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Nanoscale mesh acts

as anti-adhesive surface

against particulate contamination
in eyes of whiteflies

Tomer Urca®*, Fritz-Olaf Lehmann®?, Elena V. Gorb? & Stanislav N. Gorb®?

In many insects the surface of the eye is nanostructured by arrays of protuberances termed
ommatidial gratings which provide the cuticle with anti-reflective, anti-wetting and self-cleaning
properties. The hypothesised anti-contamination role of the gratings against dust and pollen

results from theoretical predictions on grating geometry and experiments on synthetic replicas of
ommatidia surfaces but has not yet been proven in an animal. Whiteflies are biological test beds

for anti-contamination surfaces because they deliberately distribute wax particles extruded from
abdominal plates over their entire bodies. The numerous particles protect the animal against water
evaporation and radiation, but may severely impair vision. Using scanning electron microscopy (SEM)
and CryoSEM, we here show that the cornea of whiteflies exhibits ~220 nm wide mesh-like structures
forming hexagonal gratings with thin ~ 40 nm connecting walls. Quantitative measurements of wax
particles on the eye show that the nanostructures reduce particle contamination by more than~96%
compared to other areas of the cuticle. Altogether, our study is the first description of a predicted
optimized grating geometry for anti-contamination in an arthropod. The findings serve as evidence of
the high effectiveness of nanostructured surfaces for reducing contact area and thus adhesion forces
between biological surfaces and contaminating particles.
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The surface of insect compound eyes often yields nanoscale protuberances termed corneal nipples or ommatidial
gratings'~®. A recent comprehensive investigation on 23 insect orders and some non-insect arthropods reports a
large diversity of these corneal nanostructures’. They fall into four distinctive groups: (1) nipple-like nanostruc-
tures, (2) maze-like nanostructures, (3) parallel strands and ridges, and (4) novel dimple-type nanostructures,
including various intermediate forms. These nanostructures resemble Turing patterns that may result from
reaction-diffusion mechanisms during the development of the animal”®. In general, nipple-like nanostructures
are found in lepidopterans and dipterans as regularly and irregularly packed protrusions, respectively, or in
Trichoptera, Mecoptera, Megaloptera, Hemiptera, Psocoptera, Thysanura, Raphidioptera, Neuroptera, Orthop-
tera, and Odonata as regularly packed, but irregularly shaped nipple-like protrusions. Maze-like nanostructures
are found in Coleoptera, Trichoptera and Hymenoptera, as well as in some arachnids. Parallel strands/ridges
are formed by fusion of nipple-type protrusions and described in dipterans and true spiders. Eventually, a more
diverse group of novel dimple-type nanostructures has been found in Siphonaptera, Coleoptera, Hymenoptera,
Hemiptera, Blattodea, Dermaptera, and in centipedes’.

It is generally accepted that nanoscale gratings establish an anti-reflective feature of the insect compound
eye’ 2. Biomimetic applications of nanoscale gratings in high-performance optics and coatings for solar batter-
ies have demonstrated the effectiveness of these structures'>!*. Depending on their contact mechanical proper-
ties and surface chemistry, ommatidia gratings also function as hydrophobic anti-wetting'>!° and self-cleaning
surfaces'. Their effectiveness, though, depends on grating geometry and the surface energy of the contami-
nant. Measurements of adhesion using atomic force microscopy estimated the pull-off forces of different poly-
mer mould copies of nanostructures from three insect groups (Odonata, Lepidoptera and Diptera). The latter
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measurements were compared with smooth control surfaces with same curvature radii as single ommatidia
lacking the nanostructures'’. The comparison revealed that the decrease in real contact area caused by corneal
gratings greatly reduces adhesion to the ommatidia surface. This anti-adhesive property should prevent the
accumulation of contaminants on the eye surface.

