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Abstract

In European outbreaks, the meadow spittlebug Philaenus spumarius is the primary

vector of the xylem-limited bacterium Xylella fastidiosa. The mechanisms underlying

host plant location by spittlebugs—critical for the transmission of associated bacterial

pathogens—remain poorly understood, particularly with respect to the potential role

of visual cues. Here, we investigated the visual system of P. spumarius through an

integrated anatomical, optical, physiological, and behavioural approach to explore the

potential role of vision in host-seeking behaviour. Using microscopy, 3D reconstruc-

tions, and single-cell recordings, we examined the structure and function of the com-

pound eyes. Optical mapping revealed relatively low spatial resolution, with

interommatidial angles of 4�–8� and somewhat smaller angles and finer visual sam-

pling in central and anterior-ventral regions. Intracellular recordings showed that pho-

toreceptors are maximally sensitive to ultraviolet (UV), blue (B), and green (G) light,

suggesting the potential for trichromatic colour vision. UV and B-sensitive photore-

ceptors exhibited high polarization sensitivity (PS), with UV and B photoreceptors

maximally sensitive to vertically and horizontally or obliquely polarized light, respec-

tively. The physiological evidence indicating that polarized light is detected primarily

by UV and B photoreceptors was complemented by the observation of orthogonally

arranged microvilli in anatomical cross-sections of the retina, which might belong to

polarization-opponent photoreceptor pairs with orthogonal sensitivity maxima to

polarized light. Behavioural tests in a Y-maze demonstrated that starved spittlebugs

preferred linearly polarized over a diffuse visual stimulus. This preference disap-

peared when a yellow filter blocked UV and blue light, implicating the necessity of

UV and B photoreceptors for the detection of polarized reflections. Our findings

demonstrate that P. spumarius uses visual cues, including polarized light, which may
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aid in the visual detection of reflections from host plants. Understanding these visual

mechanisms provides new insight into the ecology of this key vector species and may

inform strategies to disrupt its host-finding behaviour.
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1 | INTRODUCTION

Insects rely on vision and olfaction as primary sensory modalities for

locating host plants, and these cues shape interactions across a wide

range of agroecosystems (Avosani et al., 2024). Within the Auchenor-

rhyncha, these senses are especially important for long-distance host

localization, yet the role of vision has received far less attention com-

pared to olfaction.

Insects' vision is mediated by compound eyes, which are image-

forming organs composed of numerous ommatidia, each sampling a

narrow part of the visual field (Land & Nilsson, 2012; Rayer

et al., 1990). This modular design allows insects to function across

environments ranging from bright daylight to dim twilight and moon-

light, underpinning a wide range of visually guided behaviours (Land &

Fernald, 1992; Nilsson & Warrant, 1999). Within each ommatidium,

photoreceptor cells contain opsins in their microvillar membranes,

converting light into neural signals (Chittka & Menzel, 1992). The

number and spectral sensitivity of photoreceptor types vary widely

across insects, from a single receptor class in specialized eye regions

(Gogala, 1967) to five in flies or as many as 15 in butterflies

(Briscoe, 2000; Chen et al., 2016; Hardie, 1986; Ogawa et al., 2013).

This diversity enables complex colour vision, with spectral sensitivity

extending from below 300 nm into the red range beyond 700 nm

(Briscoe & Chittka, 2001). Across insects, a conserved ancestral set of

ultraviolet-, blue-, and green-sensitive receptors is shared across many

taxa (Briscoe et al., 2003; Briscoe & Chittka, 2001; Bruckmoser, 1968;

Chittka, 1997; Hariyama et al., 1993; Ichikawa & Tateda, 1982;

Kinoshita et al., 1997; Seki & Vogt, 1998; van der Kooi et al., 2021;

White et al., 1994). This ancestral arrangement has frequently been

modified into specialized colour vision systems adapted to ecological

demands (Arikawa et al., 1987; Bernard & Remington, 1991;

Chittka, 1997; Seki & Vogt, 1998).

In addition to their ability to detect contrasts in light intensity or

colour, insects have also evolved mechanisms to detect linearly polar-

ized light. This capability is widespread among insects and plays an

ecologically significant role in navigation and host detection. Light

from natural sources is mostly diffuse or unpolarized, meaning that

the electric fields of light photons are randomly aligned. However,

light scattered from atmospheric particles or reflected from smooth,

non-metallic surfaces becomes polarized, that is, the electric fields of

photons predominantly oscillate in one plane. Celestial polarization

patterns provide a wide-field orientation cue (Labhart &

Wehner, 2006), while reflections from surfaces such as water, leaves,

or animal cuticles produce local polarized signals, with water providing

a consistent source of horizontally polarized light (Wehner, 2001).

The physiological basis for polarization sensitivity (PS) lies in the align-

ment of photoreceptor microvilli, which preferentially absorb photons

with electric vectors parallel to their long axis (Roberts et al., 2011;

Wehner, 1976). Insects detect the angle and degree of polarization

(AoP and DoLP) by comparing responses from photoreceptors with

differing (orthogonal) microvillar orientations within the same visual

field (Marshall & Cronin, 2011; Wehner, 2001, 2014). Polarization

vision is mediated by photoreceptor pairs and polarization-opponent

coding, that is, comparison of signals from receptor pairs via mutual

synaptic inhibition (Heras & Laughlin, 2017; Homberg, 2015;

Labhart & Meyer, 1999). Beyond navigation, insects exploit non-

celestial polarization cues for tasks such as water finding and host-

plant selection. While early studies emphasized plant colour, bright-

ness, and shape in host selection (Prokopy & Owens, 1983;

Reeves, 2011), recent research shows that DoLP differences between

host and non-host plants can provide an additional or even more reli-

able cue (Blake et al., 2019; Foster et al., 2018). Reflections from

leaves are polarized due to specular reflection from the cuticle, with

DoLP and AoP influenced by surface properties like wax layers,

pubescence, and pigmentation (Foster et al., 2018; Grant et al., 1993;

Maxwell et al., 2016). Polarization cues remain effective under varying

illumination conditions, including shade, and changing solar angles,

where colour signals may get degraded (Foster et al., 2018). While

neural pathways for celestial polarization are well-characterized

(Homberg, 2015), those mediating non-celestial polarization-guided

behaviours are less explored (Heinloth et al., 2018).

