aliphatic ones (Chew and Renwick 1995; Hern et al. 1996).
Glucobrassicin, in particular, has been noted to be a powerful oviposition stimulant. The
effects of oviposition stimulants are countered by effects of oviposition deterrents. These
deterrents included coumarin and rutin from non-brassicaceous plants (Hern et al.
1996), as well as various glycosides from non-acceptable brassicaceous hosts (see
Table 6.2 in Chew and Renwick 1995). Female cabbage white butterflies also deposit an
oviposition deterring pheromone during egg laying, but it seems to play a minor role in

host plant acceptance relative to other stimulants and deterrents (Hern et al. 1996).

1.4.4. Visual System

The compound eye of cabbage white butterflies is made up of a mosaic of three
ommatidial types which in the ventral eye are easily identified by the trapezoidal (1),
square (ll), or rectangular (Ill) arrangement of pigment clusters bordering the rhabdom
(Qiu et al. 2002; Chapter 3; Table 3.1). Like other pierid and papilionid butterflies
(Wakakuwa et al. 2007), cabbage whites have a 3-tiered fused rhabdom (Shimohigashi
and Tominaga 1991). In the distal and proximal portions of the rhabdom, photoreceptors
R1-4 and R5-8 contribute microvilli, respectively. The R9 cell body is located basally and
it is only in this very basal portion that the R9 photoreceptor contributes to the rhabdom
(Figs. 3.1, 3.4). Intracellular recordings of photoreceptors in the ventral compound eye of
P. r. crucivora have revealed at least eight spectral classes (Qiu and Arikawa 2003ab;
Arikawa et al. 2005), however only four opsins (PrUV, PrV, PrB, PrL) are expressed
(Wakakuwa et al. 2004; Arikawa et al. 2005; Table 3.1).

Photoreceptors R1,2 express different shortwave opsins depending on
ommatidial type (Table 3.1; Fig. 3.10; Arikawa et al. 2005). In type | ommatidia, one of
these two photoreceptors expresses the blue-light-absorbing PrB and the other the UV-
light-absorbing PrUV. In type lll ommatidia, both of these photoreceptors express PruV.
The violet-light-absorbing PrV is expressed in R1,2 in both male and female P. rapae,
but there is a sexual dimorphism in the spectral sensitivity of these receptors (Fig. 3.2b;
Qiu and Arikawa 2003b).This sexual dimorphism can be explained by the absorbance of
a fluorescing pigment in the R1,2 photoreceptors of male butterflies. Fluorescence

microscopy with blue-violet excitation reveals the presence of this pigment in type Il
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ommatidia of males but not of females. This pigment acts as a violet-absorbing filter on
the PrV-expressing R1 and R2 photoreceptors (Arikawa et al. 2005). This filtering, or
lack thereof, results in violet-sensitive photoreceptors in females, and in a double-

peaked blue (dB) photoreceptors in males.

Photoreceptors R3-8 (and presumably R9) express PrL, which absorbs
maximally in the green-yellow range (Wakakuwa et al. 2004). However, single cell
recordings reveal multiple spectral classes of red-sensitive photoreceptors (Table 3.1;
Fig. 3.10; Qiu and Arikawa 2003a). Observations from live butterflies under epi-
illumination light microscopy show ommatidia with pale-red and deep-red eyeshine (Qiu
et al. 2002). Microspectrophotometry on histological sections revealed pale-red pigment
clusters in type | and Il ommatidia, and deep-red pigments in type || ommatidia,
corresponding well with the colour of the eyeshine (Stavenga and Arikawa 2011). As a
portion of the light propagating down the rhabdom travels outside the rhabdom boundary
(Stavenga 2006), these perirhabdomal pigment clusters filter the light reaching
photoreceptors R5-8 and shift their spectral sensitivity towards the red end of the
spectrum, with the pale-red and deep-red pigments shifting peak sensitivity to 620 and

640 nm, respectively (Qiu and Arikawa 2003a; Stavenga and Arikawa 2011).

Like in most butterflies, the photoreceptors of the cabbage white do not twist
along their length and the microvillar axis is aligned along the length of the rhabdom
(Ribi 1978; Shimohigashi and Tominaga 1991; Qiu et al. 2002). This alignment should
result in PS, however the microvilli of some photoreceptors are arranged in a fan-like
pattern which degrades PS. The PS of cabbage white photoreceptors have been

confirmed through single cell recordings (Qiu and Arikawa 2003; Chapter 3).

1.5. Hypotheses and Objectives

In Chapter 2, | use photographic polarimetry (see section 1.1.2) to characterize
AoP and DoLP of foliar reflections. If DoLP were to be an important host plant cue, at
least for female P. rapae, host and non-host plants should have different DoLP. Foliar
polarization of whole plants are affected by the position of the observer and the light
source but these effects are not well understood. The objectives of chapter 2 were to: (1)
compare polarization measurement among host and non-hosts of the cabbage white

butterfly, and (2) measure select plant species under different light source and observer
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positions allowing for modeling of the effect of approach trajectory on plant
attractiveness to host-plant-seeking cabbage white females (see Chapter 4 for

explanation of attractive polarization cues).

In Chapter 3, | tested the hypothesis that the sexually dimorphic dB
photoreceptors (see section 1.4.4) are an adaptation to enhance discrimination of UV
light reflected from the wings of females (see section 1.4.2). If the dB photoreceptor
were to be such an adaptation, eyes of the ancestral P. r. rapae subspecies (see section
1.4.1) should lack this photoreceptor type. | performed a comparative study of P. r. rapae
and P. r. crucivora compound eyes analyzing genetic, spectrophotometric, microscopic,
and in vivo eyeshine observations. | took new measurements for P. r. rapae but used
existing data for P. r. crucivora. | also re-examined previously obtained
electrophysiological recordings of P. r. crucivora photoreceptors to refine estimates of

spectral and polarization sensitivities.

In Chapter 4, | tested the long-standing hypothesis that phytophagous insects
discriminate between host plants on the basis of their polarized light reflections (Kelber
et al. 2001). To test this hypothesis, | developed a novel display system (Fig. 4.3) to
create identical plant images with divergent DoLP or AoP as test stimuli for behavioral
bioassays. The objectives of this chapter were to (1) demonstrate that cabbage white
females discriminate between host plants on the basis of DoLP, and to characterize the

attractive range of host plant DoLP and AoP.

In Chapter 5, again making use of my novel stimulus display system for
behavioral bioassays (Fig. 4.3), | designed experiments to characterize the neurological
mechanism(s) that allow(s) P. rapae to discriminate between stimuli with divergent
DoLP. Emulating the work of Kinoshita et al. (2011), my first objective was to determine
whether cabbage white females perceive differential DoLP as differences in stimulus
intensity or color by investigating the effect of differential stimulus intensity on color and
polarization preferences. My second objective was to identify the photoreceptors
involved in this DoLP discrimination by presenting a series of choices between stimuli
divergent in DoLP but with their color manipulated to minimize the stimulation of the
butterflies’ blue, red, or blue and red photoreceptors. | also modeled the catch of all

photoreceptors aiming to explain observed behavioral responses.
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Chapter 2.

Approach trajectory and solar position affect host
plant attractiveness to the small white butterfly’

The corresponding manuscript is available as a preprint in BioRxiv (2020, doi.org/10.1101/2020.10.04.325639) and is

under review in Vision Research with the following authors: Blake AJ, Couture C, Go MC, Gries G

2.1. Abstract

While it is well documented that insects exploit polarized sky light for navigation, their
use of reflected polarized light for object detection has been less well studied. Recently,
we have shown that the small white butterfly, Pieris rapae, distinguishes between host
and non-host plants based on the degree of linear polarization (DoLP) of light reflected
from their leaves. To determine how polarized light cues affect host plant foraging by
female P. rapae across their entire visual range including the ultraviolet (300-650 nm),
we applied photo polarimetry demonstrating large differences in the DoLP of leaf-
reflected light among plant species generally and between host and non-host plants
specifically. As polarized light cues are directionally dependent, we also tested, and
modelled, the effect of approach trajectory on the polarization of plant-reflected light and
the resulting attractiveness to P. rapae. Using photo polarimetry measurements of plants
under a range of light source and observer positions, we reveal several distinct effects
when polarized reflections are examined on a whole-plant basis rather than at the scale
of pixels or of entire plant canopies. Most notably from our modeling, certain approach
trajectories are optimal for foraging butterflies, or insects generally, to discriminate

between plant species on the basis of the DoLP of leaf-reflected light.
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2.2. Introduction

Many insects exploit polarized skylight to aid in navigation (Labhart and Meyer 1999) but
their use of reflected polarized light for host plant detection and selection has hardly
been studied (Heinloth et al. 2018). Recently, the small white butterfly, Pieris rapae
(Linnaeus, 1758), which uses cabbage and other crucifers as host plants (Chew and
Renwick 1995), has been shown to discriminate among host and non-host plants based
on the degree of linear polarization (0-100%, DoLP) of foliar reflections (Blake et al.,
2019a). Similar to many other insects (lli¢ et al. 2016; Mishra 2015; Wachmann 1977),
the rhabdom of P. rapae photoreceptors is untwisted with uncurved microvilli that are
aligned along the rhabdom’s length (Blake et al., 2019b; Qiu et al., 2002). Rhabdomeric
photoreceptors have an inherent dichroism due to the tubular structure of the microvilli
(Stockhammer 1956; Moody and Parriss 1961; Laughlin et al. 1975). In the ventral
compound eye of other insects such as honey bees, Apis mellifera, desert ants,
Cataglyphis bicolor, crickets, Gryllus campestris, and cockchafers, Melolontha
melolontha, the photoreceptors along with the microvilli composing the rhabdom twist
along the photoreceptor’s longitudinal axis (Wehner and Bernard 1993). This twist
serves to disrupt the alignment of microvilli along the rhabdom, preventing preferential
absorption of light oscillating in a direction, or with an axis of polarization (0-180°, AoP),
parallel to the microvillar orientation, as shown in P. rapae and other insects.
Polarization can result in perceived shifts in color and/or intensity as compared to

polarization-blind visual systems (Kelber et al. 2001; Kinoshita et al. 2011).

Shiny surfaces like water, glass or plant foliage can polarize light through
specular reflection (Foster et al. 2018). These reflections are polarized in a direction so
that their AoP is parallel to the surface. The strength of this polarization (DoLP) is
dependent on the incident angle, with maximal polarization occurring at the Brewster’s
angle (approximately 55° for foliage; Grant et al., 1993; Johnsen, 2011). The polarization
of this light is consequently dependent upon the angle (w) formed between the sun, the
reflecting leaf surface, and the observer (i.e., a camera or insect; Fig. 2.1). This angle is
itself dependent upon the solar and observer elevation and azimuth, making these
aspects important predictors of foliar polarization (Hegedls and Horvath 2004). As it is
only the specular component of the reflection that is polarized, leaf surface

characteristics that increase surface roughness and diffuse reflectance, such as
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pubescence, epicuticular waxes or undulations, also affect the DoLP (Grant et al. 1993).
The DoLP can also be altered by reducing diffuse reflectance through pigmentation
absorption (Horvath & Varju, 1997), resulting in an increased foliar DoLP in the red and
blue relative to green. The type and directionality of the celestial illumination can also
affect the polarization of the reflection, with reflections dominated by skylight or overcast
skies differing from those dominated by the strong point source of the sun (Horvath et al.
2002, Szaz et al. 2016).

As DoLP is an important host plant cue, at least for female P. rapae (Blake et al.,
2019a), it would be informative to compare the DoLP and AoP of multiple host and non-
host plants. While the polarization of select plant species has previously been examined
(Grant et al. 1993), and photo polarimetry has been used to examine plant surfaces
(Horvath et al., 2002), photo polarimetry has not yet been used to compare foliar
reflected polarized light among different plant species. Moreover, polarization
characteristics of foliage in the ultraviolet range (UV, 320-400 nm) have been predicted
to resemble those in the human-visible range (400-700 nm) (Horvath et al., 2002), but
this prediction has never been experimentally tested. Therefore, our first objective was to
use photo polarimetry to characterize the DoLP and AoP of foliar reflections from host
and non-host plants of P. rapae and to compare polarization characteristics of foliage in

both the UV and human-visible range.

Further knowledge gaps pertain to the question as to how interspecific
differences in foliar polarization are affected by the position of the observer and the light
source. Positional effects have been investigated in relation to single leaves (Hegedis &
Horvath, 2004; Horvath et al., 2002) but not whole plants. Therefore, our second
objective was to use photo polarimetry to measure select plant species under a series of
light source and observer positions in order to model how approach trajectory affects
foliar AoP and DoLP, and thus plant attractiveness, to host-plant-seeking female P.

rapae.
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2.3. Methods

2.3.1. Plant material

Within a greenhouse, we grew plants in pots (12.7 cm diam), thinning to one plant per
pot except for fall rye and oregano. In these species, multiple plants per pot generated a
leaf area more comparable to that of the other species examined (Table 2.1). Plants
selected for photography in experiments were 10-20 cm tall with 4-6 fully expanded true
leaves (BBCH 14-16).

2.3.2. Polarimetry of Experimental Plants

We used photo polarimetry (Foster et al., 2018; Horvath & Varju, 2004) to measure the
intensity (/), DoLP and AoP of the selected plants. To obtain these measurements, we
used a modified Olympus E-PM1 camera (Olympus, Tokyo, Japan) with expanded
sensitivity in the UV (320-400 nm) (Fig 2.2c; Dr. Klaus Schmitt, Weinheim, Germany,
uvir.eu) and an ultra-broadband linear polarizing filter (68-751, Edmund Optics, USA).
We narrowed sensitivity to the human-visible range (400-700 nm) and the UV range with
a UV/IR filter (Baader Plantarium, Mammendorf, Germany) and a U-filter (Baader
Plantarium), respectively. To calculate the DoLP and the AoP, we took four images with

the polarizing filter positioned at 0°, 45°, 90° and 135°.

We kept the white-balance, aperture, and other exposure controls constant
between exposures, with all images captured in a raw image format. Within the image-
analysis software platform Fiji (Schindelin et al. 2012), we used a series of custom-
created macros for image analysis and measurement (Blake et al., 2020a). We decoded
images with DCRAW (Coffin 2019) as a 16-bit linear bitmap, persevering sensor
linearity. We determined color corrections necessary to ensure accurate color
representation through photographing a 99% Spectralon reflectance standard (SRS-99-
010, Labsphere, NH, USA) under similar lighting conditions as the experimental plants
(Blake et al., 2020a). We aligned all images (0°, 45°, 90°, 135°) from each plant using
TurboReg (Thévenaz et al. 1998) and separated the plant in each image from the
background (see below). We then calculated Stokes parameters (including /), DoLP, and
AoP for each pixel in the red (575-700 nm), green (455-610 nm), blue (410-530 nm) and
UV (330-395 nm) bands of the electromagnetic spectrum (Fig. 2.2c) and averaged all
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pixel values to give a whole-plant mean for both the intensity (/) and the DoLP, and a

modal value for the AoP.

2.3.3. Interspecific comparisons of foliar reflectance (Exp. 1)

We photographed plants upright inside a black velvet-lined box lit by a 400 W Hortilux®
Blue metal halide lamp (MT400D/BUD/HTL-BLUE, EYE Lighting Int., Mentor, OH, USA,;
Fig. 2.2b) suspended 75-80 cm above the box (Fig. 2.3). Light was directed onto a plant
by a white-cardstock tube (12.5 x 21.6 cm), thus minimizing reflections from the box
walls. The camera was positioned 75-80 cm from the plant at approximately the same

height as the plant canopy (Fig. 2.3).

In all exposures (0°, 45°, 90°, 135°) and color bands (UV, blue, green, red), we
used a background mask to isolate the plant from the background. We created the
background mask using areas above ~2.3% of the maximum pixel value in the green
band. To eliminate possible effects of shading or unequal areas of the plants being
directly lit, we limited estimations of DoLP and AoP to areas of the image above 5% of
the maximum pixel value in each color band. We further limited estimates of AoP, in this
and subsequent experiments, to areas with a DoLP greater than 15%, as below this
DoL P estimates of AoP have little meaning (Horvath & Varju, 1997).

2.3.4. Effect of light source azimuth and elevation on foliar
polarization (Exp. 2)

To photograph plants in various light source elevation and azimuth combinations (Fig.
2.1abce), we used scaffolding to precisely vary the height of the metal halide lamp and a
movable platform to keep the camera and plant in orientation. Subtle variations in plant
height did result in some variation in light source elevation but these variations and those
of related angles were incorporated into the analyses. We positioned a black velvet
background behind the plant in each image to enable optimal separation of the plant
from the background, however this background did not block reflected light illumination
from the room’s walls and ceiling originating from the metal halide lamp. We took these
measurements using a subset of the species we examined in the previous experiment,
selecting plants with shiny leaves (potato, white mustard), matte leaves (cabbage,

rutabaga) and fall rye, which holds its leaves in a more vertical orientation. We omitted
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UV polarimetry in this and the subsequent experiment because plants would shift
position due to positive phototropism (Koller 2000) during the extended time frame
needed for several long UV exposures. Omitting UV polarimetry in experiment 2 was
further justified given the strong correlation (R? = 75%) between DoLP in the UV and

blue found in experiment 1 (see Results).

As the intensity of the black velvet background varied considerably with the
position of the metal halide lamp, we could not specify a single intensity threshold to
separate the plant from the background as we had in the previous experiment. We
therefore used a combination of all three human visual color bands to manually create a
background mask. As we wanted to compare the plant in different light source positions,
we estimated DoLP from the same subset of pixels specified by the background mask

rather than limiting DoLP to areas with a specific intensity, as in the previous experiment.

2.3.5. Effect of observer elevation on foliar polarization (Exp. 3)

Using cabbage and white mustard, we applied the same procedure as described above
to examine the effect of observer elevation (camera in this case). At each observer
elevation (14°, 0°, -14°), we photographed the plant at a subset of the combinations of

elevation and azimuth mentioned above (Fig. 2.1de).

2.3.6. Statistical analysis

We compared foliar reflection among species (Exp. 1), using a linear model with post-
hoc Tukey’s test (Table 2.2; Blake et al., 2020a). We analyzed the effects of light source
and observer positions (Exps. 2, 3) on foliar polarization, using mixed models with plant
included as a random effect (Table 2.2; Bates et al., 2015). We incorporated y into
models of DoLP as the square of its cosine, whereas w was incorporated in these
models via p(w) as described in the Fresnel equations below (1-3), with n1 being the
refractive index of air (1.00) and n2 being the refractive index of the leaf surface (1.34-
1.79, depending on color band). For each color band, we chose the leaf surface
refractive index that minimized model deviance (Blake et al., 2020a). In modeling the
effect of observer elevation (Exp. 3), we incorporated Z into existing models from Exp. 2
as its arctangent, and scaled ¢ by a factor of 16 so its effect would quickly reach an

asymptote as { moved away from 0 (Table 2.2; Blake et al., 2020a).
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2.3.7. Modeling the effect of solar elevation and azimuth on host
attractiveness to Pieris rapae

Utilizing the models for DoLP and AoP from Exp. 3 (Table 2.2), we predicted DoLP and
AoP across most possible values of ¢ (-15-90°), all possible values of ¢ (0—360°), and a
selection of 6 values (15, 45, 75°; Blake et al., 2020a). These predictions were limited to
the blue color channel as there were insufficient data to fit AoP models for the red and
green color bands. Then using the ranges of DoLP and AoP shown to be unattractive to
P. rapae (Blake et al., 2019a), we modeled approach trajectories that would result in
attractive and unattractive polarization characteristics, as well as low DoLP (<10%,

moderately attractive).