Maintaining a clean eye surface is crucial for vision-dependent behaviours in insects. Many groups of pol-
linating insects, such as bees and flies, as well as subterranean beetles, constantly interact with pollen and dust
contamination that impairs eye sight and thus body posture reflexes, orientation and navigation'®. For this
reason, the eyes are actively cleaned by grooming'*? as shown for various species of Hymenoptera®!, Diptera?,
Hemiptera®® and Coleoptera®. In addition to contaminants from the environment, some insect groups, such
as whiteflies, actively produce own contaminants, covering their body with microscopic wax particles. It has
been suggested that the wax particles protect the animal body against evaporation and provide a barrier for
microorganisms®. As in the case of terrestrial higher plants, particulate waxes may provide additional water-
proofing against transpiratory water loss and water influx by breaking up and shedding droplets falling on their
surface?®?. This is similar to aphid waxes?® and brochosomes of leathoppers®®?!, which provide protection
against the animal’s own honeydew excrements. Furthermore the strong light scattering properties of the wax
particles reflect visible solar radiation leading to the white colour of the whiteflies?>*2. Waxes may also prevent
adhesion of pathogenic fungi to the animal surface’**. However, these wax particles may adhere to the surface
of the compound eye, severely reducing the animal’s visual capacity. The self-contamination with wax particles
should thus have created an evolutionary pressure on efficient anti-contamination mechanisms of the cornea.
Whiteflies thus serve as a test bed for studying anti-contamination hypotheses in a more natural context than
it has been done before.

In this study, we show that whiteflies yield ommatidia gratings that effectively prevent the compound eyes
from being covered with wax particles. We reconstruct the shape and quantify the geometry of both wax particles
and the gratings in two species of whiteflies. Measurements of contamination of various cuticle areas allow us to
estimate the efficiency with which particles are removed from the eyes. The obtained results are discussed in the
light of recent studies in the field of contact mechanics, providing strong evidences for the high effectiveness of
gratings in comparison to parabolic protrusions for the reduction of the contact area and thus adhesion forces
between cuticle and contaminants.

Results

The wax plate in T. vaporariorum consists of thousands of templates which appear as rows of microtrichia on the
surface arranged in groups of three (Fig. 1a, b). The wax material is extruded to the surface through wax canals as
three-armed continuous ribbons (Fig. 1e). The end of the ribbons are broken off into curved pasta-like particles
with ~ 1.0 um thickness and a radius of 1.27+0.21 pm (N = 18 particles). They are produced by the movements
of the tibiae of the hind legs that are drawn across the plates (Fig. 1f). The majority of the animal’s cuticular sur-
face, including the wings, is covered in ~ 6.28 +1.43 um (N = 67) long conical-shaped cuticular outgrowths with
a~0.50 um diameter base which terminate in ~0.11 um diameter heads (Fig. 1c, d). These filiform nanostructures
are likely acanthae (terminology after®®). The mean distance of ~1.26 +0.28 um (N =71 measurements) between
neighbouring acanthae is equal to the size of the wax particles (t-test, p>0.05). Due to the size relationship and
the small inner diameter of the wax particles (~0.86+0.16 pum, Fig. 1f), the particles are caught and mechanically
interlock to the acanthae-covered surface. The thickened head at the tip of the acanthae prevents the particles
from slipping off of the acanthae. The cuticle surface may potentially collect up to six layers of wax particles and
mechanically retain them during mechanical disturbances such as thorax vibration in flight, vibrational com-
munication and mating. Even in animals that are dried in ethanol, an elevated number of wax particles remain
on the cuticle due to the mechanical interlock.

Figures 2a,c and 3a show that in air-dried animals, wax particles completely cover the entire cuticle surface
of the whiteflies, except for the cornea of the compound eye. Figure 2b shows that ommatidia remained clean
relative to their surroundings also in Cryo-SEM images supporting that any tissue deformation during air-
drying does not cause a peel-off of wax particles. We quantified wax contamination in two 40 x 30 um? areas
of the cornea and the acanthae-covered area surrounding the eye and found ~ 95.8 +2.9% less particles on the
cornea compared to the cuticle (~ 12 +9 vs. ~291 + 78 particles, N =5 animals, Fig. 3a). In most animals, the eye
is almost free of any contamination. This strong reduction in contamination is correlated with mesh-like nano-
structures on the eye surface (Fig. 2d,e) that has theoretically been considered and experimentally tested with
surface replicas to be anti-adhesive, but not previously shown in an animal"’. The nanoscale grating consists of
hexagonal structures with a~0.22+0.007 pm diameter, ~ 30-times smaller than the cornea diameter of a single
ommatidium (~ 6.6 pum, Fig. 2f). The connecting walls are 0.036 £0.006 pum tall and a 0.036 +0.006 um thick with
0.054+0.008 um high nipples at the intersections between the walls (N =100, Fig. 2f) leading to the castle-like
features of the structure. While similar to corneal dimples, the structures here are broader and the connecting
walls are thinner than previously described dimple-like ommatidia gratings of other insects’. The outstanding
nipples, moreover, lead to a strong reduction in contact area between the cornea and wax particles. We did not
observe any acanthae on or between the ommatidia of the compound eye.