Beyond spectral and PS, another key determinant of visual per-

formance is spatial resolving power, or visual acuity. Visual acuity is

commonly expressed as the photoreceptor acceptance angle (Δφ),

usually equal to or slightly larger than the interommatidial angle (Δρ),

both shaped by facet diameter and eye curvature (Kirwan et al., 2018;

Land, 1997). These parameters determine how well insects can

resolve spatial detail, with trade-offs between resolution and field of

view. z Predators and species seeking conspecifics often evolve fron-

tal acute zones with high resolution (Rossel, 1980; Sherk, 1977), while

herbivores typically prioritize wide visual coverage to improve threat

detection (Horridge, 1978; Land, 1989, 1997). Compound eyes thus

underpin behaviours such as foraging, navigation, and predator avoid-

ance, with direct implications for pest management through manipula-

tion of visual cues (Döring, 2014).

Understanding the role of visual cues in the interaction with the

surroundings for a given insect species is therefore essential, not only

for clarifying their sensory ecology but also for developing sustainable
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pest management strategies. Indeed, for insect species that rely

heavily on visual cues to locate host plants within agroecosystems,

the use of repellent or attractant visual stimuli offers a promising ave-

nue for disrupting pest–plant interactions (Antignus et al., 2001;

Athanasiadou et al., 2024). This approach could be particularly valu-

able in managing vector-borne plant pathogens, where chemical con-

trol of vectors often yields inconsistent reductions in disease

transmission risk (Daugherty et al., 2015). By reducing insect–plant

encounters through interference with visually driven host location, it

may be possible to limit pathogen spread effectively. To assess how

vision can be exploited in this context, it is first necessary to under-

stand the structure and functional diversity of insect visual systems.

Conventional traps have typically been designed around human-

defined colours and shapes, yet these often fail to capture cues that

are highly salient to insects, such as ultraviolet or polarized reflections

(Ben-Yakir, 2020; Santer & Allen, 2024; van der Kooi et al., 2021).

The meadow spittlebug Philaenus spumarius L. (1758)

(Hemiptera: Aphrophoridae) has recently emerged as a key threat

for European agriculture and landscape given its primary role in the

epidemiology of the xylem-limited bacterium Xylella fastidiosa

(Cornara et al., 2017; Cruaud et al., 2018; Moralejo et al., 2019;

Rodrigues et al., 2022). The meadow spittlebug is a highly polypha-

gous and widely distributed species, ranging from the Mediterra-

nean to the Nearctic regions (Thompson et al., 2023). The extreme

polyphagy and the frequent dispersal of spittlebug adults between

different landscape compartments make the management of

X. fastidiosa a major challenge in affected ecosystems. Indeed, the

bacterium is transmitted by insect vectors in a persistent propaga-

tive non-circulative manner, with a relatively short contact

between vectors and source and recipient plants being sufficient

for pathogen transmission (Cornara et al., 2024; Purcell &

Finlay, 1979). This transmission dynamic limits the options available

for effective pathogen control, with successful management

achievable primarily through disruption of host location cues to

prevent insect landing on the host plant. However, relatively little

is known about the sensory mechanisms underlying host location

by P. spumarius. Most studies have focused on olfactory cues, often

yielding inconsistent results, while the role of visual perception

remains largely understudied (Anastasaki et al., 2021; Cascone

et al., 2022; Germinara et al., 2017; Ranieri et al., 2016; Rodrigues

et al., 2022). On the other hand, aside from a study on the general

structure of the compound eyes and their post-embryonic develop-

ment (Keskinen & Meyer-Rochow, 2004), no dedicated research

has addressed the role or significance of vision and visual cues in

the interactions of P. spumarius with other organisms, including

host plants.

In the present study, we investigated the visual capabilities of the

meadow spittlebug P. spumarius, aiming to comprehensively charac-

terize their colour and polarization vision, along with the structures

that enable these visual functions and determine visual acuity. The

research integrates electrophysiological measurements, anatomical

analysis, optical measurements of visual acuity, and a dual-choice

behavioural experiment in a Y-maze to examine the architecture and

functionality of the visual system, as well as its influence on

behaviour.

2 | MATERIALS AND METHODS

2.1 | Spittlebug collection and maintenance

We collected adult spittlebugs in the meadows in the Ljubljana region

from June to October using sweep nets (20–30 individuals were col-

lected every second week). The spittlebugs were transferred to

shaded cages (90 � 60 � 60cm Pop-up Cage, Watkins & Doncaster)

kept outside (June: mean temp.: 21.8�C and rainfall: 238.2 mm; July:

mean temp.: 25.7�C, rainfall: 39 mm; August: mean temp.: 26.0�C,

rainfall: 107.2 mm; September: mean temp.: 18.8�C, rainfall: 265 mm).

The plants used as a food source were 3- to 6-week-old basil plants

(Ocimum basilicum L.) (seeds and seedlings from Flanca d.o.o., Voglje,

Slovenia), which were replaced every 2 weeks and watered as needed

to maintain adequate soil moisture.

2.2 | Anatomical analysis

2.2.1 | X-ray micro-CT imaging

We analysed x-ray micro-CT scans of P. spumarius obtained at the

beamline 8.3.2, a high-resolution synchrotron-based microtomogra-

phy facility at the Advanced Light Source (Lawrence Berkeley National

Laboratory, USA). This beamline is designed specifically for 3D imag-

ing of biological and material specimens with submicron resolution.

Scans were performed following the methodology detailed in Clark

et al. (2023). Specimens were prepared according to Wood and Par-

kinson (2019), including ethanol storage, Lugol's staining, and scanning

within a sealed pipette tip. Scanning was performed with a 4� objec-

tive lens, generating approximately 1750 images per specimen, which

were reconstructed into 3D volumes with a voxel size of 1.605 μm

(Gürsoy et al., 2014).

The acquired dataset included the entire head along with sur-

rounding tissues. For this study, we digitally isolated the retina of a

single spittlebug using segmentation techniques. A semiautomated

volume thresholding tool was applied to demarcate different anatomi-

cal structures, followed by manual data marking and extraction. Visu-

alization and further analysis were conducted using Dragonfly

v. 2021.3 (Object Research Systems, Canada). The rhabdoms could

not be resolved in the micro-CT data; thus, we examined their archi-

tecture using light microscopy and 3D reconstruction.