2.4. Results

2.4.1. Interspecific comparisons of foliar reflectance (Exp. 1)

There were statistically significant differences in both intensity and DoLP among plant
species in all color bands (Figs. 2.4ab, 2.5ab, 2.6ab, 2.7ab; Table 2.2). In contrast, we
found minimal, although sometimes statistically significant, differences in AoP among
plant species (Figs. 2.4c, 2.5c, 2.6c¢, 2.7c; Table 2.2). Differences in intensity and DoLP

were comparably large in the UV and blue color bands. The comparatively shiny-leaved
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species had a much higher DoLP than the matt-leaved species, but only in the blue and

UV bands (Figs. 2.4b, 2.7b), where most P. rapae host plants grouped together.

2.4.2. Effect of light source azimuth and elevation on foliar
polarization (Exp. 2)

For all three color bands, there was a strong relationship between w and DoLP (Figs.
2.8, 2.9, 2.10; Table 2.2), with DoLP increasing as w approached double the Brewster’s
angle (53-60°). This relationship was less pronounced when the plants were lit more
from the side (larger y angle). Fall rye with mostly vertical leaf orientation showed a

different and weaker relationship between w and DoLP (Figs. 2.8a, 2.9a, 2.10a).

There was an approximately proportional negative relationship between the y
angle and AoP in all color bands (Figs. 2.11, 2.12, 2.13; Table 2.2). The slope of this

relationship was steepest when the light source was behind the observer (¢ = 0).

2.4.3. Effect of observer elevation on foliar polarization (Exp. 3)

The effect of w on DoLP increased with the elevation of the observer (g; Figs. 2.14, 2.15,
2.16; Table 2.2). The elevation of the observer also affected AoP (Fig. 2.17). The slope
of the relationship between the y angle and AoP was shallower at lower observer
elevations, while the effect of the ¢ angle on the relationship been y angle and AoP was
more pronounced at higher observer elevations. These effects were all relatively subtle

in comparison to the effects of light source position.

2.4.4. Modeling the effect of solar elevation and azimuth on host plant
attractiveness to Pieris rapae

As indicated by our modeling, the greatest DoLP of foliage is realized when the light
source is located directly behind the plant (Figs 2.18a-c, 2.19a-c). Effects of solar
elevation (8) on DoLP could be compensated for, in part, by shifting the observer

elevation (Q) but lower observer elevation reduced overall DoLP.

Our model predicts that the greatest range of AoP across all ¢ angles tested is

found when solar elevation (8) is low, with ¢ angles at or near 180° always yielding an
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AoP near 90°. We also note that smaller shifts in AoP occur with ¢ angle at lower

observer angles (), but this effect is relatively small.

When we modeled ¢, ¢ and 6 values resulting in combinations of DoLP and AoP
attractive and unattractive to P. rapae (Figs. 2.18, 2.19), there was consistently a
window of attractive DoLPs at a ¢ angle of 180°, and a moderately attractive low DoLP
area opposite it at a ¢ angle of 0°. All other combinations of ¢ and ¢ resulted in
unattractive DoLPs. Increasing solar elevation (8) shifted the attractive window
downward and the low DoLP area upwards. Increased solar elevation () also decreased
the size of the attractive window, while increasing the size of the low DoLP area. The
AoP had little effect on these windows outside of a small narrowing of the attractive

window at low solar elevations (8).

2.5. Discussion

Our study confirms earlier work demonstrating large differences in DoLP among plant
species (Blake et al., 2019a; Grant et al., 1993) and refines our understanding of
polarized reflections from plant foliage. Unlike previous studies that examined polarized
reflections of single leaves, models of leaves, or plant canopies (Grant et al., 1993;
Hegedis & Horvath, 2004; Horvath et al., 2002; Horvath & Hegedus, 2014; Maignan et
al., 2009; Raven, 2002; Rondeaux & Herman, 1991; Vanderbilt & Grant, 1985; Woolley,
1971), we recorded reflections from entire plants thereby revealing several emergent
phenomena. Most importantly, our modeling suggests that certain approach trajectories
are optimal for foraging insects to discriminate among plant species based on the DoLP

of foliar reflections.

Our measurements of polarization of foliar reflections are consistent with point-
source polarimetry data (Grant et al. 1993), and other photo polarimetry of plant surfaces
(Fig. 2.4, 2.5, 2.6, 2.7; Hegedus and Horvath, 2004; Horvath et al., 2002). As predicted
by Horvath et al. (2002), our UV polarimetry data closely resemble those of the human-
visible color bands, especially blue, and are consistent with previous measurements in
the human-visible range. Similar to previous measurements (Grant et al., 1993; Horvath
et al., 2002), glossy, flat and/or dark leaf surfaces have an increased ratio of specular to
diffuse reflection and greater DoLP than matte, undulating, and/or bright leaf surfaces.

As leaves have high reflectance in the green and red color bands, the DoLPs in the blue
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and UV color bands expectedly exceeded those in the green and red bands. Moreover,
plants with leaves that tend to be held more vertically (e.g., fall rye, onions), and provide
little horizonal surface for specular reflections, had low DoLP values. Despite large
differences in leaf shape (simple vs compound) and growth form (all basal leaves vs
basal and cauline leaves), there were only small, albeit statistically significant,
differences in AoP between plant species (Table 2.2). These findings in combination with
the smaller interspecific differences in intensity relative to DoLP (Table 2.2), further
support the conclusion that foliar DoLP is the visual cue that conveys the most host plant
information, especially information about the foliar surface (waxes, pubescence,

undulations).

The angle between light source, plant and observer (w) strongly predicted the
foliar DoLP (Figs. 2.8, 2.9, 2.10) for all color bands, with the strongest polarization at
twice the Brewster’s angle (53-60°). These data are consistent with both theoretical
predictions and other experimental measurements of the effect of viewing angles on
DoLP (Horvath et al., 2002; Raven, 2002; Rondeaux & Herman, 1991; Woolley, 1971).
However, the phenomenon of lowering the DoLP with increasing w had not previously
been noted and emerges here through whole-plant measurements incorporating multiple
leaf surfaces. As the orientation of plant leaves is typically more horizontal than vertical,
plants lit more from the side than from above (greater y) have a relatively smaller leaf
area that is positioned in such a way to specularly reflect light in the direction of the
observed. These areas without specular reflection have a lower DoLP, lowering the
plants’ overall DoLP. Of course, this relationship was absent in fall rye (at least at the
growth stage examined) with primarily vertically held leaves. When plants were
photographed at or below the level of the leaf canopy (lower ¢), the DoLP was reduced
(Figs. 2.14, 2.15, 2.16). Similar to the effect of y, lower { results in a smaller leaf surface
reflecting light at the observer, and a larger leaf surface being in shadow or showing light
transmitted through the leaves. Light transmitted through leaves has a low DoLP due to
diffuse scattering by plant tissue, as previously observed in single leaf measurements
(Horvath et al., 2002; Vanderbilt & Grant, 1985).

In agreement with prior examinations of foliar polarization, the AoP of all color
bands was largely a function of y (Figs. 2.11, 2.13, 2.14), with values of AoP moving
away from 90° as the light source was less aligned with the line between the observer

and the plant (see Fig. 2.1a). This relation between AoP and y is consistent with
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previous observations (Horvath et al., 2002; Kénnen, 1985). Although the AoP of a
particular plant area did not change much in relation to the light source position, the
variety of leaf orientations within a single plant and the curvature of leaf surfaces
ensured that at least a portion of the plant showed a specular reflection regardless of the
light source’s position relative to the plant. Invariably, these areas of specular reflection
showed a greater DoLP accounting for much of the observed relationship between AoP
and y. The variety of leaf surface orientations and the resultant AoPs also explains why
the relationship between AoP and y is shallower than the inversely proportional
relationship one could expect. When plants were viewed with the light source directly in
front of the observer (¢ = 180°; Figs. 2.11, 2.13, 2.14), the relationship between AoP and
y had a reduced slope, a phenomenon being more pronounced when the plant was
observed from a higher angle (¢ > 0; Fig. 2.18). In both cases (¢ = 180°, ¢ > 0), this
resulted in plants having a higher overall DoLP (Figs. 2.8, 2.14), and consequently less
leaf surface area (with a < 15% DoLP) being excluded from estimations of AoP. Given
that less polarized leaf surface areas showed a weaker relationship between AoP and y,
the overall lower DoLP resulted in a stronger relationship between AoP and y as only
leaf areas with highest DoLP were above the cutoff. All these effects of y on AoP could
potentially have biological relevance if a host plant foraging insect were to weigh
observations of AoP by their DoLP when determining a plant’s overall AoP. Nonetheless,
in our modeling, these specific effects on AoP, and the effects of AoP in general, on host
plant attractiveness to P. rapae seem to be subtle in comparison to the effects of DoLP
(Figs. 2.18, 2.19).

Our modeling of the effect of approach trajectory on visual attractiveness of
plants to P. rapae revealed that DoLP is a much more important determinant of plant
attractiveness than AoP (Fig. 2.18). Approach trajectories resulting in AoP unattractive to
P. rapae were also unattractive due to low DoLP. It follows that the effect of AoP on
plant attractiveness can largely be discounted. The key determinant of an attractive
DoLP was the azimuth of an approach trajectory relative to the light source (¢). This was
due to its effect on y, as plants obliquely lit even at the Brewster’s angle showed a much
lower DoLP. In fact, the only attractive approach trajectories were those where the light
source was located behind the target plant. DoLP and attractiveness were also affected
by how close the angle between observer, plant and light source (w) was to twice the

Brewster’s angle, which is affected by light source elevation (8), observer elevation (Z),
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and azimuth (¢). However, when the light source was behind the plant, there was always
a combination of 6 and ¢ allowing for foliar reflections approaching the Brewster’s angle.
Although high solar elevations (>75°) — constrained to times near solar noon and limited
to latitudes near the equator — are relatively rare, they would require much lower
approach angles for accurate assessment of foliar DoLP. It is the key result of our
modelling that for most solar positions there is a single optimal approach trajectory that
would best enable a foraging insect to assess foliar DoLP. However, this conclusion
applies only to settings where foliar reflections are dominated by the specular reflections
of sunlight (or another single strong unpolarized light source), as we took measurements
indoors and did not incorporate possible effects of polarized skylight (Hegedis &
Horvath, 2004; Horvath et al., 2002). The greater direction spread in the illumination of
skylight should increase the DoLP of foliar reflection outside of the optimum approach
trajectory that we have identified, however this type of illumination would likely also

reduce the difference in shiny and matte surfaces (Szaz et al. 2016).

We have every reason to predict that our polarization modeling is applicable to
the foliar reflectance of many plant species. However, the data we have obtained with
herbaceous flowering plants may not be applicable to graminoids, such as fall rye, or
other plants with more vertically held leaves. Moreover, due to the size of trees and large
shrubs, foraging insects more often approach them from below, and do not view them in
their entirety, complicating the applicability of our modeling. It would therefore be
intriguing to model whether approach trajectories have similar effects on polarized light

cues that may be used by insect herbivores of trees and shrubs.

While this work focused on P. rapae, our DoLP and AoP modeling should be
applicable to other polarization-sensitive visual systems. Furthermore, our prediction of a
single optimal approach trajectory for the discrimination of DoLP should hold true for
other polarization-sensitive insects such as Papilio butterflies (Kelber et al. 2001;
Kinoshita et al. 2011), where increased DoLP of foliar reflections would be expected to
have a linear effect on attractiveness (Blake et al., 2020b). The approach of butterflies to
host plants has not yet been well documented and — accordingly — no stereotyped
approach has been noted, as one would anticipate based on our predictions of polarized
reflections. Reminiscent of the plunge responses of Notonecta backswimmers (Schwind
1984), one might expect an approach where the butterflies’ trajectory is constrained so

that at least a portion of the compound eyes are viewing the plant at or near the
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Brewster’s angle. Alternatively, butterflies might circle plants before landing, thereby
shifting their azimuth relative to sun, and entering and exiting the attractive window we
identified. Circling plants would also allow for sequential comparison of visual
information from the plant surface, aiding in DoLP assessment through differences in
color and/or intensity (Horvath & Varju, 2004). Mapping the position of butterflies in a 3-
dimensional space during approaches to host plants would give insight into how these

insects perceive and use the plants’ polarized light cues.

In conclusion, using photo polarimetry to examine polarized reflections from
entire plants, we show that host and non-host plants of P. rapae differ in the DoLP of
foliar reflections, with UV measurements closely resembling those of blue. Our photo
polarimetry further reveals that there is a single optimal approach trajectory that would
enable a foraging insect (or other observers) to best discriminate among these
interspecific differences in polarization. This optimal approach trajectory is always in the
direction of the light source but its inclination is dependent upon the elevation of the light
source (0). It would now be intriguing to determine whether the trajectories of

polarization-sensitive insects towards host plants match those predicted by our models.
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2.7. Tables

Table 2.1 Variety and taxonomic information of select host plants (green) and
non-host plants (black) of Pieris rapae.

common name latin name variety family

onion Allium cepa L. Early Yellow Globe Amaryllidaceae
fall rye Secale cereale L. - Poaceae

pea Pisum sativum L. Green Arrow Fabaceae
spinach Spinacia oleracea L. King of Denmark Amaranthaceae
lettuce Lactuca sativa L. Grand Rapids Asteraceae
carrot Daucus carota L. sativus Nantes Coreless Apiaceae

basil Ocimum basilicum L. Genovese Lamiaceae
oregano Origanum vulgare L. - Lamiaceae
eggplant Solanum melongena L. Black Beauty Solanaceae
pepper Capsicum annuum L. Keystone Resistant Solanaceae
tomato Solanum lycopersicum L. Celebrity Solanaceae
potato Solanum tuberosum L. Russett Burbank Solanaceae
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Table 2.2 Model statements, test statistics, and p-values for statistical models
of photo polarimetry determined measurements of intensity (/),
degree of linear polarization (DoLP), and axis of polarization (AoP)
for the red (R), green (G), blue (B), ultraviolet (UV, Exp. 1 only) color
bands in experiments 1-3.

experiment 1

model statement F df Pvalue
Iy ~ species 14.95 18,192 <0.0001
I; ~ species 15.67 18,192 <0.0001
Iy ~ species 19.35 18,192 <0.0001
Iy ~ species 16.34 18,192 <0.0001
DoLPy ~ species 21.87 18.191 <0.0001
DoLP; ~ species 2143 18,192 <0.0001
DoLPy ~ species 97.93 18,192 <0.0001
DoLPy, ~ species 72.79 18,181 <0.0001
AoPy ~ species 1.76 18,186 0.0334
AoP; ~ species 0.83 18,188 0.6625
AoPy ~ species 1.89 18,191 0.0186
AoPyy, ~ species 1.02 18,176 0.4454
experiment 2
model statement X2 df P value
DoLP, ~ p(w) + species + p(w) : species + p(w) : cos Y?
+p(w) : species : cosP? + (1 | plant) 1049 14 <0.0001
DoLP; ~ p(w) + species + p(w) : species + p(w) : cos Y?
+p(w) : species : cosPY? + (1 | plant) 1059 1 < 0.0001
DoLPy ~ p(w) + species + p(w) : species + p(w) : cos Y?
+p(w) : species : cosP? + (1 | plant) 1073 1 < 0.0001
AoPy ~Y + Y : b+ Y : species + (1| plant) 912 5 <0.0001
AoP; ~Y+ Y: +y: species + (1| plant) 801 5 <0.0001
AoPg ~Y+ Y+ : species + (1| plant) 1267 6 <0.0001
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experiment 3

model statement

X2

df

P value

DoLPg ~ p(w) + species + atan(16 - {) + p(w) : species
+ p(w) : cos Y? + species : atan(16 - Q)
+ p(w) : species : cos P?
+p(w) : atan(16 - Q) : cos P?
+(1 | plant)

DoLP; ~ p(w) + species + atan(16 - {) + p(w) : species
+ p(w) : cos Y? + species : atan(16 - Q)
+ p(w) : species : cos Y?
+p(w) : atan(16 - ) : cos P?
+(1 | plant)

DoLPgy ~ p(w) + species + atan(16 - ()
+p(w) : species + p(w) : cos Y2
+species : atan(16 - {)

+ p(w) : species : cos Y?
+p(w) : atan(16 - Q) : cos P?
+(1 | plant)

AoPp ~Y+ Y : b+ Y:atan(16- ) + P : species
+y: ¢ :atan(16-J) + Y : species : atan(16 - ()
+ (1| plant)

342

386

284

419

<0.0001

<0.0001

<0.0001

<0.0001

The angles (¢, 8, w, Y, ¢) in the model statements are described in Fig. 2.1. The p(w) relationship is defined in
equations 1-3. The fixed effect of different plant species in the model is represented by species, whereas the random
effect of individual plants was fit as an intercept and is represented by (1 | plant). The full R code used for statistical

analysis is presented in an associated Dryad dataset (Blake et al., 2020a).
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2.8. Figures
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Figure 2.1

(a) Diagram showing the relative position of the camera,
experimental plant and light source as well as the angles between
them. The differences in azimuth between the camera and the light
source (¢), and the elevation of the light source (8), were
manipulated to produce a range of values in the angles w & y. — (b)
The range of values for the angle ¢. — (c) The range of values for
the angle 6. — (d) The range of values of camera inclination (3). — (e)
The degree of linear polarization (DoLP) and axis of polarization
(AoP) were measured using photo polarimetry at each combination
of ¢ and 6 angles listed in the table for experiments 2 and 3. Due to
restrictions of the scaffolding for mounting the metal halide lamp,
certain combinations of ¢ and 6 were impractical for polarimetry
(shown in dark grey). For similar reasons, measurements in
experiment 3 were limited to a subset of 8 angles, but for each of the
¢ and 6 combinations listed in the table, measurements were taken
at each Z value. 'In experiment 2, plants were either photographed at
a ¢ between 0-180° or 180-360°. 2Due to low DoLP, these
combinations were excluded from AoP analyses.
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Figure 2.2 Spectra of background, illumination sources, and camera
sensitivity. (a) Reflection spectrum of the black velvet background.
(b) Relative irradiance of the metal halide lamp. (c) Spectral
sensitivity of the modified Olympus E-PM1 camera in the ultraviolet
(UV), blue, green and red bands of the electromagnetic spectrum.
Reflectance spectra were measured with a JAZ spectrometer (Ocean
Optics Inc., Dunedin, FL, USA) calibrated with a 99% Spectralon
reflectance standard (SRS-99-010, Labsphere, NH, USA). Irradiance
spectra were measured with a calibrated HR-4000
spectrophotometer (Ocean Optics Inc.). Isoquantal monochromatic
light for spectral sensitivity determination was generated with the
same HR-4000 spectrophotometer and a scanning monochromator
(MonoScan 2000, Mikropak GmbH, Ostfildern, Germany).
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Figure 2.3