The above findings put into question the mechanism which keeps the whitefly eye free of wax particles as
both ommatidial grating and the absence of acanthae might be the reason for the low corneal contamination.
We thus performed an additional experiment in which we investigated the similarly-sized ommatidia of the
tiny thrips Frankliniella occidentalis. Figure 3b shows that this species has no acanthae on the outer cuticle,
no ommatidial gratings nor wax canals. The thrips were kept next to the whiteflies, allowing contamination of
wax particles separated from the whiteflies. Although contamination was little in the thrips, we found relative
strong contamination of the compound eye, amounting to ~ 123 +79% (N =5 animals, Fig. 3b) more particles on
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Figure 1. SEM images of wax producing and wax collecting sites in Trialeurodes vaporariorum. (a) Wax

plate. (b) Rows of microtrichia arranged in groups of three on the surface of the wax plate. (c,d) Wing surface
covered by acanthae collecting particles in multiple layers and mechanically fastening them to the surface.

(e) The dimensions of the wax particles are defined by the dimensions of the templates from which they are
extruded. (f) Reconstruction of the curved, three dimensional shape of wax particles after they are shaven off
the abdominal plates. Data are means + standard deviation (N = 18 measurements). Roman numerals indicate
corresponding template and particle structures. The models in e and fare created with SketchUp® (Trimble Inc.,
Westminster, Colorado, U.S.).

selected corneal areas than on other cuticle areas. The latter finding supports the idea that ommatidial gratings
are responsible for the anti-adhesive property of the cornea and not the absence of acanthae.

Discussion

The phenomenon of dimpled surfaces for particle attachment has previously and extensively been verified in the
field of contact mechanics®®. Nonetheless, there are no cases in which an anti-adhesive dimpled surface has been
reported in an arthropod in the context of self-cleaning. Our finding of a special-shaped ommatidial grating
is the first account of the existence of such a surface in an insect. The thin walls and outstanding nipples of the
nanostructure are thought to strongly reduce contact area between the animal’s cuticle and the extruded wax
particles and lead to a significant reduction in contamination of the compound eye (Figs. 1, 2, 3). By contrast,
cuticular acanthae on the body surface provide anchor points for the hydrophobic pasta-shaped particles and
work diametrically, forcing wax particles to stick to the body surface making it super-hydrophobic. The proper-
ties of the two cuticular structures lead to the extreme contrast in particle accumulation seen on different body
surfaces. In general, cuticle surfaces must serve multiple functions in an animal resulting from their combined
mechanical and chemical properties. The cornea of the compound eye, for example, should have water and
particle repelling properties, mechanical stability against abrasion, and provide antireflective properties. The
prevalence of such multifunctional surfaces in nature might be low.

Many insect species, such as syrphid flies, possess ommatidia gratings in form of nano-protrusions’. Nano-
protrusions make surfaces anti-adhesive!” due to the reduction of the real contact area. Dimples that result
from cuticular ridges are even more effective in cases in which dimples are wide and ridges are thin*’. Dimples
of whiteflies have a strong geometric resemblance to man-made surfaces with small contact area and contact
friction and adhesion®-%. The broad flat walls and small dimples described in bumblebees (Hymenoptera) and
earwigs (Dermaptera), by contrast, do not match the latter criteria’. Nevertheless, mesh-like dimples similar
to those in whiteflies are reported for the hydrophobic cuticular body surface of springtails*. A mathematical
model suggests that in the springtail the mesh is formed by the reaction of substances released from excretion
pores. These pores are not visible in the dimples of the whitefly ommatidia. Besides geometry, contact forces
between wax particles and the nanostructured surface depend on material properties and surface chemistry*. As
material properties of body cuticle vary up to six orders of magnitude, it is difficult to predict their significance
for contact forces between ommatidia gratings and wax particles. However, we cannot completely exclude their
contribution due to cuticle deformation*!. Moreover, little is known about the conflicting tasks of corneal cuticle
that must ensure both transparency and stability*2. Surface chemistry of wax, by contrast, is comparatively well
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Figure 2. SEM images of the compound eyes of whiteflies showing ommatidia gratings and individual wax
particles in contact. (a) SEM image of ommatidia of Bemisia tabaci surrounded by wax holding acanthae in

an air-dried animal. (b) Cryo-SEM image of the ommatidia of Trialeurodes vaporariorum. (c) Dimple-like
ommatidia gratings in an ethanol-dried animal. (d) Single wax particle in contact with ommatidia gratings. (e)
Three-dimensional model of a wax particle resting on top of the mesh of ommatidia gratings. (f) Dimensions of
hexagonal elements. Data are means + standard deviation (N =100 measurements).