2.2.2 | Light microscopy, 3D reconstruction and
TEM of the eye

For light and transmission electron microscopy (TEM), eye samples

from one male and one female spittlebug were fixed in a solution of
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3.5% glutaraldehyde and 4% paraformaldehyde, followed by post-

fixation in 1% osmium tetroxide. After dehydration in a graded etha-

nol series and propylene oxide, the samples were embedded in Spurr

resin using a gradual infiltration process over 2 days. Semi-thin (1 μm)

and ultra-thin (50–70 nm) sections were obtained using an Ultracut S

ultramicrotome (Leica, Germany) with a diamond knife (Diatome,

Switzerland) and stained by the Richardson technique with a blue dye

(semi-thin) or uranyl acetate and lead citrate (ultra-thin sections)

before imaging (for detailed procedure see Supplement). Ultra-thin

sections were examined using a Talos L120C TEM (Thermo Fisher,

USA) at 1600�, 3400�, 6700�, and 17,500� magnification. Semi-

thin consecutive sections were observed under 200x magnification

with an Axio Imager M.2 (Zeiss, Germany), capturing �180 images via

an RGB camera (Blackfly BFS-U3-200S6C-C, Teledyne, USA).

Microscopy images were analysed to identify structural features

and measure corneal lenses, crystalline cones, and rhabdom diameters.

TEM imaging provided crystalline cone and medial rhabdom diameter

measurements and examined microvillar structures. For 3D recon-

struction, semi-thin section images of the left eye were manually reg-

istered and automatically aligned (rigid transformation) using ImageJ

v. 2.14.0/1.54f (Schindelin et al., 2012) with TrakEM2 (Cardona

et al., 2012). Damaged sections were replaced with duplicates of

neighbouring sections. The aligned images were imported into Drag-

onfly v. 2022.2 (ORS) for 3D reconstruction, where individual omma-

tidia components were segmented and labelled to visualize internal

architecture. Segmentation was performed in three planes, focusing

on two concentric levels of ommatidia surrounding the central one. In

the outer concentric regions, one or two ommatidia were left unseg-

mented between each segmented one to reduce redundancy and sim-

plify visualization. Although the reconstruction provided a detailed

spatial representation of the ommatidia (Figure 2), some distortions

were present due to imperfections in the semi-thin sections and pos-

sible specimen shrinkage during fixation. Skewing of ommatidia and

rhabdoms was particularly noted near the eye margins. Therefore,

anatomical tracing (Figure S1) was considered insufficient for accurate

quantitative estimation of optical axes or visual resolution.

2.2.3 | Measurements of interommatidial angles

Distortions in the anatomical reconstructions prevented reliable

optical-axis estimates, so interommatidial angles were instead mea-

sured optically by tracking facet displacement above the pseudopupil,

following the method of Franceschini and Kirschfeld (1971), Stavenga

(1975), and Horridge (1978). The pseudopupil is an optical phenome-

non seen in ommatidia whose optical axes align with the objective

lens aperture; these facets appear dark because incident light is

absorbed in the rhabdoms (Franceschini & Kirschfeld, 1971;

Land, 1997). By rotating the eye in 5� increments and keeping the

pseudopupil centred, the number of facets (N) crossing over it can be

counted, allowing calculation of the local interommatidial angle as

Δρ = 5�/N. Measurements were taken in three anatomical planes:

antero-posterior (A–P), dorso-ventral (D–V), and diagonal (AD–VP).

We employed a modified tele-microscopic system (Pirih et al., 2020),

originally developed for butterfly eyeshine imaging. The epi-

illumination microscope included a shortened telescopic tube and UV-

capable crossed polarizing filters (Bolder Vision Optik, USA) to reduce

corneal reflections and enhance pseudopupil visibility. The eye was

illuminated with wide-spectrum white light. A spittlebug was immobi-

lized on a pipette tip and positioned in a goniometric stage so that the

eye's centre aligned with the main objective lens focal point.

The pseudopupil was first located in the anterior eye corner, and the

goniometer was moved in 5� steps laterally, vertically, and diagonally.

Image stacks were imported into ImageJ, aligned, and analysed using

the Plot Profile function to determine the pseudopupil centre. Dis-

placement of reference ommatidia relative to this centre was calcu-

lated across image frames. Each measurement was repeated five

times using different reference ommatidia, and the results were aver-

aged. A custom MATLAB script (v. R2021a, MathWorks, USA) inter-

polated values for non-measured facets, applied a Gaussian filter

(σ = 1.5) for smoothing, and generated a heatmap overlaid on the

micro-CT-based retinal map.

2.3 | Electrophysiological measurements

2.3.1 | Single-cell recording

Spittlebugs actively feeding on plant material were selected for mea-

surements. Their legs were secured with a beeswax-resin mixture, and

the insect was positioned dorsal-side down in a plastic holder at a 45�

angle. The holder was mounted on a small goniometer, placed into a

larger goniometer, and adjusted to align the eye at the centre of rota-

tion. A reference electrode (Ag/AgCl, 50 μm) was inserted into the

opposite eye. A small rectangular opening in the posterior eye cuticle

allowed the insertion of a glass electrode through the cornea, sealed

with silicone paste to prevent drying. Sharp borosilicate microelec-

trodes (1 mm/0.5 mm) were pulled using a P-2000 horizontal puller

(Sutter, USA), filled with 2 M KCl (150–250 MΩ resistance), and

attached to a 100 μm Ag/AgCl wire in a plastic holder. The measuring

electrode, reference, and ground were connected to a preamplifier

mounted on the larger goniometer, which was enclosed in a three-

sided black Faraday cage shielding against stray light. A piezo micro-

manipulator (Sensapex, Finland) moved the sharp electrode through

the pre-cut hole in 1.5 μm steps. Penetration of receptor cells was

indicated by a drop in electrical potential and the appearance of a

light-evoked receptor potential. Signals were amplified using a high-

impedance SEC-10LX amplifier (NPI, Germany) in bridge mode, digi-

tized via a CED1401 micro MK2 interface (Cambridge Electronic

Design, UK), and recorded with WinWCP 5.5.4 (University of Strath-

clyde, Scotland). The experimental setup follows the methodology

described by Belušič et al. (2025) (Figure S2).