25 mm

Design for photo polarimetry deployed to characterize the intensity,
degree, and axis of linear polarization of various host and non-host
plants of Pieris rapae in the red, green, blue, and ultraviolet color
bands. The camera was positioned so that its optical axis was level
with the plant canopy. The plant was positioned underneath the
spotlight to avoid illumination of box walls. The angle between the
camera and the light source was approximately 90°.
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Figure 2.4  Comparison of intensity (a), degree of linear polarization (DoLP) (b),
and axis of polarization (AoP) (c) among host plants (green bars)
and non-host plants (grey bars) of Pieris rapae. These
measurements used the blue color band. Bars show mean or modal
values with the number of plants measured noted in parentheses in
each bar. In each subpanel, bars with different letters differ
statistically (p<0.05), as determined by a post-hoc Tukey test.
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Figure 2.5 Comparison of intensity (a), degree of linear polarization (DoLP) (b),
and axis of polarization (AoP) (c) among host plants (green bars)
and non-host plants (grey bars) of Pieris rapae. These
measurements used the red color band. Bars show mean or modal
values with number of plants measured noted in parentheses in
each bar. Bars with different letters differ statistically (p<0.05), as
determined by a post-hoc Tukey test.
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Figure 2.6

Comparison of intensity (a), degree of linear polarization (DoLP) (b),
and axis of polarization (AoP) (c) among host plants (green bars)
and non-host plants (grey bars) of Pieris rapae. These
measurements used the green color band. Bars show mean or
modal values with number of plants measured noted in parentheses
in each bar. Bars with different letters differ statistically (p<0.05), as
determined by a post-hoc Tukey test.
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Figure 2.7  Comparison of intensity (a), degree of linear polarization (DoLP) (b),
and axis of polarization (AoP) (c) among host plants (green bars)
and non-host plants (grey bars) of Pieris rapae. These
measurements used the UV color band. Bars show mean or modal
values with number of plants measured noted in parentheses in
each bar. Bars with different letters differ statistically (p<0.05), as
determined by a post-hoc Tukey test.
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Figure 2.8

The effect of w (angle between observer and light source with the
plant at its vertex; see Fig. 2.1) and y (2-dimensional component of
w perpendicular to the plane passing through both the observer and
the plant; see Fig. 2.1) on the mean degree of linear polarization
(DoLP) of the blue color band, as measured in five select plant
species using photo polarimetry. Cabbage, rutabaga and white
mustard are host plants of Pieris rapae.
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Figure 2.9

The effect of w (angle between observer and light source with the
plant at its vertex; see Fig. 2.1) and y (2-dimensional component of
w perpendicular to the plane passing through both the observer and
the plant; see Fig. 2.1) on the mean degree of linear polarization
(DoLP) of the green color band, as measured in five select plant
species using photo polarimetry. Cabbage, rutabaga and white
mustard are host plants of Pieris rapae.
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Figure 2.10

The effect of w (angle between observer and light source with the
plant at its vertex; see Fig. 2.1) and y (2-dimensional component of
w perpendicular to the plane passing through both the observer and
the plant; see Fig. 2.1) on the mean degree of linear polarization
(DoLP) of the blue color band, as measured in five select plant
species using photo polarimetry. Cabbage, rutabaga and white
mustard are host plants of Pieris rapae.
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Figure 2.11 The effect of y (2-dimensional component of w perpendicular to the
plane passing through both the observer and the plant; see Fig. 2.1)
and ¢ (angle between the azimuth of the observer and the light
source; see Fig. 2.1) on the modal axis of polarization (AoP) of the
blue color band, as measured in five select plant species using

photo polarimetry. Cabbage, rutabaga and white mustard are host
plants of Pieris rapae.
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Figure 2.12 The effect of y (2-dimensional component of w perpendicular to the
plane passing through both the observer and plant; see Fig. 2.1) and
¢ (angle between the azimuth of the observer and the light source;
see Fig. 2.1) on the modal axis of polarization (AoP) of the green
color band, as measured in five select plant species using photo
polarimetry. Cabbage, rutabaga and white mustard are host plants
of Pieris rapae. Fall rye data were excluded from analyses due to an
insufficient number of measurements meeting the inclusion criterion
(>10% of pixels with a degree of linear polarization above 15%).
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Figure 2.13 The effect of y (2-dimensional component of w perpendicular to the
plane passing through both the observer and plant; see Fig. 2.1) and
¢ (angle between the azimuth of the observer and the light source;
see Fig. 2.1) on the modal axis of polarization (AoP) of the red color
band, as measured in four select plant species using photo
polarimetry. Cabbage, rutabaga and white mustard are host plants
of Pieris rapae. Fall rye data were excluded from analyses due to an
insufficient number of measurements meeting the inclusion criterion
(>10% of pixels with a degree of linear polarization above 15%).
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Figure 2.14
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The additional effect of observer elevation (g; see Fig. 2.1) on the mean degree of linear polarization (DoLP) of
the blue color band, as measured in cabbage and white mustard (host plants of Pieris rapae) using photo

polarimetry.
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Figure 2.15
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Additional effect of { (elevation of the observer; see Fig. 2.1) on the mean degree of linear polarization (DoLP)
of the green color band, as measured in cabbage and white mustard (host plants of Pieris rapae) using photo

polarimetry.
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Figure 2.16
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Additional effect of { (elevation of the observer; see Fig. 2.1) on the mean degree of linear polarization (DoLP)
of the red color band, as measured in cabbage and white mustard (host plants of Pieris rapae) using photo

polarimetry.
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Figure 2.17 Additional effect of  (elevation of the observer; see Fig. 2.1) on the modal axis of polarization (AoP) of the
blue color band, as measured in cabbage and white mustard (hosts of Pieris rapae) using photo polarimetry.
Red and green color band data were excluded from analyses due to an insufficient number of measurements
meeting the inclusion criterion (<10% of pixels with a degree of linear polarization above 15%).
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Figure 2.18 Effects of approach direction (angle between the azimuth of the observer and the light source (¢; see Fig. 1)
and elevation of the observer ({; see Fig. 2.1) on the mean degree of linear polarization (DoLP) (a-c) and the
modal axis of polarization (AoP) (d-f) of the blue color band of cabbage plants (host of Pieris rapae).
Attractiveness of resulting polarization characteristics to P. rapae (g-i), based on a previous behavioral study
(Blake et al. 2019). Approach trajectories resulting in attractive characteristics (DoLP = 26-36% and AoP = 0-
38, 53-128 or 143-180°) and unattractive characteristics (DoLP = 10-26% or AoP = 38-53°, 128-143°) are shown
in green and white, respectively, with pink indicating trajectories resulting in a moderately-attractive low
DoLP (<10%). Higher DoLP (36-60%) would also be unattractive but were not predicted by these models.
These effects changed with light source elevation (6; see Fig. 2.1) which is shown at 15° (a, d, g), 45° (b, e, h)
and 75° (c, f, i).
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Figure 2.19

Effects of approach direction (angle between the azimuth of the observer and the light source (¢, see Fig. 1)
and elevation of the observer ({; see Fig. 2.1) on the mean degree of linear polarization (DoLP) (a-c) and the
modal axis of polarization (AoP) (d-f) of the blue color band of white mustard plants (host of Pieris rapae).
Attractiveness of resulting polarization characteristics to Pieris rapae (g-i), based on a previous behavioral
study (Blake et al. 2019). Approach trajectories resulting in attractive characteristics (DoLP = 26-36% and AoP
= 0-38, 53-128 or 143-180°) and unattractive characteristics (DoLP = 10-26% or AoP = 38-53°, 128-143°) are
shown in green and white, respectively, with pink indicating trajectories resulting in a moderately-attractive
low DoLP (<10%). Higher DoLP (36-60%) would also be unattractive but were not predicted by these models.
These effects changed with light source elevation (6; see Fig. 2.1) which is shown at 15° (a, d, g), 45° (b, e, h)
and 75° (c, f, i).
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Chapter 3.

Compound eyes of the small white butterfly Pieris
rapae, have three distinct classes of red
photoreceptors’

The corresponding manuscript is published in Journal of Comparative Physiology A (2019, doi.org/10.1007/s00359-019-
01330-8) with the following authors: Blake AJ, Pirih P, Qiu X, Stavenga DG, Arikawa K, Gries G

3.1. Abstract

The two subspecies of the Small White butterfly, the European Pieris rapae rapae and
the Asian P. r. crucivora, differ in wing colouration. Under ultraviolet light, the wings of
both male and female P. r. rapae appear dark, whereas the wings of male P. r. crucivora
are dark and those of females are bright. It has been hypothesized that these sexually
dimorphic wing reflections in P. r. crucivora may have induced the evolution of a
fluorescing-screening pigment in the violet-opsin-expressing photoreceptors of males,
thus facilitating greater wavelength discrimination near 400 nm. Comparing the
compound eyes of the two subspecies using genetic, microscopical, spectrographic and
histological methods revealed no differences that would meaningfully affect
photoreceptor sensitivity, suggesting that the fluorescing-screening pigment did not
evolve in response to sexually dimorphic wing reflections. Our investigation further
revealed that (i) the peri-rhabdomal reddish-screening pigments differ among the three
ommatidial types; (/i) each of the ommatidial types exhibits a unique class of red
photoreceptor with a distinct spectral peak; and (iii) the blue, green, and red
photoreceptors of P. rapae exhibit a polarization sensitivity > 2, with red photoreceptors

allowing for a two-channel opponency form of polarization sensitivity.
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3.2. Introduction

The compound eyes of many insects are composed of thousands of ommatidia. These
ommatidia are often not uniform across the eye and differ in the expression of visual
pigments in a stochastic mosaic governed by a single transcription factor (Perry et al.
2016). The ventral compound eye of the Asian subspecies of the Small White butterfly,
Pieris rapae crucivora Boisduval 1836 (Pieridae), exhibits a mosaic of three ommatidial
types (Qiu et al. 2002) which are most readily distinguished by the trapezoidal (1), square
(I, or rectangular (Ill) arrangement of pigment clusters surrounding the rhabdom. As is
typical of pierid and papilionid butterflies, the distal, proximal and basal parts of the fused
rhabdom are composed of the photoreceptors R1-4, R5-8, and R9, respectively (Fig.
3.1; Shimohigashi and Tominaga 1991). The R1-4 photoreceptors express four different
rhodopsins (PrUV, PrV, PrB, PrL) which absorb maximally in the ultraviolet (UV), violet,
blue, and green-yellow wavelength ranges, respectively; all R5-8 photoreceptors (and
presumably also R9) express PrL (Table 3.1; Wakakuwa et al. 2004; Arikawa et al.
2005). Remarkably, however, intracellular recordings have revealed at least eight

spectral classes of photoreceptors (Qiu and Arikawa 2003a,b; Arikawa et al. 2005).

As the rhodopsin molecules of a photoreceptor reside in its rhabdomere, the
spectral sensitivity of the photoreceptor is determined by how much of the light flux
propagating in the rhabdom its rhodopsin molecules absorb at each wavelength (Snyder
1979; Stavenga 2006). The rhabdom acts as an optical waveguide, and therefore the
light flux does not fully propagate inside the rhabdom boundary. The part outside the
boundary encounters the rhabdom-surrounding pigment clusters that thus act as
spectral filters and consequently affect the spectral sensitivity of the photoreceptors. This
holds specifically for those photoreceptors (R5-9) that contribute microvilli in the proximal
and basal parts of the rhabdom (Qiu et al. 2002; Arikawa et al. 2005; Stavenga and
Arikawa 2011).

Microspectrophotometry on histological sections identified two peri-rhabdomal
pigment types. Pale-red pigment clusters were found in ommatidial types | and Ill, and
deep-red pigment in ommatidial type Il (Stavenga and Arikawa 2011). This finding
agreed with observations of the eyeshine observable in live butterflies studied under epi-
illumination light microscopy (Qiu et al. 2002). Eyeshine in butterfly eyes is created by a

strongly folded tracheole, the tapetum, that exists below each rhabdom and that acts as
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an interference reflector. Incident light that has propagated down to the basal end of the
rhabdom, without having been absorbed by either the rhodopsins in the rhabdom or the
surrounding pigment clusters, is reflected by the tapetum and then travels back through
the rhabdom, eventually exiting the ommatidium through its facet lens. The eyeshine
colour has been characterized as either pale-red or deep-red, corresponding well to the
colour of the pigment clusters that surrounds the rhabdoms (Qiu et al. 2002; Stavenga
and Arikawa 2011).

Fluorescence microscopy with a blue-violet excitation light revealed the
presence, exclusively in males, of a distinctly fluorescing pigment in type Il ommatidia.
This pigment was shown to act as a violet-absorbing pigment on the R1 and R2
photoreceptors. These photoreceptors express the PrV rhodopsin, so that in females
they are violet-sensitive photoreceptors, but the filtering effect of the pigment results in
the double-peaked blue photoreceptors of males (Fig. 3.2b; Table 3.1; Arikawa et al.
2005). Similarly, in Papilio a fluorescing pigment, presumably 3-hydroxyretinol, narrows
the sensitivity of a UV opsin-expressing photoreceptor to create a narrow-band violet
receptor (Arikawa et al. 1999a). However, the identity of the pigment in P. rapae remains
elusive as its peak absorbance of ~420 nm contrasts that of 3-hydroxyretinol (~320 nm)
(Arikawa et al. 2005).

The sexual differences in the eye pigmentation of P. r. crucivora might be related
to the marked sexual dimorphism in UV reflections from their wings (Fig. 3.2a). The
reflectance of male and female wings in the UV wavelength range is low and high,
respectively. In contrast, in the European subspecies of P. rapae (Linnaeus, 1758),

P. r. rapae (Linnaeus, 1758), the UV reflectance of both male and female wings is low
(Obara 1970; Obara and Majerus 2000; Giraldo and Stavenga 2007). As a behavioural
“flutter response”, used by resting males to deter approaching males, is present in both
subspecies, the UV reflectance of P. r. rapae wings is likely the ancestral state (Obara
and Majerus 2000). It therefore has been hypothesized that the divergent spectral
sensitivity of the double-peaked blue photoreceptors of P. r. crucivora males (Fig. 3.2b)
is an adaptation that enables greater wavelength discrimination near 400 nm, thereby
improving the males’ ability to discriminate females from males based on differential UV

reflectance of their wings (Arikawa et al. 2005).
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To test this hypothesis, we performed a comparative study of the compound eyes
of P. r. rapae and P. r. crucivora, using a combination of genetics, spectrophotometry,
electron microscopy, and in vivo eyeshine observations coupled with histological
localization. Most of these data were available for P. r. crucivora but additional
spectrophotometry, histology and microscopy measurements were necessary for P. r.
rapae. Our findings also prompted a re-examination of previously obtained
electrophysiological recordings of P. r. crucivora photoreceptors that yielded spectral

and polarization sensitivities.

3.3. Materials and Methods

3.3.1. Experimental insects

Males and females of P. r. crucivora were taken from a laboratory colony started from
eggs laid by females collected around the campus of Yokohama City University. Larvae
were reared on fresh kale leaves at 19 °C under a photoperiod of 8:16 h (L:D). Pupae
were stored at 4 °C for at least 3 months before adults were allowed to eclose at 25 °C.

Adults were used in experiments within 4 d of eclosion.

Males and females of P. r. rapae were taken from a laboratory colony started
from eggs procured from Carolina Biological Supply Company (ltem # 144102; NC,
USA). Larvae were reared on a wheat-germ casein diet. Adults were allowed to eclose
from pupae that were kept at room temperature or held at 4 °C for up to two weeks
(Webb and Shelton 1988). Both larvae and adults were held in a rearing room with a
temperature and light regime of 18-24 °C and 8:16 h L:D.

3.3.2. P. r. rapae opsin sequences

The complete genome of P. r. rapae was recently sequenced and annotated (Shen et al.
2016). MEGA7 (Kumar et al. 2016) was deployed to generate a maximum likelihood
phylogenetic tree of opsins from an alignment of the P. r. rapae sequences and all

available full opsin protein sequences from the Pieridae.
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3.3.3. Histology

To examine ommatidial heterogeneity in pigment clusters, isolated eyes were fixed at
room temperature for 30 min in 4% paraformaldehyde (PA) in a 0.1 M sodium

cacodylate buffer (CB) with a pH of 7.4. Eyes were then dehydrated in a graded series of
acetone, infiltrated with propylene oxide, and embedded in Epon. Unstained transverse
sections of 5-10 ym thickness were observed and photographed with a regular

transmission light microscope.

Eyes prepared for electron microscopy were fixed with 2.5% glutaraldehyde and
2% PAin 0.1 M CB at 4 °C overnight, post-fixed in 2% OsO4 in 0.1 M CB for 2 h at room
temperature, and embedded as described above. Ultra-thin sections were prepared and
stained with 1% uranyl acetate prior to observations with a transmission electron
microscope (H7600 or H7650, Hitachi, Tokyo).

3.3.4. Eyeshine and ommatidial fluorescence

The spatial arrangement of ommatidial types, both in the ventral and dorsal eye regions,
was investigated in the eyes of living butterflies, using epi-illumination with a modified
telemicroscopic optical assembly (Stavenga 2002) equipped with a 50% beam splitter, a
long working distance air objective (LUCplanFLN20X, NA 0.45, WD 6.4—7.6 mm,
Olympus, Tokyo, JP) and a monochrome digital camera (Chameleon3, CM3-U3-31S4M-
CS, Point Grey/FLIR BC, CA). The light source, a 500 W Xenon lamp, was bandpass-
filtered between 500 and 710 nm (20 nm bandwidth; Asahi Spectra, Tokyo, JP).
Ommatidial fluorescence was recorded by replacing the beam splitter with standard
fluorescence cubes (U-MWU, U-MWBYV; Olympus).

