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Abstract

The diamondback moth, Plutella xylostella, has developed strategies to overcome the challenging waxy surfaces of plants.
Females can lay their eggs on pruinose Brassicaceae plants using a secretion from their colleterial glands, which acts as an
egg adhesive. The present microscopic analyses, along with contact angle and force measurements, show that this secretion
wets hydrophilic glass surfaces significantly better than hydrophobic ones, forming superthin layers with limited volume.
Consequently, the pull-off forces required to remove the eggs are significantly greater on hydrophilic glass (23 mN) compared
to hydrophobic glass (2 mN), indicating adhesive strengths of 198 and 29 kPa, respectively. The safety factors, which indicate
how many times the weight of the egg (23 ug) corresponds to the pull-off force, are remarkably high: 101,689 for hydrophilic
surfaces and 8517 for hydrophobic ones. Egg adhesion to plants varies depending on plant surface structures. Pull-off forces
significantly decrease with the increasing number of plant epicuticular wax crystals. For example, safety factors measure
1795 on young adaxial white cabbage leaves and reach as high as 25,461 on the petioles of older Chinese cabbage leaves.
This attachment ability is facilitated by the predominantly protein and lipid composition of the egg adhesive, alongside the
structural matrices created by plant wax crystals and trichomes embedded within the adhesive. Raman spectroscopy of the
untreated solidified egg adhesive reveals characteristic amide I and III bands, a f-sheet structural motif, and the presence of
aromatic amino acids phenylalanine and tyrosine, as well as saturated fatty acids. Based on a comprehensive discussion with
previous findings, we propose that there is a trade-off between secure egg adhesion and the selection of oviposition sites that
match the offspring’s preferences and provide enemy-free spaces. Understanding P. xylostella’s egg adhesion mechanisms
and the characteristics of the adhesive substance may contribute to the improvement of pest control strategies, including
physical measures, and the advancement of bioinspired adhesives. Moreover, our study should stimulate future integrative
and multidisciplinary research on insect egg adhesives, promoting a comprehensive understanding from various perspectives.
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Insects face several challenges concerning attachment to the
plant surface, including being dislodged, effectively moving
on the surface or attaching eggs. One of the main challenges
is the presence of epicuticular waxes, which can trigger anti-
biotic and antixenotic responses in plant-dwelling arthro-
pods (Smith 2005). As reported, the wax crystal coverage
on plant surfaces is determined mainly by hydrocarbon com-
position and is generally anti-adhesive, minimally wettable,
and can prevent the tarsal and egg attachment of various
arthropod species (e.g., Stork 1980a, b; Jeffree 1986; Juniper
1995; Eigenbrode et al. 1996; Brennan and Weinbaum 2001;
Gorb and Gorb 2002, 2006; Miiller and Rosenberger 2006;
Rahman et al. 2023). The effects of epicuticular plant waxes
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can stem from their chemical composition and/or crystal
structure. Despite these challenges, some insects have devel-
oped the ability to glue their eggs onto these waxy surfaces.
For instance, butterflies, such as Pieris brassicae L. (Lepi-
doptera, Pieridae) and aphids like Brevicoryne brassicae L.
(Hemiptera, Aphididae), attach their eggs to the waxy leaves
of Brassicaceae species (Beament and Lal 1957; Ahman
1990). Hessian flies, Mayetiola destructor Say (Diptera,
Cecidomyiidae), also glue their eggs to wheat leaves Triti-
cum aestivum L. (Poaceae) (Kanno and Harris 2000), while
leaf beetles Chrysophtharta sp. (Coleoptera, Chrysomeli-
dae) and Opodiphthera sp. moths (Lepidoptera, Saturniidae)
do so on Eucalyptus leaves (Myrtaceae) (Ramsden and Elek
1998; Howlett and Clarke 2003; Li et al. 2008). Addition-
ally, lily leaf beetles Lilioceris merdigera L. (Coleoptera,
Chrysomelidae) lay eggs on the leaves of Polygonatum mul-
tiflorum (L.) All. (Ruscaceae) (Schmitt 1988). Research has
shown that the bond between waxy plant surfaces and insect
eggs can be very strong. For example, studies indicated that
the maximum adhesion strength can reach up to 271 kPa
for asparagus beetles Crioceris asparagi L. (Coleoptera,
Chrysomelidae) on asparagus (Asparagus officinalis L.,
Asparagaceae) (Voigt and Gorb 2010), and up to 98 kPa for
codling moths Cydia pomonella L. (Lepidoptera, Tortrici-
dae) on apple fruits (Al Bitar et al. 2012, 2014). Butterflies
like Lycaeides idas (Masters) demonstrate similar bonding
strength on Lotus nevadensis (S. Wats.) Greene (Fabaceae;
94 kPa; Fordyce and Nice 2003). These adhesive bonds are
believed to withstand significant weathering effects, such
as rainfall, wind, and plant vibration (Miiller and Rosen-
berger 2006; Voigt and Gorb 2010). The adhesive strength
results from special fluids, further called “egg adhesive” in
this manuscript, that covertly surround insect eggs and bond
them to the substrate (e.g., Adiyodi and Adiyodi 1976; Hin-
ton 1981; Hilker et al. 2005). These fluids are secreted by
specific abdominal glands associated with the female repro-
ductive system (reviewed by Betz 2010) and are primarily
proteinaceous (Beament and Lal 1957; Hilker et al. 2005; Li
et al. 2008). The strength of the bond between the eggs and
the plant can vary greatly depending on the physico-chem-
ical properties of the plant (e.g., Miiller and Rosenberger
2006; Hilker and Meiners 2006).