Light stimulation came from two sources. The first was a 75 W

xenon arc lamp (Cairn Research, UK), filtered by a monochromator

(BandM Optik, Germany), a mechanical shutter, and a motorized, con-

tinuously graded neutral density (optical density 0–4) filter (Thorlabs,
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Germany), and projected into an optical fibre. Additional adjustments

were made using discrete neutral density filters (0.5–3.2 log units). All

optical elements were UV-capable (quartz or fused silica). The second

source was the ‘LED synth’ setup, with 21 LEDs peaking between

365 and 685 nm, spaced at 15 nm intervals (Belušič et al., 2016). A

combination of diodes and a diffraction grating enabled spectrum

selection with 15 nm precision. Light from both sources was projected

coaxially onto the insect eye, shaped using a field and aperture dia-

phragm. A radiometrically calibrated spectrophotometer (Flame,

Ocean Optics, USA) ensured both sources emitted equal photon flux

density at all wavelengths (max. 1.5 � 1015 photons cm�2 s�1). For PS

measurements, a UV-capable polarizer (OUV2500, Knight Optical,

UK) was inserted into the monochromator's beam on a motorized

holder. All stimulation devices were controlled by Arduino Uno and

Due microcontrollers (Arduino, Italy).

2.3.2 | Spectral sensitivity measurements

As the electrode moved through the retina, the receptor cell type was

identified from the spectral profile of responses to rapid flashes from

the ‘LED Synth’ system. Spectral sensitivity was then measured using

a computer-controlled monochromator, delivering 300-ms flashes at

1-s intervals. The stimulus wavelength was stepped from 300 to

700 nm in 5 nm increments, and the final spectral sensitivity was

averaged from both curves.

2.3.3 | Intensity-dependence of response
measurements

After spectral sensitivity measurements, an intensity-response curve

was recorded at the maximally efficient wavelength (λmax). The mono-

chromator beam was set to λmax and dimmed with a neutral density

filter over 4 log units. 300-ms flashes were delivered at increasing

intensity in 0.2 log steps, with 2-s intervals.

2.3.4 | Measurement of polarization sensitivity

PS was measured at λmax by inserting a motorized linear polarizing filter

OUV2500 (Knight Optical, UK) in the optical axis of the monochroma-

tor. Using neutral density filters, we adjusted the light intensity to elicit

signals within the amplitude range corresponding to the steepest part

of the intensity-response curve. Between consecutive flashes, the

polarizer was rotated in 18� increments, completing two full rotations.

2.3.5 | Data processing for spectral sensitivity,
intensity, and PS

Measurement data from spectral sensitivity, intensity, and PS

(WinWCP software) were exported to a spreadsheet and processed in

MATLAB (MathWorks, USA). A sigmoidal (Hill) curve was fitted to

intensity-response voltages to determine the slope, centre, and maxi-

mal depolarization. Spectral and polarization voltages were trans-

formed into sensitivity values via the reverse Hill transformation,

following the method described by Belušič et al. (2017), by calculating

the stimulus intensity required to elicit a fixed, low-level response

amplitude at each wavelength or polarization angle. PS was evaluated

by fitting a cosine-squared (cos2) function to the data, with PS calcu-

lated as the ratio of the function's maximum to minimum response.

The angle of maximal sensitivity (φmₐₓ) was defined at the two peaks

of the fitted function, separated by the 180� rotation of the polarizer.

φmₐₓ indicates the angle of linear polarization at which the photore-

ceptor produces its maximal response. Following our previous results

(Meglič et al., 2019), photoreceptors with PS < 2, 2 < PS < 4, and

PS > 4 were categorized as having low, modest, or high PS, respec-

tively. Namely, green-sensitive R1-6 photoreceptors of polarotactic

horseflies have PS minimized to low (PS � 1.1–2.0) through system-

atic microvillar misalignment (twisting) but do not contribute to polari-

zation vision; their UV or green-sensitive R7y and R8y receptors have

a modest PS � 2–3 and do not contribute polarization vision, whereas

their UV and blue-sensitive R7p and R8p have a high PS (PS > 3) and

are the main substrate for polarization vision. Data processing

and visualization were done in Prism 8.0 (GraphPad, USA).

2.4 | Behavioural tests of polarotaxis

In August 2024, we conducted behavioural assays to examine

whether P. spumarius responds to horizontally polarized light. Light

reflected from leaf surfaces becomes partially polarized via specular

reflection, resulting in predominantly oblique or horizontal polariza-

tion under natural illumination geometries (Blake et al., 2019; Foster

et al., 2018). From the subjective perspective of an insect walking on

a plant leaf, the reflections are horizontally polarized. We therefore

restricted our behavioural tests to horizontal linear polarization, which

serves as a plausible representation of ecologically relevant foliar

reflections. To test its potential role in spittlebug decision-making, we

employed a dual-choice setup using a Y-shaped arena (main tunnel:

12 cm wide � 40 cm long; side tunnels: 12 cm wide � 30 cm long;

Figure S2). To eliminate polarized reflections and provide grip, walls

and ceiling were lined with rough filtration paper. A barrier with a slit

was positioned 20 cm inside each side tunnel, with 45� mirrors behind

them reflecting light from a 300 W WASP wide-spectrum source

(HIVE LIGHTNING Inc., USA). This lamp model, no longer available

commercially, is based on microwave-induced plasma in a Xe-filled

quartz ampoule and emits a flicker-free 300–700 nm spectrum,

resembling sunlight (Figures S4 and S5).

Two visual stimuli were used: diffuse and horizontally polarized

light. Both were generated by passing light through a two-layered dif-

fuser (two layers of objective cleaning paper, Whatman, USA, and a

glass diffuser, Thorlabs, Germany) and a polarizer (UV-capable, Bolder

Vision Optik, USA) positioned between the barrier and the light

source. Diffuse light passed through the polarizer first, then the
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diffuser, while polarized light passed through in reverse order. This

ensured similar light intensity in both conditions, with polarization set

at 0% or 100%. Before the experiments, the maze was inspected with

a monochrome polarimetric Phoenix camera (Lucid Vision, Germany),

fitted with a quartz lens (Ricoh, Japan) and Techspec 50 nm bandpass

filters peaking at 350, 450, and 550 nm (Edmund Optics, UK) for any

uncontrolled reflections of polarized light from the walls. In a prelimi-

nary test, we observed that field-collected spittlebugs approached the

stimuli randomly. No statistical analysis was conducted for these initial

trials, as the goal was to observe general orientation behaviour under

natural feeding conditions. Based on these observations, we hypothe-

sized that starving the insects before testing would elicit more active

host-seeking behaviour and potentially reveal directional preferences.