Reflectance and fluorescence measurements from four eyes of three females
and five eyes of three males, with 100-450 ommatidial measurements per eye, were
used to classify the ommatidia into groups using k-means clustering (Hartigan and Wong
1979). After the in vivo measurements, the eyes were fixed, sectioned and observed
under a light microscope. The histology indicated four distinct ommatidial types (dorsal;
ventral types I-Ill), which mapped well with the ommatidial groups derived by k-means

clustering.
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3.3.5. Absorbance spectra of the reddish screening pigments

Absorbance spectra of the reddish peri-rhabdomal screening pigments were obtained
from unstained transverse eye sections of both male and female P. r. rapae.
Hyperspectral imaging was performed using (/) a modified Zeiss Axioskop 2 FS
microscope with a fixed tube lens (f165 mm), (i) a motorized z-stage and either a Zeiss
Neofluar 40%0.85 dry objective or a Zeiss Ultrafluar 40x0.60 immersion objective, and
(#if) a monochrome camera (Blackfly 23S6M; IMX249, pixel size 5.86 um or Flea 32S2M;
IMX036, pixel size 2.5 um; FLIR/PointGrey). The light source was a PTI Deltascan 4000
system with a 75 W XBO lamp and a motorized monochromator. A quartz fiber (800 pm,
NA 0.22) connected the light source to an achromatic condensor (NA 0.9). Hyperspectral
image stacks of the sections were taken in the range of 360 to 730 nm. Prior to taking
the stacks, the best focus position at each wavelength was determined by maximizing
the variance of subimage blocks of a calibration slide. Using Fiji (Schinderlin et al. 2012),
the measured stack was divided with a reference stack taken in the same microscope
slide, yielding a transmittance stack and was then registered using the StackReg plugin
(Thévenaz et al. 1998). In each section, the transmission of the reddish screening
pigments of 10-64 ommatidia of each type were taken and used to calculate non-

normalized and normalized absorbance spectra.

3.3.6. Electrophysiology

Intracellular recordings of the spectral sensitivities of P. r. crucivora photoreceptors
reported by Qiu and Arikawa (2003a,b) and Arikawa et al. (2005), together with
unpublished recordings lacking histological identification, were all re-analyzed using the
originally recorded response voltages. Previous electrophysiological analyses were
constrained to recordings with histological localization. All available recordings with
maximal response amplitude > 30 mV were included, and the spectral class and (in most
cases) ommatidial type of these recordings were inferred by comparing their spectral
sensitivity with that of marked photoreceptors. In our analyses, red photoreceptors were
assigned to three rather than two classes (Qiu et al. 2002), based on ommatidial type.
The procedure for intracellular recordings has been described in detail (Qiu and Arikawa
2003ab; Arikawa et al. 2005) and is only outlined below. Isoquantal monochromatic 30
ms stimuli were generated by a 500 W Xenon arc lamp directed through a series of

narrow-band interference filters and a neutral density wedge. The light beam was

89



focused on the tip of an optical fiber that was attached to the perimeter device, where it
provided a point source of light (diameter 0.6°). The spectral sensitivity of the recorded
photoreceptor was determined by stimulating the cell with a series of monochromatic
flashes (300-700 nm). The stimulus intensity—response function was measured at the
peak wavelength (Amax) over an intensity range of 5 log units. For most cells, the
polarization sensitivity ratio (PS: maximal sensitivity/minimal sensitivity) at the Amax was
also measured. An ultraviolet-capable polarizer was inserted in front of the eye and
rotated through 360° to produce flashes varying in axis of polarization from 0-180°. A
sinusoidal curve was fitted to the data, yielding the PS and the axis of peak sensitivity to
linearly polarized light, ¢max. The presented PS measurements for all receptor classes,

except for the female violet class, are from male P. r. crucivora.

3.4. Results

3.4.1. Opsin sequences of P. r. rapae and P. r. crucivora

The amino acid sequences of P. r. rapae opsins deduced from genomic sequences
(Shen et al. 2016) closely resembled those of P. r. crucivora, deviating by zero to three
amino acids, and grouped tightly when the phylogeny of these sequences was
reconstructed (Fig. 3.3). None of the amino acid differences occurred in regions
identified as important for spectral tuning (Salcedo et al. 2003; Wakakuwa et al. 2010).
Based on the similarity in opsin sequences between P. r. rapae and P. r. crucivora, the

absorbance of their opsins can be inferred to be nearly identical.

3.4.2. Ommatidial heterogeneity in P. r. rapae

Light- and electron-microscopic examination of the ommatidial structures of P. r. rapae
and P. r. crucivora did not reveal any differences between the subspecies in the
arrangement of microvilli or pigment clusters that would significantly affect photoreceptor
sensitivity (Figs. 3.1, 3.4; Qiu et al. 2002). As in P. r. crucivora (Arikawa et al. 2005),
ommatidial structures of P. r. rapae were found not to be sexually dimorphic (Fig. 3.4,

female ommatidia; Fig. 3.5, male ommatidia).

The clusters of pigment surrounding the rhabdoms of P. r. crucivora have

previously been divided into two pigment classes: pale-red and deep-red (Qiu et al.
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2002). However, careful observation of unstained light microscopic sections of
P. r. rapae and P. r. crucivora compound eyes revealed that both subspecies appear to
have three pigment classes, pale-orange, deep-pinkish-red, and pale-red, located in

ommatidial types |, Il, and Ill, respectively (Fig. 3.1).

3.4.3. Eyeshine in P. r. rapae

The spectral composition of the light reflected from the ommatidia is affected both by the
perirhabdomal screening pigments and by the tuning of the tapetum. In both males (Fig.
3.6) and females (Fig. 3.7), there were distinct differences in the eyeshine of the three
ventral ommatidial types. Under monochromatic illumination, type | ommatidia appeared
bright under 620 nm light, type Il ommatidia under 670 nm light, and type |l ommatidia
appeared bright both under 670 nm and 690 nm light. The reflectance Amax of ommatidial
types |, Il and lll was ~640 nm, 680 nm and 660 nm, respectively (Fig. 3.8). Variation in
peak ommatidial reflectance among eyes was small relative to variation among
ommatidia in a single eye. However, these measurements were taken from a single
laboratory colony and greater variation among or within wild populations is possible. We
did not compare the reflectance between the two subspecies or between the reared and

wild animals.

The dorsal area of P. rapae eyes also has a prominent eyeshine but its colour
varies between green and red (see Fig. 2c in Stavenga 2002). The mean reflectance
spectrum of the dorsal eye area peaks at ~610 nm (Fig. 3.8). It is likely that the low
reflectance below 610 nm is chiefly determined by the absorption of visual pigments, as
the dorsal ommatidia are devoid of the red screening pigments (Qiu and Arikawa
2003a).

3.4.4. Absorbance spectra of reddish screening pigments

The absorbance spectra of reddish screening pigments of male and female P. r. rapae
differed among ommatidial types, with type [l ommatidia having the greatest absorbance
followed by type Il and | (Fig. 3.9a,b). Additionally, type Il pigments had greater
absorbance in the red wavelength range of the spectrum (Fig. 3.9¢,d), with only minor

differences between the normalized spectra of type | and Il ommatidia.
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3.4.5. Ommatidial fluorescence

Like eyeshine observations, fluorescence microscopy offers a powerful means to
distinguish ommatidial types. Type Il ommatidia of both male P. r. rapae and

P. r. crucivora exhibited a strong blue-violet and ultraviolet light-induced fluorescence
(Fig. 3.6). The fluorescence in ommatidial types | and Il of males was weak, resembling

that of all ommatidial types of females (Figs. 3.6d,e, 3.7d,e).

3.4.6. Re-examination of spectral sensitivity in P. r. crucivora

Our adjusted view that the three ommatidial types differ in fluorescence characteristics
and the composition of screening pigments prompted us to re-analyze the previously
reported photoreceptor spectral sensitivities (Qiu and Arikawa 2003ab; Arikawa et al.
2005). We concluded that the spectral sensitivities of the red photoreceptors were
distinct in each of the ommatidial types (Fig. 3.10), in line with the eyeshine and pigment
absorption measurements (Fig. 3.8, 3.9). The red photoreceptors in the three ommatidial
types were determined to have sensitivity peaks (Amax) at around 610 nm (Ri; type 1), 640
nm (Rii; type Il), and 630 nm (Riii; type Ill). Furthermore, compared to Ri, the Riii
photoreceptors have a greater sensitivity in the 400-500 nm range, and the Rii
photoreceptors of males have a sensitivity trough near 420 nm, due to the distally-
located, fluorescing and violet-absorbing pigment, which acts as a violet spectral filter
(Qiu et al. 2002; Stavenga and Arikawa 2011).

3.4.7. Polarization sensitivity in P. r. crucivora

The photoreceptors of P. r. crucivora have different spectral and polarization
sensitivities, as summarized in Fig. 3.11 and Table 3.1. The UV-sensitive photoreceptors
(R1,2) in ommatidial types | and Il have a similar (t = 2.19, df = 6.95, p = 0.07) but very
low PS of ~1. In contrast, the blue-sensitive photoreceptors (R1,2) in type | ommatidia
have a high PS of ~3, with an approximately vertical axis of maximal polarisation
sensitivity ( ¢max ~ 0°), i.e., about parallel to the body’s dorso-ventral plane. The green-
sensitive photoreceptors (R3,4) in type | and IIl ommatidia have a similar PS (t = 1.87, df
= 3.34, p = 0.15) of ~2 with mostly a horizontal ¢max (~ 90°). The blue-suppressed green
photoreceptors (R3,4) in type Il ommatidia have a PS of ~1.3 which is lower than that of

green photoreceptors (R3,4) in ommatidial type | and Ill. Red-sensitive photoreceptors
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(R5-8) show a PS of ~2 in all three ommatidial types, but the mostly oblique ¢max differs
between type Il and types | and Ill, with the axes of polarization shifted towards vertical
in types | and Il (Fig. 3.11, Table 3.1).

3.5. Discussion

3.5.1. Comparison of the compound eyes of P. r. crucivora and
P. r. rapae

Our data support the conclusion that the compound eyes of P. r. rapae and

P. r. crucivora are (nearly) identical. Between the two subspecies, there are only minimal
differences in (a) opsin sequences (implying functionally identical visual pigments), (b)
eyeshine, (c) distributions of blue-violet fluorescing pigment among ommatidial types
and sexes, and (d) microvillar arrangements (implying similar polarization sensitivities).
In particular, observations of fluorescence strongly suggest both P. r. rapae and

P. r. crucivora are sexually dimorphic in the spectral sensitivity of their type Il R1,2
photoreceptors, implying that this dimorphism is an ancestral trait in both subspecies
rather than an adaptation in P. r. crucivora to enhance discrimination between males and
females. We did not perform intracellular recordings on P. r. rapae eyes, but given the
similarity in both visual and screening pigments as well as in microvillar arrangement,
photoreceptor classes in both subspecies can be expected to have similar spectral and

polarization sensitivities.

3.5.2. Ommatidial heterogeneity of red-screening pigments

Spectrophotometry on the photoreceptor screening pigments revealed distinctly different
absorbance spectra for the three ommatidial types of P. r. rapae. The absorbance of
pigments in P. r. rapae differs from that previously reported for P. r. crucivora. The only
subtle differences in pigment appearance and eyeshine reflectance between the two
subspecies are likely attributable to diverging methods used to determine absorbance in
each subspecies. We used colony-derived P. r. rapae adults measuring their eyes with
an enhanced imaging microspectrophotometry (MSP) method (Arikawa et al. 2009),
whereas previous studies used wild caught P. r. crucivora, and non-imaging MSP
methods. These measurement also did not distinguish between type | and IIl ommatidia
(Qiu et al. 2002; Stavenga and Arikawa 2011).
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The MSP of histological sections from the compound eyes of Papilio xuthus and
female Colias erate demonstrated the presence of two classes of peri-rhabdomal
screening pigments (Arikawa et al. 1999b; Ogawa et al. 2013). Pieris rapae seems to be
the first documented example of a butterfly with differences among screening pigments
in all three ommatidial types (at least in terms of pigment density), although imaging
MSP of male C. erate ommatidia have shown some small differences in pigment density
among ommatidial types. Females of C. erate possess three classes of red
photoreceptors with different Amax but optical models suggest only two screening
pigments (Ogawa et al. 2013). Possible differences in pigment density between
ommatidial types may play a role in spectral tuning not only in P. rapae but also in C.

erafte.

Butterflies use red photoreceptors to help discern green and yellow leaves, the
latter often senescing and suboptimal for oviposition and larval development (Kelber
1999, 2001). As optimal wavelength discrimination is achieved by overlapping sensitivity
between photoreceptor classes (Kelber et al. 2003), the additional overlap in sensitivity
between three, rather than two, classes of red photoreceptors could further enhance
wavelength discrimination in the > 600 nm range, thereby improving perception of subtle
differences in leaf colour. Wavelength discrimination has been predicted for P. rapae
and C. erate with receptor noise-limited color opponent models (Vorobyev and Osorio,
1998) that assumed all photoreceptor classes contribute to discrimination (Ogawa et al.
2013). The selection pressure for discerning wavelengths > 600 nm should be greatest
for gravid females seeking host plants. Yet, only females of C. erate, but not P. rapae,
possess more red photoreceptor classes than males and thus are likely to have a
greater discriminatory ability than their male counterparts for wavelengths > 600 nm. The
selective forces that led to multiple classes of red photoreceptor in male P. rapae but not

in male C. erate are not yet known.

3.5.3. Polarization sensitivities of photoreceptors

Visual pigments in insect photoreceptors are bound to membranes of the microvilli
composing the rhabdom (Horvath and Varju 2004). Consequently, light polarized in a
direction parallel to the microvilli is more easily absorbed by these pigments resulting in
polarization sensitivity. The alignment of a photoreceptor’s microvilli affects its sensitivity

to polarized light, with curving of the microvilli serving to degrade this sensitivity.
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Electron micrographs of the upper part of the rhabdom of P. r. rapae and
P. r. crucivora ommatidia seem to reveal a greater degree of curving in the microvilli of
R3.,4 photoreceptors in type Il ommatidia than in type | and Il ommatidia. This microvillar
arrangement would explain the high PS of the green photoreceptors (R3,4) in type | and
[l ommatidia relative to type Il ommatidia. The PS remains high in type | and Ill green

photoreceptors despite the curving of microvilli in the middle part of the rhabdom.

The higher PS (~2) of the red photoreceptors (R5-8) is expected given their
parallel microvilli (Qiu et al. 2002), however the difference in ¢max of red photoreceptors
among ommatidial types was surprising considering the ommatidial heterogeneity in the
microvillar arrangement of photoreceptors R5-8. Type Il and Il red photoreceptors have
®max values in line with microvillar orientations, near 45/135° for the square type Il and
closer to vertical for the rectangular type Ill. In contrast, the type | red photoreceptors
despite their trapezoidal arrangement also have ¢max values shifted to the vertical. While
the arrangement in all ommatidial types is similar below a depth of 420 um, one would
expect a substantial portion of light to be absorbed by the photoreceptor above this point

in the rhabdom (Stavenga and Arikawa 2011) where microvillar arrangement differs.

Further optical modeling of the P. rapae compound eye is necessary to discover
possible polarizing filter effects of the microvilli of the distal photoreceptors (Snyder
1973). The near-orthogonal arrangement of red photoreceptors within a single class
should allow for bipolat (vision system receiving input from two polarization-sensitive
analyzer channels with different e-vector tuning axes) polarization opponency (How and
Marshall 2014) in P. rapae. This opponency mechanism could allow for the
discrimination, although with considerable ambiguity, among objects differing in
polarization. If receptor input from type |l ommatidia is combined with the input from type
I+1Il ommatidia to a full tripolat mechanism, the polarization ambiguities might be
reduced at the expense of introducing some colour ambiguity. Clearly, further studies
are needed to determine whether and how P. rapae senses, processes and uses the

combined information conveyed in colour and polarization of light.
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3.7. Tables

Table 3.1 Summary of the three ommatidial types in Pieris rapae.
Ommatidial if lime 0
type
Rhabdom .
shape Trapezoid Square Square Rectangular
Eye shine /
reflection Pale-red / ~640 Deep-red / ~680 Deep-red / ~680 Pale-red / ~660
Amax (nm)
Pigment color®
| absorption Pale-orange / ~487-503 Deep-pinkish-red / ~494 Deep-pinkish-red / ~485 Pale-red / ~472-489
Amax (nm)
Fluorescence Weak (R1 or R2) None Strong (R1 and R2) None

S(A)/ . bmax  S(A)/ . Pmax  S(A)/ . bmax  S(N)/ . Pmax
Photoreceptor Anax (1) Opsin PSS ) Anax (1) Opsin PSS ) Anax (1) Opsin PSS ) Anax (1) Opsin PSS )
R1 UVe/~350 PruvV 1.1 NA V[ ~400 Prv 12 7 dB/~460 Prv 13 9 Uv/~350 Pruv 1.1 NA
R2 Be/~450  PrB 29 6 V[ ~400 Prv 12 7 dB/~460 Prv 13 9 Uv/~350 Pruv 1.1 NA
R34 G/~560 PrL 1.9 95 G/~560 PrL 1.3 91d dG/~560 PrL 1.3 91 G/~560 PrL 1.9 95
R5,7 Ri/~610  PrL 22 155 Rii/~640  PrL 1.9¢  131¢  Rii/~640 PrL 1.9 131 Riii / ~630  PrL 21 156
R6,8 Ri/~610  PrL 22 34 Rii/~640  PrL 1.9¢  52d Rii/~640  PrL 1.9 52 Riii / ~630  PrL 21 33
R9 R? PrL? 2?2 ? R? PrL?  ? ? R? PL? 2?2 ? R? PL? 2?2 ?
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This table compiles published information on P. r. crucivora (see Table 1, Stavenga et al. 2011), new observations of
P. r. rapae, and a re-examination of electrophysiological recordings (some previously unpublished) from P. r. crucivora
eyes.S(A) - photoreceptor class as derived from the wavelength range of its spectral sensitivity: UV - ultraviolet, V -
violet, dB - double-peaked blue, B - blue, G - green, dG - blue-suppressed green (Stavenga and Arikawa 2011), Ri -
red with peak wavelength Amax ~ 610 nm, Rii - red with Amax ~ 640 nm, Riii - red with Amax ~ 630 nm; PS - polarization
sensitivity; ¢max - angle of maximal polarization sensitivity

a [If - type Il ommatidia of females, llm - type Il ommatidia of males

b The pigments were previously reported for type | and type Il ommatidia as pale-red, and for type Il ommatidia as
deep-red (Qiu et al. 2003b)

¢The R1 and R2 photoreceptors of type | ommatidia contain either the UV and B rhodopsins (narrow trapezoidal side
up) or the B and UV rhodopsins (wide trapezoidal side up), see Fig. 3.1

dPS and @max (°) values for females were inferred from electrophysiology recordings of males
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3.8. Figures