Cabbage plants, in particular, are known for their very
low wettability, with water contact angles reaching 148°
on B. oleracea var. albiflora Kuntze (Wang et al. 2023),
and between 137 and 151° on other varieties (Holloway
1969a,b). This reduced wettability is due in part to the
thick anti-adhesive coverage of epicuticular wax crys-
tals, which consists of two hierarchically arranged layers
(Barthlott et al. 1998). The amount of wax can vary by
cultivar, ranging from 35 to 50 ug cm™2 (Kimura et al.
1987; Znidarcic et al. 2008). The chemical composition
of these crystalline surface waxes primarily includes
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alkanes (C,,—Cj;3), alkyl esters (C33—Csq), aldehydes
(mainly C,s—Cj), ketones (C,;,—C,4), secondary alcohols,
ketols, primary alcohols (C,,—C;), fatty acids (C,4,—C5),
and minor triterpenols (a and f-amyrin) (Purdy and
Truter 1963; Holloway 1969a; Holloway and Brown 1977;
Znidarcic et al. 2008).

Despite the challenges mentioned above, diamondback
moths, Plutella xylostella L. (Lepidoptera, Plutellidae), com-
plete their life cycle on cabbage plants. Moths are attracted
by Brassicaceae host plants through chemical (olfactory and
gustatory) and/or physical (tactile and visual) stimuli (Justus
and Mitchell 1996; Shelton and Nault 2004; Bukovinsky
et al. 2005; Sarfaz et al. 2006; Badenes-Pérez et al. 2014).
The female’s oviposition behaviour significantly affects the
survival of these lepidopterans, as their immature stages
have limited mobility (Renwick 1989; Silva and Furlong
2012). A diamondback moth can lay up to 350 eggs, either
singly or in groups of 2—16, on various surfaces such as the
abaxial and adaxial sides of leaves, as well as on stems and
petioles (Hardy 1938; Harcourt 1957; Gupta and Thorstein-
son 1960; Rosario and Cruz 1986; Tabashnik and Mau 1986;
Talekar and Shelton 1993; Talekar et al. 1994; Furlong et al.
2004; Sarfaz et al. 2005; Zago et al. 2010; Silva and Furlong
2012; Philips et al. 2014; Ang et al. 2016; Rahman 2019;
Bhure et al. 2020; Gopika et al. 2021; Saran and Geng 2021;
Badenes-Pérez and Heckel 2023).

The secretion that adheres P. xylostella eggs to the sub-
strate has been suggested to be a mucopolysaccharide (Justus
and Mitchell 1999). Some researchers have argued that waxy
plant substrates hinder egg deposition by P. xylostella, as
surfaces with less wax allow for better egg adhesion (Eck-
enrode et al. 1986; Uematsu and Sakanoshita 1989; Justus
et al. 2000; Zhu et al. 2022a, b). Consequently, P. xylostella
eggs are easily washed off by rain and sprinkling from more
waxy surfaces (Talekar 1986; Annamalai et al. 1988; Waki-
saka et al. 1990; Kobori and Amano 2003; Rahman et al.
2019, 2023). Recent studies conducted by Rahman (2019)
and Rahman et al. (2019, 2023) have shown that eggs laid
on common cabbage plants, Brassica oleracea var. capitata
L., were more vulnerable to rainfall compared to those laid
on Chinese cabbage plants, Brassica rapa subsp. pekinensis
(Lour.) Hanelt. Moths tend to lay more eggs in clusters on
common cabbage leaves, while they prefer to lay single eggs
on Chinese cabbage leaves. It was observed that eggs placed
on the second leaf from the apex were less susceptible to
rainfall than those laid on the sixth leaf from the apex in B.
oleracea var. capitata. Also, diamondback moths preferred
ovipositing on the lower leaves rather than the upper leaves
(Rahman et al. 2023). However, rain droplets contacting the
leaves caused vibrations that resulted in egg detachment
from both adaxial and abaxial leaf surfaces, with a higher
removal rate noted from the adaxial leaves compared to the
abaxial ones.
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These findings raise questions about the strength of P.
xylostella eggs’ adhesion to various plant and control sub-
strates, as well as the role of egg adhesive in this process.
Stimulated by the work of Rahman (2019) and Rahman
et al. (2019, 2023), we analysed the interaction between
eggs, glass, rape and cabbage plant surfaces using digital
and cryo-scanning electron microscopy. We examined the
wettability of glass and plant surfaces using Aqua Millipore
water, along with the surface roughness and wax crystal cov-
erage of the plants. The composition of the untreated egg
adhesive was analysed in situ using staining, energy disper-
sive spectroscopy, and Raman spectroscopy. Furthermore,
we measured the forces required to remove P. xylostella eggs
from both glass and plant surfaces to evaluate the bonding
strength of eggs in relation to the substrates.