Based on preliminary trials, the time point of 3 min allowed sufficient

opportunity for a decision to be made while minimizing the likelihood

of reversal. In total, 103 spittlebugs with unique IDs were used across

both experiments (39 males and 64 females). These insects were dis-

tributed and tested in 7 days (tests), 10–20 at a time. Starvation and

acclimation were conducted individually under ambient light condi-

tions, without access to plants or water. After the starvation period,

each insect was separately placed at the entrance of a Y-shaped arena

and covered to ensure that the surrounding light would not influence

their choice. After 3 min, the cover was removed, and the insect's

choice was observed. If a jump sound was heard, the choice was

recorded immediately, since it resulted in a choice being made, and

waiting for the 3-min mark could result in the change of the choice. If

the spittlebug remained in the main tunnel or stopped between the

two arms of the Y, it was classified as ‘passive’. To control for poten-

tial sources of bias, such as lighting asymmetry, temperature differ-

ences, chemical cues, or spatial learning, stimuli were systematically

swapped between the left and right arms of the arena after each full

measurement set. Each spittlebug was tested once per stimulus

arrangement (set). After all insects had been tested, the positions of

the stimuli were swapped, and the same insects were tested again.

Thus, each individual contributed two observations per test. For the

first set of tests, spittlebugs were starved and dehydrated for 3 h,

while in the second set, this period was extended to 4 h. In total,

182 choices were recorded in the first experiment. Testing took place

daily between 1:00 PM and 4:00 PM, with two sets completed per

day (test). Each spittlebug was assigned a unique ID to track repeated

behaviour. The sex of the insects and the position of the stimuli were

also recorded. The first experiment employed a broad-spectrum light

source, while the second used the same setup with an added blue-

attenuating filter (Lee 101, Lee Filters, USA) mounted on UV-blocking

plexiglass. The spectral output and intensity profiles of both the unfil-

tered and filtered light sources are provided in Figure S4. The spectral

restriction was intended to keep the UV and B photoreceptors, which

have high PS, deprived of stimulation while allowing the insects to be

guided primarily by the G photoreceptors, which have low PS, as sug-

gested by electrophysiological data (Figure 5b,c). In the second experi-

ment, only nine spittlebugs were tested in two sets under the original

wide-spectrum condition, and the same insects in two sets under the

filtered condition, resulting in a total of 36 recorded choices. Statisti-

cal analysis was performed using R version 4.4.2 (R Core Team, 2020).

To assess stimulus preference in both experiments, we modelled the

binary response variable, representing the choice between polarized

and diffused stimuli, using a generalized linear mixed model (GLMM)

with a binomial distribution and logit link function. Insects that did not

make a choice (passive) were excluded from the analysis. The model

included insect sex as a fixed effect, while random intercepts were

specified for experimental repetition (Test) and individual insect ID to

account for unpredictable variation between experimental replicates

and repeated measurements within individuals. For the second experi-

ment, we have used the same model. It included Test (light condition)

as a fixed effect, and a random intercept for individual ID (Index) to

account for repeated measurements within insects. Due to the small

sample size, results should be interpreted with caution. Model fitting

was performed using the glmmTMB package (Brooks et al., 2017), and

residual diagnostics were conducted using the DHARMa package

(Hartig, 2016).

3 | RESULTS

3.1 | Anatomy of the spittlebug eyes

Each compound eye of the spittlebug consists of approximately 600–

800 ommatidia, as previously reported by Keskinen and Meyer-

Rochow (2004). This range is supported by our observations, where

two independent counts based on light microscopy images yielded

ommatidia numbers within this interval. Measurement of diameters of

ommatidial structures, such as corneal lenses, crystalline cones, and

rhabdoms (Figure S3), measured on semi-thin sections revealed no dif-

ferences between the male and female insect. The 3D model, recon-

structed from micro-CT sections, shows that the external curvature of

the eye somewhat deviates from a spherical shape (Figure 1). When

viewed along the sagittal plane, the ommatidia are assembled in con-

centric circles around the central ommatidium (Figure 2—rhabdom

marked with yellow colour). In the coronal plane, the anterior and cen-

tral part of the eye is flattened (Figure 1b), meaning that the eye

radius gradually decreases from the anterior to the posterior part of

the eye. Flat parts of compound eyes are indicative of acute zones

with minimal interommatidial angles. However, the viewing angles of

the ommatidia depend not only on the eye curvature but also on the

optical coupling of the rhabdoms and the dioptrical apparatus. If

the rhabdoms are skewed, then the viewing angles are not radial to

the local curvature of the cornea. Across the sections, the ommatidia

appear to maintain a consistent packing density and uniform arrange-

ment, suggesting a relatively homogeneous visual field without dis-

tinct high-acuity zones. A 3D reconstruction was then made of

aligned images of serial sections (Figure 2). We can observe that the

vertical alignment of the corneal lens, crystalline cone, and rhabdom

decreases from the central part of the eye to the outer margins.

Interommatidial angle measurements revealed spatial variation

across the compound eye (Figure 1c). The average Δρ across all mea-

sured regions was approximately 6.15�, indicating relatively coarse

spatial resolution overall (Figure 3b). However, local values ranged

from a minimum of 4� to a maximum of 10�, with the smallest angles
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observed near the central dorsal–ventral (D–V) axis. This pattern sug-

gests the presence of a modestly developed acute zone, offering

slightly finer resolution in the anterior and central part of the visual

field. Along the antero–posterior (A–P) axis, Δρ values increased

towards the posterior margin, reaching up to 10�, indicating reduced

sampling density in rear-facing regions. The diagonal (AD–VP) axis dis-

played intermediate values. These measurements reflect smooth spa-

tial gradients rather than sharply bounded zones.