Figure 3.1
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Anatomy of the ommatidia in the compound eye (fronto-ventral part)
of Pieris rapae rapae. (a) Diagram of the tiered ommatidium showing
the position of the nine photoreceptors. The length of the corneal
lens and crystalline cones is ~100 pm, with the rhabdom extending
between 200-600 um depending on the specimen’s sex and the
position in the compound eye. The rhabdom is composed of
microvilli from photoreceptors R1-4 in the distal half of the
ommatidium and from photoreceptors R5-8 in the proximal half of
the ommatidium. Only in the very basal part of the ommatidium does
photoreceptor R9 contribute microvilli. Clusters of peri-rhabdomal
pigment exist in the somata in the upper two thirds of the proximal
photoreceptors R5-8. The horizontal bold line indicates the depth
level of the histological sections shown on the right. (b, c) Sections
of the compound eyes of a female and a male P. r. rapae,
respectively. The pigment color and the arrangement of pigment
clusters differ among ommatidial types. Pale-orange (solid circle),
deep-pinkish (dotted circle), and pale-red pigments (dashed circle)
are arranged in trapezoidal, square, and rectangle clusters in type I,
Il and Il ommatidia, respectively. Scale bar: 10 ym
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Figure 3.2
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(a) Diagram showing the appearance of the dorsal wing surface of
male and female Pieris rapae crucivora and Pieris rapae rapae in
conventional (human visible) photographs (left) and in UV
photographs (right), based on photographs from Obara and Majerus
(2000). (b) Comparison of the spectral sensitivity of the PrV opsin,
expressing double-peaked blue and violet R1,2 photoreceptors in
male and female P. r. crucivora.
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Figure 3.3  Phylogeny of opsin amino acid sequences in the Pieridae, as
determined by maximum likelihood analysis. The numbers at nodes
indicate the maximum likelihood bootstrap values. Accession
numbers, opsin type [UV, Violet (V, V1, V2), Blue (B), Long (L)], and
absorption peak wavelength, Amax (Where available), are listed with
species names
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Figure 3.4

Electron micrographs of transverse sections of female Pieris rapae
rapae rhabdoms. (a, d, g) Ommatidial type I. (b, e, h) Ommatidial type
Il. (c, f, i) Ommatidial type Ill. (a-c) Depth from corneal surface: ~165
pm. (d-f) Depth ~210 pm. (g-i) Depth ~250 pm. (j) Depth ~335 pm.
Numbers in b and j refer to the photoreceptor number. R — rhabdom.
Scale bar (all panels): 1 ym
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Figure 3.5

Electron micrographs of transverse sections of male Pieris rapae
rapae rhabdoms. (a, d, g) Ommatidial type I. (b, e, h) Ommatidial type
Il. (c, f, i) Ommatidial type lll. (a-c) Depth: ~190 pm. (d-f) Depth ~255
um. (g-i) Depth ~310 pm. (j) Depth ~385 um. Numbers in e refer to the
photoreceptor number. R — rhabdom. Scale bar (all panels): 1 ym
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Figure 3.6  Eyeshine, fluorescence and histology of the same set of ommatidia
(encircled by the light blue polygons) of a male Pieris rapae rapae.
(a-c) Local eyeshine elicited by epi-illumination with 620 nm, 670 nm,
and 690 nm light, respectively. (d, e) Fluorescence induced by blue-
violet and ultraviolet light, respectively. (f) Diagram of the
arrangement of different ommatidial types: orange - type I, pink —
type Il, red — type lll; the black circles indicate ommatidia dark in
both eyeshine and fluorescence. (g) Transverse section of local
ommatidia showing pigment clusters. Scale bars: 20 ym
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Figure 3.7  Eyeshine, fluorescence and histology of the same set of ommatidia,
encircled by the light blue polygons, of a female Pieris rapae rapae.
(a-c) Local eyeshine elicited by epi-illumination with 620 nm, 670 nm
and 690 nm light, respectively. (d, e) Fluorescence induced by blue-
violet and ultraviolet light, respectively. (f) Diagram of the
arrangement of ommatidial types: orange — type I, pink — type Il, red
— type llI; the black circles indicate ommatidia dark in both eyeshine
and fluorescence. (g) Transverse section of the local ommatidia
showing pigment clusters. Scale bars: 20 ym
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Figure 3.8
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Reflectance spectra (normalized) of Pieris rapae rapae ommatidia.

(a, b) Mean * the standard error of normalized reflectance spectra for
ommatidial types I-lll in the ventral eye region, and of ommatidia in
the dorsal eye region of P. r. rapae females and males, respectively.
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Figure 3.9  Absorbance spectra of red screening pigments in the ommatidia of
Pieris rapae rapae. The measurements for types I-lll are from a
transverse section of the compound eye at a position along the
rhabdom where all three ommatidial types express screening
pigments. The mean non-normalized absorbance for each
ommatidial type from a male (a) and female (c) is shown on the left
with error bars showing quartiles. The mean normalized absorbance
along with peak wavelength (Anax) is shown on the right for both
male (b) and female (d).
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Sensitivity

Figure 3.10
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Differences in spectral sensitivities of photoreceptors among

ommatidial types in Pieris rapae crucivora. Lines indicate the mean
spectral sensitivity among recordings * the standard error. (a) Type |
ommatidia. (b) Type Il ommatidia in females. (c) Type lll ommatidia.
(d) Type Il ommatidia in males. No electrophysiological recordings
were available for female type Il green or red photoreceptors; shown
instead (b, dotted lines) are predicted spectral sensitivities from a
wave-optical model of visual and screening pigment absorbance
within the Pieris rapae ommatidium (Stavenga and Arikawa 2011).
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Figure 3.11 Polarization sensitivity of photoreceptors of the different spectral
classes in Pieris rapae crucivora as represented by a series of semi-
transparent solid lines. The length of these lines indicates the

polarization sensitivity (PS), whereas the line’s rotation indicates the

axis of polarization where the sensitivity is greatest (¢max). The
labeled dashed circles and lines show the mean PS and ¢max * the

standard error, respectively.
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Chapter 4.

Polarization of foliar reflectance: novel host plant
cue for insect herbivores'

The corresponding manuscript is published in Proceedings of the Royal Society B: Biological Sciences (2019,
doi.org/10.1098/rspb.2019.2198) with the following authors: Blake AJ, Couture S, Go MC, Hahn G, Grey H, Gries G

4.1. Abstract

Insect herbivores exploit plant cues to discern host and non-host plants. Studies of
visual plant cues have focused on color despite the inherent polarization sensitivity of
insect photoreceptors and the information carried by polarization of foliar reflectance,
most notably the degree of linear polarization (DoLP; 0-100%). The DoLP of foliar
reflection was hypothesized to be a host plant cue for insects but was never
experimentally tested. Here we show that cabbage white butterflies, Pieris rapae
(Pieridae), exploit the DoLP of foliar reflections to discriminate among plants. In
experiments with paired digital plant images, P. rapae females preferred images of the
host plant cabbage with a low DoLP (31%) characteristic of cabbage foliage over images
of a non-host potato plant with a higher DoLP (50%). By reversing the DoLP of these
images, we were able to shift the butterflies’ preference for the cabbage host plant
image to the potato non-host plant image, indicating that the DoLP had a greater effect
on foraging decisions than the differential color, intensity or shape of the two plant
images. Although previously not recognized, the DoLP of foliar reflection is an essential

plant cue that may commonly be exploited by foraging insect herbivores.
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4.2. Introduction

Locating, feeding, and laying eggs on suitable host plants enable insect herbivores to
maximize their fitness and that of their offspring (Jaenike 1990). Foraging for suitable
plants, insects exploit plant cues with visual, infrared, olfactory, tactile, or gustatory
characteristics (Prokopy and Owens 1983; Renwick and Radke 1988; Takacs et al.
2008). Studies of visual plant characteristics have largely focused on plant color,
brightness (intensity of perceived reflected light), or shape (Prokopy and Owens 1983;
Renwick and Radke 1988; Takacs et al. 2008; Reeves 2011). Yet, differential polarized
reflections from plant foliage have long been hypothesized to guide plant-foraging
insects (Kelber et al. 2001; Hegedls and Horvath 2004).

For polarized reflections from plant foliage to serve as a host plant indicator for
insect herbivores, three criteria must be met: (1) the DoLP of foliar reflections must differ
between host and non-host plants; (2) the insects’ photoreceptors must be capable of
sensing and processing plant-derived polarized light, and (3) the specific DoLP of host
plant foliage reflections must inform plant selection decisions by foraging insects. We
investigated these criteria with our model organism, the cabbage white butterfly, Pieris

rapae.

Like water or glass surfaces, plant foliage surfaces can polarize sunlight (or
skylight) in a direction parallel to the surface, through specular reflection (Foster et al.
2018; Fig. 4.1a). This direction, or axis of polarization (AoP, 0-180°), is dependent upon
the relative positions of the sun, the reflecting leaf surface, and the foraging insect (Fig.
4.1b). The DoLP, the fraction of the light that is polarized in the predominant AoP (Fig.
4.1b), is also affected by many leaf characteristics that differ among plant species, such
as pigmentation, pubescence, epicuticular waxes and surface undulations, or even by
viral infection (Grant et al. 1993; Maxwell et al. 2016). Females of P. rapae, lay eggs on
brassicaceous plants including cabbage and rutabaga which possess an epicuticular
wax layer giving their leaves a matte appearance (Prokopy and Owens 1983) and a

lower DoLP compared to many other plants (Fig. 2.4).

The photoreceptors of insects and other arthropods including those of P. rapae
can sense polarized light. Both the AoP and the DoLP of light affect photoreceptor

responses through differential absorbance by photopigments (Horvath and Varju 2004)
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embedded within the cellular membrane of microvilli composing the ommatidial rhabdom
(Fig. 4.1c-e). This arrangement makes these photoreceptors more sensitive to light with
an AoP that is parallel to the microvilli (Fig. 4.1f). Increasing the DoLP of a stimulus light
increases the differential response of photoreceptors to the AoPs of light. It is through
these mechanisms that both the AoP and the DoLP affect the responses of insect
photoreceptors. The visual system of P. rapae has been extensively studied (Qiu et al.
2002; Qiu and Arikawa 2003ab; Arikawa et al. 2005). Electrophysiological recordings
and electron microscopy demonstrated that the blue-sensitive and red-sensitive
photoreceptors, and a subset of green-sensitive photoreceptors, are sensitive to

vertically, obliquely and horizontally polarized light, respectively (Blake et al. 2019b).

4.3. Results

4.3.1. Depolarizing-Filter Experiment

To investigate whether the DoLP of foliar reflections informs plant selection by foraging
P. rapae, we ran a series of behavioral experiments. When we offered female P. rapae a
choice between a live host plant (cabbage, Brassica oleracea) with a low DoLP (31%;
Fig. 4.5), and a live non-host plant (potato, Solanum tuberosum) with a high DoLP (50%)
in the absence of plant odor (Fig. 4.2), we observed a strong preference for the cabbage
host plant (Fig. 4.6a). To determine whether the differential DoLP of the stimulus plants
informed the females’ plant choice, we added a depolarizing filter to both stimulus
windows of the bioassay arena, thereby reducing and equalizing the DoLP of the two
stimulus plants. With the information conveyed by the DoLP removed, P. rapae females
failed to select their cabbage host plant (Fig. 4.6a), demonstrating the importance of the

DoLP as an essential host plant cue.

4.3.2. LCD-Monitor-Proof-of-Concept Experiment

Digital plant images (relative to live plants) offer greatly enhanced opportunities of
independently manipulating visual characteristics to tease apart their potential roles in
host plant foraging. We therefore designed a novel combination of A4 retarder films and
liquid crystal displays (LCDs) to modify and display static plant images. Previous uses of
LCDs or projectors were either limited in their ability to modify DoLP and intensity

(Foster et al. 2018) or limited in their ability to display color (Stewart et al. 2017). Our
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set-up allowed for pixel-level control of color and intensity, and global control of both
AoP and DoLP. We used a bioassay arena (Fig. 4.3) where LCD monitors displaying
plant images replaced live plants. LCDs emit highly polarized light (>95%) due to linear
polarizers used in their construction. We manipulated the AoP and DoLP of plant images
by rotating the LCDs and counter rotating the images, and by changing the alignment
between the M4 retarder film and the AoP of the LCD, respectively. We used photo
polarimetry to both generate the potato and cabbage plant images tested in bioassays
and to characterize the AoP and DoLP of both plant species. The DoLP of potato foliage
(50%) and cabbage foliage (31%) differ markedly but the species are similar in their AoP
(Figs. 4.5,2.4,25, 2.6, 2.7).

When we offered P. rapae females a choice between images of cabbage or
potato plants, each matching the mean DoLP and the modal AoP of the corresponding
plant species, most females selected the cabbage image (Fig. 4.6b, top bar), thus
demonstrating the feasibility of testing plant images, instead of live plants, for behavioral
responses of bioassay insects. Therefore, we proceeded to isolate and test the exclusive
effect of the DoLP on the insects’ responses. When we offered P. rapae females a
choice between a cabbage image with a DoLP (50%) approximating that of a potato
plant and a potato plant image with a DoLP (31%) approximating that of a cabbage
plant, most females selected the potato plant image (Fig. 4.6b, middle bar). By simply
reversing the DoLP of the two images, we were able to make the virtual non-host potato
plant as attractive (47:19 preference ratio) as the virtual cabbage host plant with its
typical DoLP (47:18 preference ratio). This result indicated that the DoLP was a more
important cue in these bioassays than the differential color (although differences were
small), intensity and shape of the two plant images. Moreover, when we kept the DoLP
of both the cabbage and the potato plant image unnaturally low (<15%), the distinct
shape and color of the cabbage host plant were insufficient to attract P. rapae females
(Fig. 4.6b, bottom bar), emphasizing again the importance of the DoLP as a host plant

cue.

4.3.3. Degree and Axis of Polarization Preference Experiments

To determine the range of the AoP and the DoLP of foliar reflections that remain
attractive to P. rapae females, we offered females a choice between a cabbage image

that varied in either AoP or DoLP, and a cabbage control image with a fixed DoLP of
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31% and a fixed AoP of 90° (Fig. 4.7). In these experiments, cabbage images with an
AoP at or near 45° and 135° proved repellent, whereas cabbage images with any other
AoP were equally attractive. Furthermore, most cabbage images with a DoLP less than,
or greater than, the DoLP (31%) indicative of cabbage were repellent to P. rapae
females. Combined, these results indicate that P. rapae females are attracted to a DoLP
indicative of a host plant (Fig. 2.4) but are relatively indifferent to the AoP of plants,
except for repellency to AoPs near 45° and 135°. The indifference of P. rapae females to
most AoPs greatly enhances the utility of the DoLP as a foraging cue because the AoP
of plant reflections will vary considerably depending on the position of the insect and the
sun relative to the plant. Furthermore, unlike the DoLP, the AoP is largely unaffected by
foliage surface characteristics, as shown by our polarimetry (Foster et al. 2018; Figs.
24,25,286,2.7).

4.4. Discussion

This is the first study documenting that the polarization of foliar reflectance serves as a
host plant cue for insect herbivores. Based on our data, and considering the typically
small differences in foliage color between plant species (Grant 1987), it seems that
relative differences in DoLP among plants could be more informative host plant cues
than plant shape, foliage color or intensity. Many insects exploit polarized light during
navigation, and aquatic insects utilize horizontally polarized light to locate bodies of
water for oviposition (Horvath and Varju 2004). Most non-aquatic insects were once
thought to lack polarization-sensitive photoreceptors in the ventral portion of their
compound eyes. However, more recent histological and electrophysiological work
indicates that this type of polarization sensitivity could be widespread among insect taxa
(Wachmann 1977; Hardie 1979; Wernet et al. 2012; Mishra 2015; Ili¢ et al. 2016)

including herbivores other than P. rapae.

Most of the insect visual systems studied to date are incapable of independently
perceiving DoLP and AoP because these systems rely on information from a single
polarization-sensitive photoreceptor or from the comparison between two such
photoreceptors (Labhart 2016). To fully disentangle the effects of DoLP, AoP, intensity
and color as foraging cues,, comparison among at least three photoreceptors with
similar spectral sensitivity, but with sensitivity to distinct AoPs, would be required (How

and Marshall 2014). It is therefore likely that P. rapae does not perceive differences in
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DoLP in isolation from other characteristics of light. The neurological mechanism(s) in P.
rapae underlying the observed discrimination of stimuli with contrasting DoLP remain(s)
unknown. Papilio butterflies perceive polarization differences as color or intensity
differences depending on the behavioral context (Kelber et al. 2001; Kinoshita et al.
2011). Both mechanisms are plausible for P. rapae but specific behavioral experiments
are needed to determine the photoreceptors that are involved and how they perceive
DoL P differences.

The fitness benefits foraging insects accrue by exploiting polarization host cues
will depend upon the specificity of these cues. Our measurements (Figs. 2.4, 2.5, 2.6,
2.7) and those of a previous study (Grant et al. 1993) revealed significant variation
among plant species. Species within genera (most prominently Brassica spp. and
Solanum spp.) have a similar DoLP, whereas genera within a plant family (e.g., Brassica
and Sinapis in the Brassicaceae) have distinctly different DoLPs. These findings suggest
that polarization host cues have the greatest utility for insect herbivores that specialize
on a single plant genus or on several closely related genera. However, any differences
in polarization host cues among genera are not absolute in that the DoLP also pertains

to the viewing angle of the foraging insect (Foster et al. 2018).

The complementary information conveyed by plant-derived polarization cues
could help insect herbivores locate and select optimal host plants. As optimal hosts
confer significant fithess benefits to plant herbivores (Gripenberg et al. 2010), it follows
that there might be strong selection pressure for foraging insect herbivores to exploit
plant polarization cues. The preference of P. rapae for DoLPs approximating those of
both matt host plants (Brassica spp. ~30%) and shiny host plants (Sinapis ~70%)
supports the concept that the additional information provided by the DoLPs of foliar
reflections confer fitness benefits. Avoiding areas with DoLPs below 30% may be
adaptive in that these areas are more likely to be shaded, and without direct solar
illumination will lack the host information provided by polarized specular reflections. The
benefits of these cues are further evident by improved larval performance on wild
cabbage plants with a blueish appearance (Green et al. 2015) that presumably had a
significant epicuticular wax layer and thus a low DoLP of foliar reflections (Grant 1987).
Failure of P. rapae females to visually discern among cabbage host plants (Green et al.

2015), or between cabbage host plants and lettuce (Lactuca sativa) non-host plants
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(Ikeura et al. 2010) when polarization cues were not considered, also points to the DoLP

of foliar reflections as an important host plant cue.

A sound understanding of how polarized light cues inform host plant selection
decisions by insect herbivores will present pest managers and plant breeders with new
options to lower the “apparency” of host plants. For example, breeding plant lines with
reduced leaf wax (Stoner 1990) or spraying plants with kaolin clay suspensions (Glenn
et al. 1999) will modify foliar surface characteristics and polarizations of their reflections,
thus rendering plants less apparent to specific insect herbivores. However, the many
potential tradeoffs of these types of interventions (e.g., changes in leaf surface affecting
water-use efficiency or resistance to generalist insect herbivores or pathogens), will
require in-situ, system-specific investigations prior to large-scale implementations of any

intervention.