Figure 3. SEM images of an air dried whitefly Bemisia tabaci and thrip Frankliniella occidentalis. (a) Head
of the whitefly is heavily covered with wax particles. Data in (a) and (b) show relative contamination of the
compound eye, i.e. the ratio between number of particles on eye and body. (b) Head and body of the similar-

sized thrips. This animal has no acanthae on its body, no dimple-like nanostructures on the cornea, and no wax
canals.
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investigated in whiteflies. Wax particles consist of triacylglycerols that comprise 65-75% of the lipids in the
wax?. Hydrocarbons account for 3-7% of the total lipids in B. tabaci and 0.6-1.0% in T. vaporariorum. Although
there are distinct compositional differences between the two species, the hydrocarbons in both groups are fully
saturated and contain n-alkanes and branched molecules with 18 to 40 carbon atoms®. Due to its hydrophobic
property, wax particles easily stick to the epicuticular grease that covers the cuticle surface of most insects*>*.
Absence or reduction of the few nanometer thick layer of grease from the cornea would contribute to the self-
cleaning property of the whitefly eye.

In conclusion, this study highlights a novel nanostructure on the whitefly eye that keeps the eye free of the
contaminating wax particles produced by the animal itself. The coincidence of anti-adhesive surfaces and the
production of contaminants in the same animal allow us to use whiteflies as test beds for nanoscale contact
mechanics and self-cleaning surfaces. In this respect, a comparative survey on nanostructured cornea in this
group of insects might lead to more novel surface structures and thus blueprints for biomimetic applications.

Materials and methods

Animal rearing

Greenhouse whiteflies Trialeurodes vaporariorum Westwood, 1856 (Hemiptera, Sternorrhyncha, Aleyrodidae)
are obtained from a long-time greenhouse stock culture on Nicotiana tabacum L. “White Burley’ (Solanaceae),
kept in 40 x 40 x 60 cm® gauze cages at 25/20 + 2 °C (day/night), 60-70% relative humidity, and 16 h photoperiod
(Institute of Phytomedicine, University of Hohenheim, Germany*). Silverleaf whiteflies Bemisia tabaci Genna-
dius (Hemiptera, Sternorrhyncha, Aleyrodidae) stem from stocks reared on sweet potato, eggplant and pumpkin
plants, within 70 x 70 x 100 cm® net growing tents. The quarantined rearing room was kept under constant envi-
ronmental conditions at 27 £ 3 °C, 50%-70% relative humidity, and a 13 h photoperiod (Department of Animal
Physiology, University of Rostock, Germany). We also reared thrips Frankliniella occidentalis that were kept
under identical housing conditions as Bemisia tabaci and in close vicinity to the whiteflies.

SEM image acquisition

For the Cryo-SEM, living T. vaporariorum were mechanically clamped in a small vice on a metal holder. The sam-
ple was subsequently frozen in a cryo-preparation chamber (Gatan, ALTO 2500 cryo-preparation system, Gatan
Inc., Abingdon, UK) at 133°K. Frozen samples were sputter coated with gold-palladium (1:9, layer thickness
10 nm) in a cryo-stage preparation chamber and examined in the cryoSEM Hitachi S-4800 (Hitachi High-Tech-
nologies Co., Tokyo, Japan) at 3 kV accelerating voltage at a temperature of 153°K. Specimens of B. tabaci were
anesthetised on a cooling plate at 1°C, placed in a fixating solution (1% paraformaldehyde, 2% glutaraldehyde,
0.1 M Phosphate buffer, pH 7.3) for one day, dehydrated twice in an ascending series of ethanol (70%, 80%, 90%
and 100%, 10 min each) and critical point dried (Emitech K850, Co. Quorum Technologies LTD, East Sussex).
Other B. tabaci and E occidentalis were air dried without fixation prior to SEM analysis to preserve the particles
on the cuticular surfaces. The dried specimens were then mounted on an SEM-carrier with adhesive conductive
carbon tape (PLANO Co., Wetzlar, Germany), sputter coated with gold (EM SCD 004, BALTEC Co., Balzers,
Liechtenstein) and imaged by field emission SEM (MERLIN® VP Compact, Co. Zeiss, Oberkochen, Germany).
All data in this study are presented as means + standard deviation.

Data availability
The authors declare that the data supporting the findings of this study are available within the article. Other
detailed data are available from the corresponding author upon request.
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