The ommatidial ultrastructure was further examined with TEM to

observe the spatial alignment of microvilli within the rhabdoms. We

obtained cross-section images of the retina at various depths and con-

firmed that the arrangement of receptor cells and microvillar struc-

tures exhibits minimal heterogeneity along the Z-axis, indicating a

uniform organization within each ommatidium. The semithin and

ultrathin cross-sectional images (Figure 4) revealed thick rhabdoms

with a diameter of �2.80 μm (within the boundaries of the palisades),

indicative of a wide acceptance angle Δφ, matching the large interom-

matidial angle Δρ and maximizing light gain (Figure 4b,c). The rhab-

doms were surrounded by palisades and screening pigment

granules, both typical for spittlebug eyes (Keskinen & Meyer-

Rochow, 2004) (Figure 4c). The rhabdoms also contained pairs of

rhabdomeres with orthogonally oriented microvilli, a possible speciali-

zation for polarization vision (Figure 4d).

3.2 | Intracellular recordings in the photoreceptors

We measured the spectral (N = 41, 11 M and 30F) and PS (N = 41,

11 M and 30 F) of photoreceptors in both male and female specimens

of the meadow spittlebug. The photoreceptor sensitivity peaks (λmax)

were at 340–350 nm, 440–450 nm, and 520–530 nm, indicating

three spectral classes: UV, blue (B), and green-sensitive (G) (Figure 5a),

ancestral organization, typical for many taxonomic groups of insects

(va der Kooi et al., 2021). We observed no difference between the

sexes in terms of spectral sensitivity peak or PS magnitude or angle of

the peak response; therefore, the results were merged for all subse-

quent analyses.

The PS ratio PS was low in G photoreceptors (mean = 1.44,

SD = 0.42) but high in most of the UV (mean = 5.71; SD = 3.12) and

B (mean = 9.99; SD = 9.79) photoreceptors (Figure 5b–d). Some PS

values in UV and B receptors were very high (PS > 10), indicating

receptor subclasses that provide lower PS, suitable for stable colour

vision, or high PS, which is an appropriate substrate for polarization

vision. The UV photoreceptors had mostly vertical sensitivity maxima

(φmax), while the B photoreceptors had φmax that displayed no clear

dominant orientation.

3.3 | Behavioural tests of polarotaxis

Philaenus spumarius was tested in a Y-maze to determine whether it

could guide its locomotion based on the detection of linearly polarized

light. Starved individuals were allowed to choose between two back-

illuminated arms of the maze with matched light intensity. In one arm,

they were exposed to horizontally polarized, broad-spectrum (‘white’)
light. In the other arm, they could view diffuse, broad-spectrum light.

A total of 161 active choices, between 103 spittlebugs, were analysed

across seven tests (Figure 6a). Since only 7.76% of spittlebugs

remained passive, they were excluded from the final analysis. The

F IGURE 1 Left compound eye of the spittlebug, reconstructed
using images from x-ray microtomography, (a) sagittal view and
(b) ventral view, with the central part opposite to the ventral marking
(V). Colours in (a) indicate the interommatidial angles, measured
optically along three planes. In panel (c), interommatidial angles
interpolated from optical measurements, coded with colour.
Directions: A, anterior; P, posterior; D, dorsal; V, ventral.
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effect of sex on stimulus choice was not statistically significant

(z = �0.599, p = .549) with females exhibiting an estimated polarized

choice probability of 0.703 (SE = 0.0574; 95% CI: 0.580–0.802) and

males 0.654 (SE = 0.0776; 95% CI: 0.491–0.788), indicating no mean-

ingful difference between males and females in their likelihood of

choosing the polarized stimulus. The model intercept was significantly

positive (estimate = 0.8597, SE = 0.2748, z value = 3.129,

p = .00176), indicating a strong overall preference for the polarized

stimulus. The marginal mean probability of choosing polarized light

was estimated at 0.687 (SE = 0.0522; 95% CI: 0.577–0.779). The var-

iance attributed to Test was 0.195 (SD = 0.441), while the variance

for ID was negligible (5.6 � 10�9). Model assumptions were validated

using simulated residuals via the DHARMa package. Model diagnos-

tics indicated no evidence of overdispersion (DHARMa

dispersion = 1.004, p = .968), and a significant effect of Test was

detected (χ2 = 12.693, df = 6, p = .048), suggesting that the test ses-

sion contributed to variation in stimulus choice. The model was fitted

using a binomial distribution with a logit link (AIC = 206.5,

BIC = 218.8, N = 161). The residuals did not deviate from a uniform

distribution, and no overdispersion was observed. Additionally, the

outlier test did not indicate any extreme values.

In the second behavioural test, the spittlebugs pooled by sex

could choose between polarized and diffused light under two distinct

spectral conditions: a broad-spectrum light condition and a yellow-

restricted spectral condition. Each of the nine spittlebugs contributed

four choices, resulting in 36 observations in total. Statistical modelling

with a binomial GLMM indicated that the difference between the two

spectral conditions was not statistically significant (χ2 = 0.85, df = 1,

p = .356; Wald test). The variance explained by individual ID was neg-

ligible (Var = 2.9 � 10�9). DHARMa residual diagnostics showed no

evidence of overdispersion (dispersion = 1.028, p = .936). Still, esti-

mated probabilities indicated a higher tendency to choose the polar-

ized stimulus under broad-spectrum conditions (0.688 ± 0.116 SE;

95% CI: 0.433–0.864) than under yellow-restricted light (0.529

± 0.121 SE; 95% CI: 0.303–0.745). The odds ratio of choosing polar-

ized light between the two conditions was 1.96 (SE = 1.42,

z = 0.924, p = .356). These results, while preliminary, suggest a possi-

ble reduction in polarized-light preference when UV and blue photo-

receptor input was attenuated (Figure 6b).

These preliminary results indicate a potential reduction in

polarized-light preference when UV and blue photoreceptor input

was attenuated, consistent with the hypothesis derived from our

F IGURE 2 3D representation of the spittlebug left eye, reconstructed from semithin sections, observed with a light microscope, and
segmented. The colours in the figures represent: Dark blue—corneal lenses, light blue—crystalline cones, and other colours—ommatidial rhabdoms
equidistant from the centre of the eye. (a,b) Sagittal view of the reconstruction (anterior—left, posterior—right). (c) Cross-section in the coronal
plane, with measurements of interommatidial angles, derived from anatomical tracing.
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electrophysiological data that these receptors contribute to polariza-

tion vision in P. spumarius. However, given the limited sample size and

non-significant differences between treatments, the evidence remains

inconclusive. Further experiments with larger sample sizes are needed

to confirm whether UV and blue receptors play a central role in

polarization-guided behaviour.