4.5. Materials and Methods

4.5.1. Insect Material

Detailed electrophysiological and histological studies were previously carried out with the
Asian subspecies P. rapae crucivora (Qiu et al. 2002; Qiu and Arikawa 2003ab; Arikawa
et al. 2005). Recent work has revealed no meaningful differences in the structure and
function of the compound eyes of P. r. crucivora and the European subspecies P. rapae
rapae (Blake et al. 2019b), indicating that the two sub-species can be used
interchangeably in future behavioral studies that investigate responses of these insects
to visual cues. Because P. r. rapae is present in North America and can readily be field-
collected or purchased from North American suppliers, we worked with P. r. rapae in our

experiments.

Insects were obtained from a laboratory colony that was started with material
purchased from the Carolina Biological Supply Company (# 144100, Burlington, NC,
USA) and housed at Simon Fraser University. Additional P. r. rapae females (tested in
the DoLP preference experiment) were collected in cabbage fields near Delta, BC,
Canada. Maintenance of the colony followed a well-established protocol (Webb and
Shelton 1988), however adult insects were housed indoors (18-25°C; photoperiod

16L:8D). Colony-raised adult females and males were held together in cages with no
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access to host plants or oviposition substrates. Females tested in experiments were 3-
13 days post eclosion and were assumed to be gravid (Webb and Shelton 1988). Field-
collected females were used for a period of ~14 days following capture. Females were
tested in multiple bioassays, each bioassay presenting a new set of experimental stimuli.

These different bioassays were considered independent.

4.5.2. Plant Material

Seeds of cabbage (Brassica oleracea L. var. capitata L. f. alba DC., cv ‘Early Jersey
Wakefield’) and tubers of potato (Solanum tuberosum L. cv ‘Russet Burbank’) were
grown in 12.7 cm diameter pots in a greenhouse. Plants tested in experiments were 10-
20 cm tall with 4-8 fully expanded true leaves (BBCH 104-108). Experimental plants for

each pair were carefully selected to minimize differences in leaf area.

4.5.3. Experimental Arena — Plant Stimuli

An experimental arena with a removable acrylic plastic lid (Fig. 4.2) was built from an
aquarium (31.6 cm x 76.5 cm x 32.1 cm) made of soda-lime-silica glass. The aquarium
was placed on a stand and an insect inlet tube was added to the center of the arena’s
bottom surface, allowing for the release of a bioassay insect into the arena. The bottom
of the arena and its two lateral sides were lined with a matt brown kraft paper (NCR
Corp., Duluth, GA, USA) with a reflectance spectrum resembling that of soil (Fig. 4.4b).
The inner surface of the arena lid was lined with matt white banner paper (NCR Corp.) to
allow for illumination of the arena interior. The paper lining the interior surfaces of the
arena was replaced after each bioassay replicate and the exposed glass surface was
cleaned with hexane. The two end sections of the arena, each serving as a “stimulus

window” and facing a test plant, were left unobstructed.

Each stimulus chamber (31 cm x 31 cm x 47 cm) was lined with the same brown
kraft paper (see above) and placed with its open side facing one of the stimulus windows
of the arena (Fig. 4.2). With this arrangement, only the interior of the chambers was
visible to the bioassay insect from inside the arena. The lighting aperture (19 x 20 cm) in
the top of the chambers was designed to enable illumination of the test plant while
minimizing any attraction of bioassay insects to the illumination sources (see below), and

lessening chamber wall illumination and potential polarized reflectance. Each stimulus
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plant was positioned with a 30° incline towards the experimental arena so that the plant

was fully visible from within the arena.

Each chamber was illuminated from above by a 400 W Hortilux® Blue metal
halide lamp (Fig. 4.4c; MT400D/BUD/HTL-BLUE, EYE Lighting International, Mentor,
OH) centered 55-60 cm above the lighting aperture (see above; Fig. 4.2). The height of
the lamps above the stimulus chambers was carefully adjusted to minimize differences
in the intensity and spectral composition of the illumination of the two experimental
plants. There was no bias toward one side of the arena (side 1 prop. = 50%, x = 0.0, df =
1,n=124,p =1.0).

In each bioassay replicate, a female P. r. rapae was allowed 5 min to choose
between a host cabbage plant and a non-host potato plant. If, at the end of the 5 min
bioassay period, a female was present within 10 cm of a stimulus window, she was
considered to have responded to the plant behind that window. Females not responding
within 5 min were considered non-responders. The positions of stimuli were alternated

so that they appeared equally often on either side of the arena.

4.5.4. Experimental Arena — Image Stimuli

The arena described above (Fig. 4.2) was subsequently modified to bioassay responses
of female P. rapae to plant images instead of live plants. Unless otherwise specified
below, the same general experimental design and protocols were used to bioassay
responses to plant images as were used to bioassay responses to live plants. Plant
images were displayed on paired liquid crystal display (LCD) monitors (Fig. 4.3;
1707FPt, Dell Inc., Round Rock, TX) calibrated to minimize any differences between the
monitors in the displayed irradiance spectra of pixels with identical Red/Green/Blue
(RGB) values (Fig. 4.4e). The monitors displayed images of cabbage host plants and
potato non-host plants generated through polarimetry (see below) of the live plants
tested in the depolarizing-filter experiment (see below). We used photo polarimetry to
ensure that the color of the displayed image stimuli were representative of the original
plant stimuli. There may still have been differences in perceived color due to differences
in background illumination. We also resized the plant images, so that when displayed on
the monitors all plants occupied an equal pixel area. That these plant images lack the

UV light typically found in plant reflectance was deemed acceptable because
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prescreening testing revealed that the females’ preference for cabbage plants remained
unchanged when the illumination spectrum was altered to exclude UV wavelengths.
Each monitor was positioned against the wall of the stimulus chamber opposite the
stimulus window (Fig. 4.3), facing the experimental arena. In this wall was a 22 cm
octagonal display aperture which was covered with a removable kraft paper mask with a
hole in the shape of the plant image. This arrangement ensured that only the portion of
the LCD displaying the plant image was visible to the bioassay insect. The top of each
stimulus chamber had a lighting aperture (27 x 26 cm) covered with the same white
banner paper as the arena lid, thus affording similar illumination of the arena and the
stimulus chambers. The arena and the chambers were lit by a florescent lamp (Fig. 4.4d;
F32T8/SPX50/ECO GE, Boston, MA) centered 15 cm above the arena. In 5 min
bioassays, a camera mounted at the top rear of each stimulus chamber recorded the
movements of each P. rapae female. The first approach towards a stimulus window and
its associated plant image was recorded as a response. If a female made no approach,
she was considered a non-responder. Images were displayed equally often on both
monitors/sides of the arena. There was no bias towards one side of the arena over the

course of all experiments (side 1 prop. =49.8%, x =0.017,df =1, n =592, p = 0.97).

4.5.5. Polarimetry of Experimental Plants

We used photo polarimetry (Horvath and Varju 2004; Foster et al. 2018) to measure the
DoLP and the AoP for all cabbage and potato plants used in the depolarizing-filter
experiment. Photo polarimetry gives a DoLP and a AoP value for the red (575-700 nm),
green (455-610 nm), blue (410-530 nm) and ultraviolet (330-395 nm) (UV) bands of the
electromagnetic spectrum. All pixel values were then averaged to give a whole plant
mean or modal value for the DoLP and the AoP, respectively. We utilized an Olympus E-
PM1 camera (Olympus, Tokyo, Japan), modified for expanded spectral sensitivity
covering both the UV (< 400 nm) and human-visible light range (400-700 nm) (Fig 4.4f;
Dr. Klaus Schmitt, Weinheim, Germany, uvir.eu). We used an ultra-broadband linear
polarizing filter (68-751, Edmund Optics, USA) in combination with a UV/IR filter (Baader
Planetarium, Mammendorf, Germany) or a U-filter (Baader Planetarium) for human-
visible (red, green, and blue) and UV images, respectively. The experimental plants
were positioned and lit the same way as described for experimental plants in the

experimental arena (see above). All other plants were photographed upright inside a
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black velvet-lined box lit from above by a metal halide lamp (see above) through a
circular opening in the top of the box. White-balance, aperture, and other exposure
controls were manually set and remained constant among exposures, with all images
captured in a raw image format before decoding with DCRAW (Coffin 2019) in a manner
that preserved sensor linearity. Required color corrections, determined through
photographing a 99% Spectralon reflectance standard (SRS-99-010, Labsphere, NH,
USA) under similar lighting conditions, were then applied to ensure accurate color
representation. Images were then aligned (Thévenaz et al. 1998) before stokes

parameters, DoLP, and AoP were calculated.

4.5.6. Depolarizing-Filter Experiment

Depolarizing filters were made from two sheets of optically anisotropic mylar (Dura-Lar
0.003, Grafix, Maple Heights, OH). Oriented at 45° to each other (Sweeney et al. 2003),
these mylar sheets partially circularly polarize light, effectively depolarizing the incident
light (Shashar et al. 2000) by reducing DoLP to below 4-15% depending upon
wavelength, as measured through photo polarimetry. Depolarizing filters were placed on
the exterior wall of the stimulus widows completely covering them so that all light
reflected from plants entered the arena through these filters. The transmission spectra of
stimulus windows with or without the depolarizing filter are shown in Fig. 4.4a. In 200
bioassay replicates, 14 pairs of a cabbage and a potato plant matched in size were
presented. In half of the replicates, depolarizing filters were in place on both stimulus

windows and in the remaining half no filter was present.

4.5.7. LCD-Monitor-Proof-of-Concept Experiment

We designed a novel combination of A4 retarder films and LCD monitors to display
static images (in this case plant images). This design allowed for greater control of
image attributes than reported in previous methods (Foster et al. 2018). By manipulating
the rotation of the monitor’s display and the alignment of the A/4 retarder film (Fig. 4.4a;
#88-253, Edmund Optics, Barrington, NJ) relative to the display’s AoP, we were able to
mimic the mean DoLP and the modal AoP, as determined through photo polarimetry, of
both the cabbage plants (31% DoLP, 90° AoP) and the potato plants (50% DoLP, 90°
AoP), as they appeared in the depolarizing filter experiment (Fig. 4.3). LCDs emit highly

polarized light (>95% DoLP) due to the use of polarizers in their assembly. We
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manipulated the AoP of the plant image by rotating the monitor’s display and counter
rotating the image. The DoLP was manipulated through the use of a A4 retarder film
(Blake et al. 2019a). When the AoP of the LCD monitor is aligned with either the slow or
the fast axis of the retarder film, the DoLP is unchanged by the retarder film. As the AoP
of the LCD monitor is aligned at an increasing angle to the axes of the retarder film, the
light becomes less linearly polarized and increasingly elliptically polarized until this angle
is 45° and most of the light becomes circularly polarized and the DoLP is minimized.
When the entire human visible spectrum is considered, the A/4 retarder film also shifts
AoP in a clockwise direction by an amount approximating the rotation angle of the film
relative to the monitor (Blake et al. 2019a), necessitating an equal counter-clockwise
rotation of the monitor. Using these methods, we were able to replicate the depolarizing
filter experiment using virtual plants instead of live plants as test stimuli. A cabbage host
plant image with a cabbage DoLP was tested versus a potato non-host plant image with
a potato DoLP, and the same images were tested with the DoLP minimized. Additionally,
the LCD monitor setup allowed us to reverse the DoLP of the two plant images and to
present a cabbage host plant image with a potato DoLP and vice versa. We ran 80
bioassay replicates for each of the three comparisons, using 10 matched pairs of

cabbage and potato plant images.

4.5.8. Degree and Axis of Polarization Preference Experiments

To determine how the AoP and DoLP of plants (or their images) affect host plant choices
by P. rapae females, we presented a series of choices between a control cabbage
image and an identical treatment image differing in either AoP or DoLP. The control
image in both experiments was presented with a DoLP of 31% and a AoP of 90°. In the
AoP preference experiment, the treatment image had an AoP of 0°, 30°, 45°, 60°, 105°,
120°, 135°, or 150° (Fig. 4.7a) with a DoLP of 31%. In the DoLP experiment, the
treatment image had a DoLP of 10%, 21%, 41%, 50%, 70% with an AoP of 90° (Fig.
4.7b). We ran 50 and 73 bioassay replicates for the AoP and the DoLP treatments,

respectively, using a total of 14 different cabbage images.

4.5.9. Statistical Analysis

Chi-square tests were used to analyze whether the proportion of P. rapae females

responding to live experimental plants, or plant images, differed from 0.5. Further, chi-
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square tests were used to compare the proportion of females responding among
experimental treatments. Females not responding to test stimuli (live plants or plant

images) were excluded from statistical analyses.
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Figure 4.1

Diagrams depicting polarization by reflectance and an ommatidium
(photoreceptor unit) of the P. rapae compound eye. (a) Unpolarized
light (light vibrating equally in all directions) from the sun is
polarized via reflection from surfaces such as water or plant foliage.
Light vibrating in the direction parallel to the surface is preferentially
reflected resulting in polarization. (b) Light reflections from cabbage
(bottom) or potato (top) foliage (note color and shape differences);
associated compass diagrams show the distribution in vibration
direction of waves composing each light ray. The predominate
direction of vibration, or AoP (0-180°), is represented by the
direction of the compass needles. The DoLP as a measure of the
anisotropy of vibration directions is depicted as the amount of
spread around this predominate direction and by the size of the
compass needle. (c) Diagram of an ommatidium. (d) Cross sectional
diagram of an ommatidium showing the eight photoreceptors (R1-8).
Diagrams in ¢ and d modified from (Qiu et al 2002). (e) Electron
micrograph showing the parallel microvilli of photoreceptors R1-4
composing the rhabdom. (f) The resulting modulations in sensitivity,
with changes in the AoP of incident light, of the indicated
photoreceptors. AoP = Axis of Polarization; DoLP = Degree of Linear
Polarization
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Figure 4.2 Bioassay setup to test behavioral responses of female P. rapae to
live potato non-host plants (left) and live cabbage host plants (right).

131



a fluorescent lamp

lighting
experimental arena aperature
—

. stimulus|
display/ :
aperature window

inlet tube

LCD
display

stimulus
window
display
aperature

Figure 4.3 Bioassay setup to test behavioral responses of female P. rapae to
image stimuli. (a) Diagram of experimental arena. (b) Exploded view
of the arrangement of components between the LCD monitor and the
stimulus windows. LCD = Liquid Crystal Display

stimulus 25 cm
chamber

plant
mask

retarder
film

132



a 100 d 100+
90
80—
~ 70
. X
- s
B 8 60
= 2
2 ¢ S
[7] -+ el -
E 50 g 50
] [}
§ 40 2 40
5 ©
[}
30 —— stimulus window = 804
20 _ _ stimulus window 204
+ M4 retarder film
stimulus window
104 "+ depolar. filter 104
0 T T T T T T ] 0 T T T T T T ]
350 400 450 500 550 600 650 700 350 400 450 500 550 600 650 700
b 400 € 100
901 90—
80 80—
70 ~ 70
X
2 60 8 60
g z
§ 50 3 50
Q =
Q
&= 40 £ 40
= k]
30 2 30
201 20—
10— 10—
0 T T T T T T ] 0 T T T T T T ]
350 400 450 500 550 600 650 700 350 400 450 500 550 600 650 700
€ 100 f
green
901
801
~ 70
X
§ 60— g
8 >
B 50+ s
I~ =
° 2
2 40 8
5
2 a0
201
10+
0 T T T T T T ] 0 T T T T T T ]
350 400 450 500 550 600 650 700 350 400 450 500 550 600 650 700
wavelength (nm) wavelength (nm)
Figure 4.4 Spectra of filters, background, illumination sources, and camera

sensitivity. (a) Transmission spectra of the stimulus windows of the
experimental arena, and the same windows with a depolarizing filter
or a A4 retarder film. (b) Reflection spectrum of the brown kraft
paper. (c, d) Relative irradiance of the metal halide and fluorescent
lamps. (e) Relative irradiance of white pixels (mean of both LCD
monitors). (f) Spectral sensitivity of the modified Olympus E-PM1
camera in the UV, blue, green and red bands of the electromagnetic

spectrum
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Figure 4.5

Polarimetry of experimental host (cabbage) and non-host (potato)
plants. (a, b) Human-visible light images (red, green, blue) and false-
color UV light (330-395 nm) images, respectively. (c, d) Images
showing the DoLP and the AoP that were calculated using the blue
band (575 to 700 nm) of the human visible spectrum. Other bands
(Fig. 4.4) showed similar patterns in DoLP and AoP. (e) The mean %
s.e. DoLP and AoP of experimental plants in the UV, blue, green, and
red bands of the electromagnetic spectrum. These means are a
multi-plant average of the mean DoLP or modal AoP of all pixels
from one plant. UV = Ultraviolet; AoP = Axis of Polarization; DoLP =
Degree of Linear Polarization
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Figure 4.6 DoLP affects plant choice by P. rapae. (a) Without access to plant
odors, females prefer a live cabbage host plant (right) over a live
potato non-host plant (left) when polarized light cues are intact (top
bar). This preference disappears when these cues are removed with
a depolarizing filter (bottom bar). (b) Females also prefer the image
of a cabbage host plant (right) over the image of a potato non-host
plant (left) when presented with a DoLP matching that of live plants.
The preference could be removed (bottom row) or even reversed
(middle row) by changing the DoLP of the images. Numbers of
females responding to each stimulus are shown within bars. The
asterisk(s) either indicate(s) a percentage deviating from 50% or a
significant difference between two percentages (x° test, * p < 0.05, **
p <0.01, ** p <0.001). DoLP = Degree of Linear Polarization
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Figure 4.7  Both the DoLP and the AoP affect plant choice by P. rapae. (a), A
cabbage image with a AoP of 45° or 135° was repellent to females.
(b), Most images with a DoLP above or below that typical of cabbage
(31%) were discriminated against by females. Responses to a
treatment image with a DoLP and an AoP identical to those of the
control image were assumed to be 50%. Numbers of females
responding to each treatment are shown within bars. The asterisk(s)
indicate(s) either a proportion deviating from 50% or a significant
difference between two percentages (x* test, p <0.10, * p < 0.05, ** p
<0.01, ** p <0.001). AoP = Axis of Polarization; DoLP = Degree of
Linear Polarization
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Chapter 5.

Polarized light sensitivity in Pieris rapae is
dependent on both color and intensity’

The corresponding manuscript is published in the Journal of Experimental Biology (2020, doi.org/10.1242/jeb.220350)
with the following authors: Blake AJ, Hahn G, Grey H, Kwok SA, Mcintosh D, Gries G

5.1. Abstract

There is an ever increasing number of arthropod taxa shown to have polarization
sensitivity throughout their compound eyes. However, the downstream processing of
polarized reflections from objects is not well understood. The small white butterfly, Pieris
rapae, has been demonstrated to exploit foliar polarized reflections, specifically the
degree of linear polarization (DoLP), to recognize host plants. The well-described visual
system of P. rapae includes several photoreceptor types (red, green, blue) that are
sensitive to polarized light. Yet, the roles and interaction among photoreceptors
underlying the behavioral responses of P. rapae to stimuli with different DoLPs remain
unknown. To investigate potential neurological mechanisms, we designed several two-
choice behavioral bioassays, displaying plant images on paired LCD monitors which
allowed for independent control of polarization, color and intensity. When we presented
choices between stimuli that differed in either color or DoLP, both decreasing and
increasing the intensity of the more attractive stimulus reduced the strength of
preference. This result suggests differences in color and DoLP are perceived in a similar
manner. When we offered a DoLP choice between plant images manipulated to
minimize the response of blue, red, or blue and red photoreceptors, P. rapae shifted its
preference for DoLP, suggesting a role for all of these photoreceptors. Modeling of P.
rapae photoreceptor responses to test stimuli suggests that differential DoLP is not
perceived solely as a color difference. Our combined results suggest that P. rapae
females process and interpret polarization reflections in a way different from that

described for other polarization-sensitive taxa.
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5.2. Introduction

Polarized light cues are used by many arthropods but apart from polarized skylight
navigation little is known about how these organisms perceive polarized reflections
(Heinloth et al. 2018). All organisms with rhabdomeric photoreceptors have the potential
to sense polarized light (Horvath and Varju 2004). The tubular structure of the microvilli
forming the rhabdom results in photopigments aligning more along the long axis of the
microvilli. This alignment, in turn, causes these photopigments to be more sensitive to
light vibrating in the plane parallel to the long axis of the microvilli (Johnsen 2011). The
plane of polarization with the greatest photoreceptor sensitivity is referred to as ¢max and
typically aligns with the microvillar orientation (Horvath and Varju 2004). The size of this
difference in sensitivity is referred to as polarization sensitivity (PS) and is defined as the
the ratio of sensitivity to light vibrating at ¢max, and to light vibrating orthogonal to ¢max.
Photoreceptors with a high PS are typically found in a specialized area of the compound
eye known as the dorsal rim allowing for polarized skylight navigation (Labhart and
Meyer 1999). The microvilli of these photoreceptors are aligned, and non-twisted, along
the length of their relatively short rhabdom, thereby enhancing PS. Additionally, these
high PS photoreceptors involved in skylight navigation, which differ in ¢max, all share
similar spectral sensitivities. If these photoreceptors differed in both spectral sensitivity
and ¢max, the perceived color of an object would depend on both its reflection spectrum
and its polarization (Wehner and Bernard 1993). Many insects avoid polarization-
induced false colors by twisting the direction of these microvilli along the length of the
rhabdom, because otherwise the perceived color of objects would change as insects
navigate through the environment. However, many other insects, especially those in
aquatic and semi-aquatic habitats (Horvath and Csabai 2014), possess photoreceptors
with moderate PS throughout their compound eyes and some of these insects do
experience these polarization-induced false colors (Kelber et al. 2001). Histological and
electrophysiological work has also revealed evidence for PS in many herbivorous insects
(Wachmann 1977; Mishra 2015; lli¢ et al. 2016).

Recently, P. rapae females have been shown to discriminate among potential
host plants based on the polarization of light reflected from their foliage (Blake et al.
2019a). Like any shiny surface, the leaf surface preferentially reflects light oscillating
parallel to that surface (Shashar et al. 1998; Horvath et al. 2002). This axis of
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polarization (AoP, 0-180°), as well as the degree to which the foliar reflection is polarized
(degree of linear polarization, DoLP, 0-100%), are both strongly dependent upon the
viewing angle and the location of the light source. However, AoP (unlike DoLP) is largely
independent of leaf surface characteristics (Blake et al. 2019a). As only the specular
component of the reflection is polarized, any leaf characteristics that affect the relative
shininess or mattness also affect the DoLP. Decreasing the diffuse reflection through
absorbance by pigments, scattering the specular reflection with epicuticular waxes or
pigments, or undulations of the plane of the leaf’s surface can all affect the DoLP of foliar
reflections (Grant et al. 1993). Being dependent on these leaf characteristics, foliar DoLP
can convey information about the host plant not conveyed by its color or intensity.
Female P. rapae are able to discern cabbage host plants and potato non-host plants
based on the lower DoLP of cabbage leaf reflections (Blake et al. 2019a). In choice
bioassays, which presented manipulated host plant images, P. rapae females rejected
most images with a DoLP dissimilar to that of their cabbage host plant (DoLP of 31%).
The informative value of this cue during host plant selection is enhanced by a relative
insensitivity of P. rapae females to all but AoPs very near to 45° or 135°. Both the
underlying neurological mechanism and the photoreceptors involved in this

discrimination remain unknown.

The visual system of P. rapae resembles that of other butterflies in that each
ommatidium contains nine photoreceptors and the three ommatidial types are arranged
in a random mosaic throughout the compound eye (Fig. 5.1a). Similar to the ommatidia
of Papilio butterflies (Kelber 2001), the shortwave-sensitive (UV, violet, blue) R1,2
photoreceptors, with the exception of the polarization-insensitive UV photoreceptor,
respond most strongly to vertically polarized light, whereas the longwave-sensitive R3-9
photoreceptors respond most strongly to horizontally polarized light (R3,4) and obliquely
polarized light (R5-8) (Blake et al., 2019b; Fig. 5.1b,c). In the ventral portion of the eye,
the sensitivity of the R5-8 photoreceptors, which like R3,4 express a green-sensitive
opsin, are modified by perirhabdomal filtering pigments into three classes of red
photoreceptors distinct to the three ommatidial types, with more variation in PS among
ommatidial types than reported in Papilio (Fig. 5.1c). Of the shortwave receptors, only
the type | blue photoreceptors show significant PS. There is also a lower PS in type |
R3,4 receptors, whose polarization filtering effects on more basal photoreceptors

(Snyder 1973) may explain the difference in the axis of maximal polarization sensitivity
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(¢max) of red photoreceptors among ommatidial types (Blake et al. 2019c). The R9
receptor is thought to be red-sensitive (Shimohigashi and Tominaga 1991), and likely

has low PS due to its bidirectional microvillar arrangement (Qiu et al. 2002).

The compound eye of P. rapae has been extensively characterized, but there is
no obvious mechanism that would explain how P. rapae processes the signals from its
suite of photoreceptors to discriminate among stimuli with different DoLPs. To determine
whether P. rapae perceives differential DoLPs as differences in stimulus intensity or
color, we sought to emulate the work of Kinoshita et al. (2011). In two-choice bioassays,
we examined the responses of P. rapae to differences in DoLP or color between stimuli
to determine whether intensity differences between the stimuli affected preference in a
similar manner. We also determined the photoreceptors involved in DoLP discrimination
by minimizing the blue, red, or blue and red light of cabbage images that we presented
to P. rapae in bioassays. This type of manipulation is possible through use of our novel
monitor bioassay (Blake et al. 2019a). We predicted that if a photoreceptor were
involved in DoLP discrimination, then image manipulations of stimuli reducing the
photoreceptor’s stimulation should alter the behavioral response of P. rapae to DoLP
differences. We also modeled the catch of all P. rapae photoreceptors aiming to explain

the observed behavioral bioassay responses of P. rapae.

5.3. Methods

5.3.1. Insect Material

Our laboratory colony of P. r. rapae originated from eggs obtained from the Carolina
Biological Supply Company (# 144100, Burlington, NC, USA) and later from adults
collected from cabbage fields near Delta, BC, Canada. Using a well-established protocol
(Webb and Shelton 1988), larvae were maintained on either a wheat-germ diet or on
cabbage plants grown in a greenhouse. We housed both male and female adults in
indoor cages (60 x 60 x 60 cm, BugDorm 2120, MegaView Science Co. Ltd., Taichung,
Taiwan) kept at 18-25 °C and a photoperiod of 16L:8D. The females we tested in
experiments were randomly selected from cohorts of adults 3-14 days post eclosion and
were assumed to be gravid. We tested females in multiple bioassays, each bioassay
presenting a new pair of experimental plant images. These different bioassays were

considered independent.
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5.3.2. General Experimental Setup

We used the same experimental arena (31.6 cm x 76.5 cm x 32.1 cm) and LCD monitor
setup as recently described (Blake et al., 2019c; Fig. 4.3a). The inner surface of the
removable arena lid was lined with matt white banner paper (NCR Corp., Duluth, GA,
USA). We left the two end sections of the arena facing the monitors (stimulus windows)
unobstructed but lined all the other inner surfaces of the arena with a matt brown kraft
paper (NCR Corp.). To prevent build-up of any olfactory cues in the arena, we replaced
the paper lining the interior surfaces and cleaned exposed glass surfaces with hexane

daily.

In all experiments, we displayed cabbage plant images, created through photo
polarimetry, as detailed in a recent publication (Blake et al. 2019a). In summary, we
photographed cabbage plants, corrected the image color balance using a reflectance
standard (SRS-99-010, Labsphere, NH, USA), removed the image background, and
then standardized the plant size in each image such that all plant images presented an
equal number of pixels. The pixel values of these Red/Green/Blue (RGB) images were
then manipulated to create versions which differed in intensity or color (Table 5.1; Fig.
5.2d-f). These images were presented on paired liquid crystal display (LCD) monitors
(1707FPt, Dell Inc., Round Rock, TX) calibrated to minimize any differences between
monitors in the displayed irradiance spectra of pixels with identical RGB values (Fig.
5.2c). These monitors lack UV irradiance but the absence of UV wavelengths did not
affect DoLP-based host plant preferences (Blake et al. 2019a). As LCD monitors
produce highly polarized light, we manipulated the AoP by rotating the display and
counter rotating the image. Using a M4 retarder film (#88-253, Edmund Optics,
Barrington, NJ), we were also able to manipulate the plant image DoLP by changing the
alignment of the AoP of the display relative to the retarder film (Blake et al. 2019b, a).
Using LCD monitors also enabled us to readily manipulate both the plant image’s color

and/or intensity.

The monitors were separated from the stimulus windows of the experimental
arena by a stimulus chamber (31 cm x 31 cm x 47 cm) lined with the same kraft paper
as the arena. This separation limited the range of viewing angles of the monitor from
within the arena. In order to limit the visible portion of the LCD to that displaying the plant

image, we placed a kraft paper plant mask over the display aperture in each stimulus
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chamber (Fig. 4.3b). The top of each stimulus chamber had a lighting aperture (27 x 26
cm) covered with the same white banner paper as the arena lid, thus affording similar

illumination of the arena and the stimulus chambers. The arena and the chambers were
lit from a fluorescent lamp (Fig. 5.2b; F32T8/SPX50/ECO GE, Boston, MA) centered 15

cm above the arena.

Using a camera mounted at the top rear of each stimulus chamber, we monitored
the response of P. rapae females introduced into the arena. We allowed each female up
to 5 min to approach one of the stimulus windows and recorded this approach as a
behavioral response to the associated plant image. We considered females making no
response non-responders. Image stimuli were alternated so they appeared equally often
on both monitors/sides of the arena. To help minimize any time-of-day effects (Lazopulo
et al. 2019), day/weather effects (Roitberg et al. 1993; Pellegrino et al. 2013), or cohort-
of-butterflies effects, we ran bioassays in blocks that included all stimuli comparisons
using butterflies from a single cohort. There were two exceptions to this blocking: (1) The
color removal experiments commenced comparing R+G+B and G bioassay treatments
at AoP 90° and only later included the remaining AoP 90° treatments; and (2) the AoP 0°
bioassays in the color-removal experiment were a follow-up to the AoP 90° experiments

and did not proceed concurrently.

5.3.3. Intensity-vs-Color Discrimination Experiment

To determine whether P. rapae females perceive differential DoLP as differential color or
intensity, we performed experiments similar to those of Kinoshita et al. (2011). We
presented females with paired stimuli consisting of the same cabbage image but
modified to create differences in intensity (A), color and intensity (B), or DoLP and
intensity (C) between the two images (Fig. 5.3; Table 5.1). The paired stimuli we
presented were (A) two unmodified images both with a DoLP of 31%; (B) one
unmodified (treatment) image and one red-shifted (control) image each at a DoLP of
31% (Table 5.1; Fig. 5.2d,e); and (C) two unmodified images presented with a DoLP of
either 31% (treatment) or 50% (control). The image whose intensity remained constant
in each sub-experiment was designated the control, but this control image was not
identical in each sub-experiment. In A-C, we presented the treatment image at
intensities lower (44%, 87%), equal (100%) and greater (130%) than the original
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intensity (Table 5.1; Fig. 5.2d,e). In (A), we did not present a choice between two

unmodified images (DoLP 31%, 100% intensity) assuming no preference in response.

5.3.4. Color-Removal Experiment

To determine the photoreceptors involved in polarized light discrimination, we modified
the color of cabbage images and offered P. rapae females a series of choices between
these modified images presented at a DoLP of either 31% or 50%, with both images
presented at an AoP of both 0° and 90°. To minimize the stimulation of the butterflies’
red photoreceptors, blue photoreceptors or both simultaneously (within the limits
inherent in the RGB color space where each color channel stimulates multiple
photoreceptor classes; Fig. 5.2c¢), we respectively set the red, blue, or red and blue
values of all pixels in both stimulus images to 0 (Table 5.1; Fig. 5.2f). As a control, we

also offered a choice between images with no modification to any pixel values.

5.3.5. Statistical Analysis

We used two-tailed chi-square tests to determine whether the proportion of P. rapae
females responding to plant images differed from 0.5, and whether the proportion of
females responding differed among the experimental treatments. We excluded non-

responding females from statistical analyses.

5.3.6. Modeling Photoreceptor Quantum Catches

Unless otherwise noted, all spectra were measured with a calibrated spectrophotometer
(HR-4000, Ocean Optics Inc., Dunedin, FL, USA) and were recently reported (Blake et
al. 2020). To allow us to calculate the quantum catch of the background, we measured
the ambient irradiance of the fluorescent lamps within the arena, the transmission of the
arena wall and the M4 retarder film, and the reflectance of the brown kraft paper (Fig.
5.2a,b). We measured reflectance with a JAZ spectrometer (Ocean Optics) calibrated
with a 99% Spectralon reflectance standard (SRS-99-010, Labsphere, NH, USA). Using
photo polarimetry of the arena’s interior (Foster et al. 2018), we approximated the mean
DoLP and modal AoP of the background across the human visible spectrum (400-700

nm) to be 10% and 90°, respectively.
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We also used this spectrometer to measure the irradiance produced by the
monitors at a range of 8-bit RGB values including pure red, green and blue spectra
([255, 0, O], [0, 255, 0], [0, 0, 255], respectively, Fig. 5.2c) in order to estimate the
monitor's decoding gamma (y = 1.90) and the intensity at a RGB value of 0 (0.0055).
Using equation 1, a modified gamma correction incorporating a non-zero intercept
(Burger and Burge 2009), we could appropriately scale and sum the pure spectra Ic(A)
(where C is red, green or blue) using the red, green or blue pixel value PV¢ to estimate
the displayed irradiance spectra across all wavelengths (A) from 300 to 750 nm for any
combination of RGB values. Using the mean RGB pixel values of the stimulus image, we
could then create a mean spectrum for all pixels displayed in the image. The resulting
spectrum was corrected for the transmission spectrum of the aquarium wall and the A/4

retarder film (Fig. 5.2a).

y+0.0055

1) = c 2 le() (1 + 01.0055> (123;/9 M
€(R,G,B)

Using wavelength-specific effects of the A/4 retarder film along with
measurements of a photoreceptor’s PS, and the AoP of greatest sensitivity (¢max) taken
from Blake et al. (2019a), we could use equation 2 to calculate the wavelength-specific
effect of polarization on the photoreceptor’s response (Pi(A) for photoreceptor type /).
This effect along with the previously mentioned intensity spectrum, and the reported
spectral sensitivities of P. rapae photoreceptors (R;) (Blake et al. 2019c), allowed us to
model the quantum catch (Q;) of all photoreceptor types with equation 3, with dA being
the spectral resolution of the spectrometer used to measure /(A), and with all other
variables interpolated to match this resolution (Blake et al. 2020). The quantum catch of
the background (Qi) was similarly calculated, with irradiance /(A) being determined from
the irradiance spectra of fluorescence lamps and the reflectance spectra of the kraft
paper. However, the measured values of DoLP and AoP (10% and 90°, respectively)
determined from photo polarimetry were assumed to be uniform across 300-750 nm. As
photoreceptors adapt to the background illumination, we then calculated the quantum

catch relative to the background (g;) (equation 4).
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5.4. Results

5.4.1. Intensity-vs-Color Discrimination Experiment

In general, when treatment and control stimuli differed only in intensity, P. rapae females
preferred the more intense stimulus (Fig. 5.3a). This preference was statistically
significant only when the intensity of treatment stimuli was <50% of that of the control
stimuli (x*= 8.70, N = 1, P=0.0032). When the treatment stimulus had an intensity of

87% relative to the control stimulus, females did not discriminate between these stimuli.

When we presented a choice between a red-shifted cabbage image (control) and
an unmodified (treatment) image of varying intensity, females significantly preferred the
treatment image only with an intensity of 87% relative to the control image (x*= 12.30, N
=1, P =0.0005; Fig. 5.3b). Treatment images of a higher or a lower intensity were not
significantly preferred, although there was a marginal preference for the treatment image

when it had an intensity equal to, or greater than, that of the control image.

Similarly, when the treatment and control image differed in DoLP, females
significantly preferred the treatment image (DoLP 31%) only when it had an intensity
equal to that of the control image (DoLP 50%; = 8.32, N =1, P = 0.0039; Fig. 5.3c).
Treatment images of a lower intensity were as attractive as the control image while there

was a non-significant preference for the control image when it was more intense.

5.4.2. Color-Removal Experiment

When cabbage images were presented with all color channels intact (R+G+B), P. rapae

females preferred the image with the lower DoLP both at an AoP of 0° and 90° (AoP of
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0°: x* =7.36, N =44, P = 0.0067; AoP of 90°: x*= 15.25, N = 63, P = 0.0001; Fig. 5.4).
When the blue color channel was removed (R+G), females shifted their preference
towards the image with a higher DoLP, but only at an AoP of 0° (x*>= 18.75, N=86,
P<0.0001). When the red color channel was removed (G+B), females preferred images
with the higher DoLP at both AoPs (AoP of 0°: x* = 11.72, N = 53, P = 0.0006; AoP of
90°: x2=7.41, N = 39, P = 0.0064). When only the green color channel of the image was
included, females did not discriminate between images with a high or a low DoLP, when
presented at an AoP of 90°. However, when these images were presented at an AoP of
0°, females chose the lower DoLP images (x* = 9.28, N = 57, P = 0.0023) similar to their

response when all color channels were intact.

5.5. Discussion

Our study refines the possible neurological processing mechanisms for DoLP-based
host plant discrimination by female P. rapae. According to our data, P. rapae females
are likely not perceiving differences in DoLP as differences in purely intensity or in color.
Rather, our data suggest that perception of color, intensity and polarization, at least in

the context of host-plant discrimination, are all linked and contingent upon one another.