F IGURE 3 Optical mapping of interommatidial angles—a sample of eight images (a1–a8). Facets and pseudopupil (dark spot in the centre)
were observed at different angles across the dorso-ventral plane, in 5� steps. (b) Calculated interommatidial angles across three planes (A-P,
antero-posterior; D-V, dorso-ventral; DA-VP, diagonal from dorso-anterior to ventro-posterior). The dark stripe across the eye is due to
pigmentation in the cornea.

LAZAR ET AL. 511

 17447348, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/aab.70065 by Pharm

aSw
iss D

.O
.O

., W
iley O

nline L
ibrary on [09/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 | DISCUSSION

The meadow spittlebug P. spumarius is the main European vector of

X. fastidiosa. Host location by the insect vector is a critical step in

the pathogen transmission cycle, enabling the pathogen to escape

from infected hosts and spread within the environment. Under-

standing the sensory basis of host location, that is, the key cues

guiding an insect species towards a plant, could provide opportuni-

ties to disrupt host–vector interactions and ultimately reduce the

risk of pathogen transmission. In P. spumarius, the sensory mecha-

nisms underlying host location remain poorly understood. Research

on the role of olfactory cues in plant detection has yielded inconsis-

tent results, while the contribution of visual cues has largely been

overlooked.

In this study, we characterized the visual system of P. spumarius

through electrophysiological, anatomical, and behavioural approaches.

Our results provide evidence for trichromatic colour vision, PS, and mod-

erate spatial resolution. These visual capabilities, together with the polar-

otactic behaviours observed in controlled experiments, indicate that

vision likely plays a functional role in guiding locomotion and influencing

behavioural decisions. For agricultural pests such as aphids, whiteflies,

and leafhoppers, visual cues may complement or even supersede olfac-

tory cues in the host location process (Antignus, 2000; Ben-Yakir

et al., 2013; Blake et al., 2019; Coombe, 1981; van der Kooi et al., 2021).

Despite this, visual inputs remain relatively understudied compared to

chemical stimuli. Yet, a detailed understanding of how pests exploit visual

information is essential for developing strategies to disrupt insect–plant

interactions and reduce the risk of vector-borne pathogen transmission.

F IGURE 4 Sagittal cross-section of the spittlebug eye. Panels (a,b), semithin sections at 85 μm from the cornea. Panels (c,d) ultrathin sections,
observed with transmission electron microscope. CL, corneal lens; CC, crystalline cone; PR, photoreceptors; RH, rhabdom; PA, palisades; PG,
pigment granules. Orange arrows in D indicate a rhabdomere pair with orthogonally oriented microvilli.
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Our findings suggest that vision is likely an important modality by

which the meadow spittlebug P. spumarius, the primary vector of

X. fastidiosa in all European outbreaks reported to date, locates host

plants. Specifically, in addition to the substrate for trichromatic colour

vision, P. spumarius exhibits both photoreceptor sensitivity to polar-

ized light and polarotactic behaviour in controlled environments,

F IGURE 5 Spectral and polarization sensitivity of the photoreceptors measured via electrophysiological recordings. (a) Normalized spectral
sensitivity of ultraviolet (UV), blue (B), and green (G) sensitive photoreceptors. Numbers indicate peak sensitivity wavelength (lmax) and
[in brackets] the number of analysed cells separated by sex; lines and vertical bars indicate average and S.E.M. (b–d) Polarization sensitivity of all
three photoreceptor types. Each photoreceptor measurement is represented by a pair of dots connected by a line in a circular vector plot. The
direction of the line indicates φmax, the angle of maximum sensitivity to linearly polarized light, while the length of the line represents the
polarization sensitivity (PS), calculated as the ratio of maximum to minimum response amplitudes across different angles of polarization. Due to
180� symmetry, each measurement is shown in both directions. Where lines exceed the plotting radius, their endpoint is marked with an arrow
and a numerical label indicating the PS value beyond the displayed scale.
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strongly suggesting that polarized light influences its decision-making

processes. The visual system of P. spumarius has evolved to meet the

ecological demands of its life cycle, transitioning from a sedentary

nymphal stage to a highly mobile adult phase. Adults are extremely

polyphagous and disperse across diverse landscape compartments,

visiting a wide range of host plants (Casarin et al., 2023; Cornara

et al., 2018), and such behavioural flexibility likely requires the inte-

gration of multiple sensory modalities. Vision may therefore play a

role in detecting and evaluating host plants under variable environ-

mental conditions, although its precise contribution to host location

remains to be clarified (Prokopy & Owens, 1983).

Visual resolution is a critical prerequisite for perceiving target

objects within the environment. Spatial resolution, or acuity, largely

depends on morphological features of the eye, such as the interom-

matidial angles, the angles between individual facets (Land, 1997).

According to our measurements, interommatidial angles ranged from

4� to 8�, consistent with previous findings for central ommatidia by

Keskinen and Meyer-Rochow (2004). This range is typical of herbivo-

rous insects that prioritize detecting larger, stationary objects as

plants, over small, fast-moving targets, as in the case of predators

(Land, 1997). Although P. spumarius lacks specialized high-acuity

zones, its visual acuity is likely adequate for identifying larger objects,

particularly against high-contrast backgrounds, an inference sup-

ported by studies on leafhoppers with comparable visual acuity (Tan

et al., 2023; Zhang et al., 2018). This centrally improved resolution

may still support forward-directed behaviours such as host detection

or mating. With interommatidial angles narrowing to 4�–6�,

P. spumarius may be able to detect targets at greater distances than

aphids, which have a median angle of 7.9� and can detect a 2.6 cm

object at around 19 cm (Döring & Spaethe, 2009). Extrapolating from

these values, spittlebugs could theoretically detect the same target at

approximately 30–35 cm, although this assumes similar neural proces-

sing capacities (Horridge, 1978; Land, 1997).

Consistent with predictions from opsin surveys in Hemiptera

(Friedrich, 2023) and ERG studies in related taxa (Briscoe &

Chittka, 2001; Kirchner et al., 2005), our electrophysiological record-

ings identified three photoreceptor types in P. spumarius with peaks in

the ultraviolet (350 nm), blue (445 nm), and green (530 nm) ranges.

This trichromatic arrangement provides the physiological basis for col-

our vision across the UV–green spectrum (Briscoe & Chittka, 2001;

F IGURE 6 Plotted binomial GLMM for binary spittlebugs' responses to polarized and diffuse light stimuli (Passive excluded) with error bars
representing 95% confidence intervals (CI). (a) Percentage of choices for polarized and diffuse stimuli in the first experiment, separated by sex:
Females (white bars, n = 118 choices) and males (striped bars, n = 68 choices). A significant preference for polarized over diffuse was observed
(z = 3.23, p < .002**), with no significant difference between sexes (z = �0.599, p = .599). (b) GLMM analysis of the second experiment showing
choices under wide-spectrum and yellow-restricted spectral conditions. The dotted line marks the random choice threshold at 50%. Across both
light conditions, a total of 36 choices were analysed (pooled by sex). Statistical modelling showed no significant difference between the two
spectral conditions (z = 0.924, p = .356), although the probability of choosing the polarized stimulus was higher under the broad-spectrum
condition (0.688 ± 0.116 SE; 95% CI: 0.433–0.864) compared to the yellow-restricted condition (0.529 ± 0.121 SE; 95% CI: 0.303–0.745).
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van der Kooi et al., 2021). While such sensitivity may support host

plant evaluation, its role is likely constrained by the strong similarity

of leaf reflectance spectra under diffuse light, which largely reflects

chlorophyll absorption outside of the 500–580 nm band (Prokopy &

Owens, 1983). Spectral cues alone may therefore be insufficient for

long-range host discrimination but could contribute at short range

when combined with other visual, chemical, or tactile information dur-

ing landing and probing (Anastasaki et al., 2021; Cornara et al., 2018,

2024; Germinara et al., 2017). Given P. spumarius' polyphagy, spectral

sensitivity may serve primarily to detect plants within the environ-

ment, with final host acceptance depending on additional cues. The

pronounced UV sensitivity of P. spumarius may also aid orientation

and navigation in open habitats, as reported in other insects where

UV enhances spatial awareness and directional control (Antignus

et al., 1996, 2001; Lopez-Reyes et al., 2023).

Furthermore, our data suggest that the meadow spittlebugs are

attracted by UV and blue horizontally polarized light, which might

therefore play a crucial role in host finding. As the spittlebugs suffer

from low spatial resolution, they likely use vision at short distances.

Thus, when the spittlebug is standing upright or locomoting on the

plant leaf, the cuticular reflection should always appear as horizontally

polarized, irrespective of the leaf orientation. On the other hand,

when viewed by the bug from a distance, numerous leaves, oriented

at many different angles, create a display where randomly

oriented polarized reflections cancel out and result in a diffuse, unpo-

larized appearance of a plant. We thus propose that horizontally

polarized light from the waxy cuticles of leaves might represent an

important environmental cue for P. spumarius. Electrophysiological

measurements and anatomical evidence revealed a cellular substrate

for object-directed, or ventral polarization vision mediated by the UV

and blue-sensitive photoreceptors, whereas green-sensitive photore-

ceptors exhibited minimal or no sensitivity to polarization. This spec-

tral specialization highlights the critical role of UV and blue

wavelengths in detecting polarized light, a feature consistent with

other insects where PS aids navigation and resource localization

(Blake et al., 2019; Kelber, 1999; Kelber et al., 2001; Marshall &

Cronin, 2011; Mathejczyk et al., 2023; Meglič et al., 2019;

Wehner, 2001). However, we observed considerable variability in the

maximum polarization responses of these receptors, which may stem

from the invasive nature of intracellular recordings, the physiological

state of the insect, metabolic differences between cells, or even adap-

tations of particular receptors for polarization vision. Overall, we

hypothesize that linearly polarized light likely plays an important role

in guiding P. spumarius towards vegetation (Blake et al., 2019;

Kelber, 1999), which could augment other aspects of plant appear-

ance and olfactory cues, especially in agroecosystems where visual

cues are essential for navigating sparse or heterogeneous landscapes.

This study of the meadow spittlebugs' optical properties and visual

capabilities of individual photoreceptors in the retina establishes a

solid foundation for future investigations into their mechanisms of

host location and recognition.

Only a small proportion of individuals remained passive in the

Y-maze, suggesting that P. spumarius is generally responsive to visual

cues under experimental conditions. Orientation behaviour was eli-

cited by visual information alone, supporting the suitability of the

Y-maze for testing visually guided responses. In the ecological context

of a mobile herbivore, such responsiveness is consistent with a func-

tional role of visual cues, and particularly polarization, in host-finding.

Our data, therefore, support the hypothesis that polarization contrib-

utes to decision-making. However, it remains unclear whether spittle-

bugs rely on polarization alone or in combination with spectral

information when evaluating host plants, since the two cues often co-

occur in natural environments and may interact in complex ways.

Polarization can in some insects be perceived as a form of false colour,

as shown in butterflies, while in others, such as bees, polarization is

processed separately from colour (Kelber, 1999). Whether

P. spumarius integrates polarization into its colour vision system or

treats it as an independent channel of information is not yet known.

Disentangling the relative contribution of colour and polarization will

require further experiments under more naturalistic conditions.

No sex-specific differences were detected in any aspect of the

visual system. Males and females showed comparable eye anatomy,

spectral sensitivity, and responsiveness to polarized light, as well as

similar behavioural responses in the Y-maze. Any sex-related variation

in behaviour observed under natural conditions is therefore unlikely

to be explained by differences in visual perception and may instead

involve higher-level neural processes or interactions with other sen-

sory modalities.

Overall, our results suggest that the visual capacities of

P. spumarius, including potential for trichromatic colour vision and

sensitivity to polarized light, could be exploited to reduce vector–

plant contact. Visual interference methods such as reflective mulches,

particle films, and colour-modified traps have already been shown to

disrupt host location in other sap-feeding pests (Antignus et al., 2001;

Döring, 2014; Summers et al., 2004; Tubajika et al., 2007), suggesting

their potential for spittlebug management. Building on these

approaches, knowledge of spittlebug visual sensitivities could support

push–pull strategies, where crops or traps optimized to insect vision

act as attractants while visual disruptors reduce host recognition.

Breeding or selecting olive varieties with visual traits that are less

attractive to the spittlebugs could be another viable strategy to limit

the spread of the bacterium. Eventually, our findings highlighting the

possible importance of vision in host finding by P. spumarius, that is,

the main European vector of X. fastidiosa, pave the way for the devel-

opment of new control strategies based on the interference with

visual cues guiding the vector towards the host plant.
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