The intensity-vs-color discrimination experiment revealed that females preferred
the plant image with greater intensity when all other factors were equal (Fig. 5.3). In our
study, color preferences shifted in response to intensity changes in one of the two test
stimuli, contrasting with results obtained in similar studies with Papilio butterflies (Kelber
and Pfaff 1999; Kinoshita et al. 2011). While it is possible that P. rapae lacks true color
vision (the ability to discriminate between colors independent of intensity), this
explanation seems unlikely given the shared evolutionary history of Papilio and Pieris
butterflies as members of Papilionoidea (Wahlberg et al. 2005), and the similarities of
their respective compound eyes (Kelber et al. 2001). Although our colored stimuli lacked
an appreciable UV component (unlike many stimuli tested with Papilio), these stimuli
should provide adequate stimulation of the UV photoreceptors to distinguish between
stimuli in the color-removal experiment (Fig. 5.6b). Training of bioassay insects offers a
more likely explanation for these contrasting results. While we tested the innate
preferences of P. rapae females, corresponding studies with Papilio involved rewarded
training (Kelber and Pfaff 1999; Kinoshita et al. 2011). The spontaneous color choices of

P. brassicae also shift in accordance with stimulus intensity (Scherer and Kolb 1987),
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however increases in intensity always have a positive effect on preference, contrasting
our color preference data (Fig. 5.3b). When paired images were similar in color and
DoLP, we observed a positive linear relationship between the intensity of the treatment
image and the preference of female P. rapae for this image (Fig. 5.3a). In contrast, when
image pairs were dissimilar in color or dissimilar in DoLP, female preference for the
treatment image declined when the intensity of the treatment image was greater than
that of the control image (Fig. 5.3b,c). Like in experiments with Papilio, these results
suggest that P. rapae butterflies perceive differences in DoLP in a manner similar to their

perception of differences in color, albeit not independent of intensity.

The color-removal experiment revealed that blue, green and red photoreceptors
are involved in the perception of differential DoLP. This conclusion is based on data
showing (i) preferential responses to images with a lower DoLP (AoP: 0° and 90°) when
all color channels were present; (ii) a preference shift for images (AoP: 0° or 90°) where
either the blue or the red channel was removed; and (iii) the reversal of preferences with
the green-only channel images (AoP: 90°) as compared with R+G or G+B images (AoP:
90°).

Contrary to results of the intensity-vs-color discrimination experiment, modeling
of photoreceptor catch does not support the concept that differences in DoLP are
perceived as color differences, at least not when modeled as a linear interaction among
photoreceptors (Kelber 1999, 2001). The color triangles represent the modeled P. rapae
color space and depict the relative quantum catch of the red, green and shortwave
(omitting UV in type |) photoreceptors of the three ommatidial types disregarding
intensity (Fig. 5.5, 5.6). In modeling the catch of the red photoreceptors, we assumed the
catch of R5-8 are pooled negating much of PS of these photoreceptors. If DoLP
discrimination could be explained through linear interactions between different
photoreceptors, as seen in Papilio and in P. rapae with unpolarized stimuli, we would
expect a consistent direction of preference between stimuli. For example, using existing
linear color models for Papilio and Pieris, with the catch of green photoreceptors having
a positive effect and blue and red receptors having a negative effect, we would expect
the stimuli closest to the upper green vertex to be preferred. In our modeling, stimuli
differing only in polarization characteristics largely align along the blue to green axis,
with the direction of preference among paired stimuli tested converging on no one region

of the color space (Fig. 5.5). This inconsistency applied to all ommatidial types (Fig. 5.6),
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albeit with smaller separations among low and high DoLP stimuli due to lower PS of the
photoreceptors. It is unlikely that this inconsistency could be resolved even if
downstream opponent processing was considered (Chen et al. 2019) or if
photoreceptors were to be compared among different ommatidial types (Takemura and
Arikawa 2005).

Other plausible mechanisms also fail to explain our bioassay results. If
polarization discrimination by P. rapae were to be dependent on comparisons between
any two polarization-sensitive photoreceptors, or between one polarization-sensitive and
one insensitive photoreceptor, we would expect AoP to have a strong effect on
preference (Fig. 5.7a; How and Marshall, 2014), similar to how Papilio butterflies
strongly prefer horizontally over vertically polarized light (Kelber 2001). We would also
expect such comparisons among photoreceptors to result in either a linear increase or
decrease in preferential response as DoLP increased (Fig. 5.7b; How and Marshall,
2014). Yet, we found that the attractiveness of test stimuli was not affected by AoP
outside regions near 45° and 135°, and that images with a DoLP similar to that of their
cabbage host plants (DoLP of 31%) are preferred, with the appeal of stimuli declining
both above and below this 31% value (Blake et al. 2019a). Comparisons between two or
more pairs of photoreceptors are also unlikely to explain the observed DoLP preferences
of P. rapae (Fig. 5.7¢ef). Models that incorporated the absolute value of the differences in
responses between photoreceptors (Fig. 5.7cd; Megli¢ et al., 2019) could explain
observed AoP preferences in P. rapae, but again would fail to explain DoLP preferences.
The results of the color-removal experiment preclude true polarization vision (the ability
to discriminate among stimuli independent of color or intensity), as changes in color

prompted large shifts in polarization preference.

Our combined results suggest that a new and as of yet undescribed mechanism
for the processing of polarized reflections underlying DoLP discrimination in P. rapae.
The mechanism likely involves blue, green and red photoreceptor classes, and is
affected by intensity, color and polarization. If true, this would be yet another example of
unique neural processing of polarization information from object-reflected light. The
systems for processing such information differ between all taxa thus far studied,
including crabs (Smithers et al. 2019), fruit flies (Wernet et al. 2012), horse flies (Megli¢
et al. 2019), and backswimmers (Schwind 1984). There are even as many as three

different systems at work in Papilio butterflies depending on the behavioral context
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(Kelber et al. 2001; Kinoshita et al. 2011; Stewart et al. 2019). This information seems to
show that different arthropod taxa have utilized the polarization sensitivity inherent in
rhabdomeric photoreceptors to create visual subsystems tuned in accordance to their
particular ecology. Further investigations into different arthropod taxa will almost
certainly reveal novel combinations and processing of photoreceptor inputs using

polarized light for object recognition.
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5.7. Tables

Table 5.1 The mean RGB pixel values of plant images along with the
corrections necessary to generate these images from the
unmodified originals. The mean values were calculated from
individual RGB means of each image. Also included are the degree
of linear polarization (DoLP) and axis of polarization (AoP) of stimuli
used in each experiment.

intensity-vs-color discrimination experiment (A) - intensity difference

treatment image control image

R G B DoLP AoP R G B DoLP AoP
72+1 82+2 64+2 31% 90° 112+2 129+3 100+£3 31% 90°
(0.64xR) (0.64xG) (0.64xG) (1.00xR) (1.00xG) (1.00xG)

105+2 120+3 93+2 31% 90° 11242 129+3 100£3 31% 90°
(0.93xR) (0.93xG) (0.93xG) (1.00xR) (1.00xG) (1.00xG)

129+3 148+3 115+3 31% 90° 112+2 129+3 100£3 31% 90°
(1.15xR) (1.15%G) (1.15%G) (1.00xR) (1.00xG) (1.00xG)

intensity-vs-color discrimination experiment (B) - color difference

treatment image control image

R G B DoLP AoP R G B DoLP AoP
72+1 822 642 31% 90° 237 £1 93+2 822 31% 90°
(0.64xR) (0.64xG) (0.64xG) (0.38xR+195) (0.72xG) (0.82xG)

105+2 120+3 93+2 31% 90° 237 £1 93+2 822 31% 90°
(0.93xR) (0.93xG) (0.93xG) (0.38xR+195) (0.72xG) (0.82xG)

112+2 129+3 100+3 31% 90° 237 £1 93+2 822 31% 90°
(1.00xR) (1.00xG) (1.00xG) (0.38xR+195) (0.72xG) (0.82xG)

129+3 148+3 115+3 31% 90° 237 £1 93+2 822 31% 90°
(1.15xR) (1.15%G) (1.15%G) (0.38xR+195) (0.72xG) (0.82xG)

intensity-vs-color discrimination experiment (C) - DoLP difference

treatment image control image

R G B DoLP AoP R G B DoLP AoP
72+1 822 642 31% 90° 112+2 129+3 1003 50% 90°
(0.64xR) (0.64xG) (0.64xG) (1.00xR) (1.00xG) (1.00xG)

105+2 120+3 93+2 31% 90° 112+2 129+3 1003 50% 90°
(0.93xR) (0.93xG) (0.93xG) (1.00xR) (1.00xG) (1.00xG)

112+2 129+3 100+3 31% 90° 112+2 129+3 1003 50% 90°
(1.00xR) (1.00xG) (1.00xG) (1.00xR) (1.00xG) (1.00xG)

129+3 148+3 115+3 31% 90° 112+2 129+3 1003 50% 90°
(1.15xR) (1.15%G) (1.15%G) (1.00xR) (1.00xG) (1.00xG)
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color-removal experiment

R G B DoLP AoP R G B DoLP AoP
112+£2 129+3 100+£3 50% 90° 1122 129+3 1003 31% 90°
(1.00xR) (1.00xG) (1.00xG) (1.00xR)  (1.00xG) (1.00xG)

112+£2 129+3 0+0 50% 90° 112+2 129+3 0+£0  31% 90°
(1.00xR) (1.00xG) (0.00xG) (1.00xR)  (1.00xG) (0.00xG)

0+0 129+3 100+3 50% 90° 0+0 129+3 100+3 31% 90°
(0.00xR) (1.00xG) (1.00xG) (0.00xR)  (1.00xG) (1.00xG)

0+0 129+3 0+0 50% 90° 0+0 12943 0+£0  31% 90°
(0.00xR) (1.00xG) (0.00xG) (0.00xR)  (1.00xG) (0.00xG)
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5.8. Figures

)
500
Wavelength (nm)

T
400

I
300

(@

12 112 e
PS ®max(®) S(A) PS ®max(°) S(A) PS Pmax(°)

S(A)

photoreceptor

R1 UV® 11 NA Vv 1.2 7 Uv 11 NA
R2 B° 29 6 \" 1.2 7 Uv 11 NA
R34 G 19 95 G
R5,7 Ri 22

R6,8 Ri 22 34 Rii’
R9 R? 2 ? R? ? ? R? ? ?

1.3* 91* G 19 95
1.9* 131* Riii 2.1 156
1.9* 52° Riii 21 33

155 Rii’

Figure 5.1

Visual system of female Pieris rapae. (A) Diagram of ommatidium
showing the arrangement of the nine photoreceptors (R1-9). (B)
Spectral sensitivities, S(A), of the various photoreceptor spectral
classes. Ultraviolet (UV), violet (V), blue (B), green (G), type I-lll red
(Ri-Riii). 'Spectral sensitivity predicted from a model of the female
ommatidium (Stavenga and Arikawa 2011). (C) Table summarizing
the spectral class and polarization characteristics (polarization
sensitivity: PS; axis of maximal polarization sensitivity: ¢pmax) of
photoreceptors R1-9 in 2ommatidial types I-lll. UV and blue
photoreceptors are positioned opposite each other but are equally
likely to be in the R1 or R2 position. “Values inferred from
electrophysiological recordings of male butterflies.
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Figure 5.2  Spectra of filters, background, and illumination sources. (A)
Transmission spectrum of the stimulus windows of the experimental
arena (Fig. 4.3) with a A/4 retarder film and the reflectance spectrum
of the background brown kraft paper. (B) Irradiance of the
fluorescent lamps measured from within the arena at its center. (C)
Irradiance of white (RGB: 255, 255, 255), blue (0, 0, 255), green (0,
255, 0), or red pixels (0, 0, 255) as measured from the other surface
of the display of the bioassay monitors (mean of both LCD
monitors). (D) Differences in irradiance spectra among different
control image intensities used in the intensity-vs-color
discrimination experiment. (E) Spectra of the red control image in
the color difference portion of the intensity-vs-color discrimination
experiment. (F) Spectra of stimuli tested in the color-removal
experiment, where the red, blue, or red and blue, pixel values were
set to 0. The spectra in D-F were calculated using equation 1 from
the mean pixel values in Table 5.1.
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Figure 5.3
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Intensity-vs-color discrimination experiment. Effect of relative
increase in intensity of the treatment image on the preference of
Pieris rapae females when treatment and control images differ only
in intensity (A), in both color and intensity (B), and in both DoLP and
intensity (C). The responses in (A) to treatment and control images
of equal brightness were assumed to be 50%. Numbers of females
responding to each stimulus are shown within bars. The asterisk(s)
indicate(s) a proportion deviating from 50% (x? test, * p < 0.05, ** p <
0.01, *** p < 0.001). AoP = Axis of Polarization; DoLP = Degree of
Linear Polarization
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Figure 54  Color-removal experiment. Changes in the preference of P. rapae
females for cabbage plant images differing in DoLP, with removal of
RGB color channels. The stimulus images display unmodified RGB
pixel values or have the red, blue, or red and blue values of all pixels
in both stimulus images set to 0 (top to bottom). Numbers of females
responding to each stimulus are shown within bars. The asterisk(s)
indicate(s) a proportion deviating from 50% or a significant
difference between two proportions (x° test, * p < 0.05, ** p < 0.01, ***
p <0.001). Note: the 31% DoLP is typical of cabbage plants. AoP =
Axis of Polarization; DoLP = Degree of Linear Polarization
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Figure 5.5 Color triangle representing the modeled color space of Pieris rapae
females. This triangle shows a model of relative blue (B), green (G)
and red photoreceptors’ (Ri) quantum catch in type | ommatidia.
This color does not include the ultraviolet (UV) photoreceptor which
was deemed acceptable due to the low levels of illumination in the
UV range and the low PS of UV photoreceptors. The numbers in
parentheses show the PS and ¢max of each receptor. The colored
circles show the stimuli in the color-removal experiment. Arrows
indicate the stimuli preferred by female P. rapae.
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Figure 5.6 Color triangles representing the modeled color space of Pieris rapae
females. Triangles show a model of relative ultraviolet (UV), violet
(V), green (G) and red photoreceptors’ (Rii or Riii) quantum catch in
type Il (A) and Il (B) ommatidia. The numbers in parentheses show
the polarization sensitivity (PS) and axis of maximal polarization
sensitivity (¢pmax) of each receptor. The colored circles show the
stimuli tested in the color-removal experiment. Arrows indicate the
stimuli preferred by female P. rapae. DoLP, degree of linear
polarization. AoP, axis of polarization.
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Figure 5.7

Effect of AoP and DoLP image manipulations on models combining
photoreceptor catch from Pieris rapae females. (A,C,E), Effect of
AoP on models at DoLPs of 31% and 50%. (B,D,F), Effect of DoLP on
models at AoPs of 0°, 45°, 90°, and 135°. (A,B), Color model
involving red, green and blue photoreceptors from type | ommatidia
(Fig. 5.5) which would also be representative of any comparisons
between polarization-sensitive photoreceptors, or between one
polarization-sensitive and one polarization-insensitive
photoreceptor. (C,D), Model calculating the absolute difference
between two photoreceptors. (E,F), Model comparing more than two
photoreceptors. AoP = Axis of Polarization; DoLP = Degree of Linear
Polarization
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Chapter 6.
Concluding summary

For this chapter, | review my findings in bullet form and emphasize their impact.

» There are large differences in the degree of linear polarization (DoLP) of leaf-
reflected light among plant species generally and between host and non-host
plants of Pieris rapae specifically.

» These differences are most pronounced in the blue and ultraviolet (UV) color
bands.

* UV polarimetry data closely resemble those of the human-visible color bands,
especially blue.

* Recorded reflections from entire plants, rather than single leaves, reveal
several emergent phenomena related to the effects of observer and light
source position on the polarization of foliar reflections.

* Plants that are lit more from the side than from above (greater g) have a
relatively greater leaf area shadowed by their own leaves. These shadowed
areas have a lower DoLP, lowering the plants’ overall DoLP even when the
reflections are at the Brewster’s angle.

* Modeling the data from photo polarimetry measurements of entire plants
under a range of light source and observer positions, revealed that certain
approach trajectories are optimal for foraging insects to discriminate between
plant species on the basis of the DoLP of leaf-reflected light.

+ These differences among plant species show that the DoLP of foliar reflection
carries information about potential hosts and that this information could be
used as a host plant cue by insect herbivores.

» Comparisons of the compound eyes of the two subspecies of P. rapae using
genetic, microscopical, spectrographic and histological methods show no
differences that would meaningfully affect photoreceptor sensitivity.

* My investigations of the compound eye further revealed that the peri-
rhabdomal reddish-screening pigments differ among the three ommatidial
types, with each ommatidial type exhibiting a unique class of red
photoreceptor with a distinct spectral peak.

» Electrophysiological recordings show that the blue, green, and red

photoreceptors of P. rapae exhibit a polarization sensitivity (PS) > 2,
confirming the ability of P. rapae to perceive polarized light.
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Females of P. rapae preferred digital images of their cabbage host plant with a
low DoLP (31%; characteristic of cabbage foliage) to images of a non-host
potato plant with a higher DoLP (50%).

When these images were presented with the DoLPs reversed, we were able to
make the virtual potato non-host plant image as attractive as the cabbage host
plant image with its typical DoLP, indicating that the DoLP had a greater effect
on foraging decisions than color, intensity or shape.

Additional bioassays determined the attractive range of DoLP and axis of
polarization (AoP), showing that P. rapae females discriminate against DoLPs
outside the range typical of their host plants (31%), but that females are
relatively indifferent to the AoP of plants, except for AoPs near 45° and 135°
which are repellent.

These behavioral experiments demonstrate that P. rapae females discriminate
between plants, or plant images, on the basis of their DoLP.

When | presented P. rapae females choices between plant image stimuli that
differed in either color or DoLP, both decreasing and increasing the intensity of
the more attractive stimulus reduced the strength of preference. This result
suggests that differences in color and DoLP are perceived in a similar manner.

In similar bioassays, When | offered P. rapae females a DoLP choice between
plant images manipulated to minimize the response of blue, red, or blue and
red photoreceptors, females shifted their preference for DoLP, suggesting a
role for all of these photoreceptors.

Modeling of P. rapae photoreceptor responses to test stimuli suggests that
differential DoLP is not perceived solely as a color difference.

The combined results of behavioral bioassays and this modeling indicate that
P. rapae females process and interpret polarization reflections in a way
different from that described for other polarization-sensitive taxa.

My findings (1) that the DoLP differs between host and non-host plants of P.
rapae, (2) that P. rapae females possess several photoreceptor classes
capable of perceiving differences in polarization, and (3) that these differences
affect host plant selection behaviour by P. rapae females, all support earlier
predictions that insect herbivores exploit foliar DoLP to recognize host plants.
The given the prevalence polarization sensitivity among insects, exploitation of
these cues may be widespread among herbivorous insects.
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