We wondered if P. xylostella egg adhesion differs between
(1) differently wettable surfaces, (2) Brassicaceae plant spe-
cies with varying wax coverage, (3) leaf age, and (4) leaf
side. How far can the egg adhesive component analyses help
in understanding egg adhesion and egg-substrate interac-
tions? The hypothesis was that the adhesion of diamondback
moth eggs correlates with the host plant surfaces and habi-
tats. We aimed to set the present data into a broader context
with previous reports on insect egg biology, and particularly,
diamondback moth oviposition behaviour and egg dispersal,
to explain the impact of rain and sprinkling on diamondback
moth eggs. Washing off herbivorous eggs from crop plants
can be a promising physical tool in pest control. Moreover,
our study should expand the currently limited knowledge
about the chemistry and mechanics of insect egg adhesion
in relation to functional morphology, ecology, and evolution
from a comprehensive perspective.

Materials and methods

All preparations, analyses, and experiments were conducted
at a temperature of 22.0+0.29 °C, with a relative humidity
of 58.4 +3.32%, and a photoperiod of 12 h.

Plants

Cabbage plants Brassica capitata var. alba ‘Brunswijker’,
Brassica rapa subsp. pekinensis ‘Michihili’, and Bras-
sica napus ‘Licapo’ (Kiepenkerl, Bruno Nebelung GmbH,
Everswinkel, Germany) were sown and grown in culture
substrate COMPO SANA® Qualitits-Blumenerde ca. 50%
weniger Gewicht (COMPO GmbH, Miinster, Germany). For
the experiments, single plants were placed in Gottinger plant
pots with a diameter of 10.0 cm (Lamprecht-Verpackungen
GmbH, Géttingen, Germany). The second and fourth fully
developed leaves from the apex (adaxial and abaxial) of B.
rapa subsp. pekinensis, as well as the corresponding petioles

and stems of B. capitata var. alba and B. napus, were used
(Fig. S1).

Glass substrates

Soda-lime glass microscope slides (76 X 26 mm; Gerhard
Menzel B.V. & Co. KG, Braunschweig, Germany) were
prepared for use by following a thorough cleaning process.
First, they were washed with detergent and deionised water.
Next, the glass items were immersed in Piranha solution,
which consisted of a mixture of sulphuric acid H,SO, and
hydrogen peroxide H,O, in a 3:1 ratio, for 12 h. Then, they
were rinsed multiple times with Aqua Millipore water and
dried immediately with compressed air. This procedure
resulted in a hydrophilic glass with a 49° water contact
angle (Table 1). To obtain a hydrophobic glass surface
with a 110° water contact angle (Table 1), the glass was
silanized with 1H,1H,2H,2H-perfluorodecyltrichlorosilane
97%, C,,H,C13F,;Si, SIH5841.0, ABCR GmbH & Co.
KG, Karlsruhe, Germany) as described by Voigt and Gorb
(2010).

Insects

A long-term, laboratory-reared, nonresistant diamondback
moth population, established in 1957 at Bayer AG, Crop Sci-
ence Division (Monheim, Germany), was considered. In the
P. xylostella rearing, we used cylindrical flight cages made
from transparent plastic bags framed to allow dim lighting
at 23 °C and 50% humidity. Each cage had a diameter of
24 cm and a height of 26 cm, housing 300 to 500 adults that
were fed a sugar solution. To encourage egg deposition, we
placed black plastic pots, previously dipped in cabbage soup,
inside the flight cages. For the larvae, we used the same cage
system but provided different species of cabbage, primar-
ily kale, as their food source. During pupation, the larvae
utilised a piece of kitchen paper towel or very smooth, thin
cloth to cover the tops of the flight cages.

The eggs were stored at 4 °C until use. Subsequent three
to five generations were reared on commercially obtained
Chinese cabbage leaves of unknown cultivars. Ovipositing
females were transferred to potted test plants or glass slides
to release their eggs. The glass substrates were placed in
94 and 145 mm diameter polystyrene Petri dishes (15 and
20 mm high, respectively; Greiner Bio-One International
GmbH, Frickenhausen, Germany. Short-term (one-genera-
tion) moth rearing and individual test plants were kept in
separate aerariums (30X 30X 30 cm; Aerarium Nets GmbH,
Bern, Switzerland).

@ Springer
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Table 1 Aqua Millipore water

. Substrate Substrate type/age Substrate site Contact angle [°]
sessile contact angle on glass,
Chinese cabbage Brassica Glass slides Hydrophobic 48.5+£6.81°4
B. capitata var. alba (droplet Chinese cabbage Old Adacxial leaf 112.7 £ 5.25%¢def
volume 10 pl) Abaxial leaf 111.8 +7.928bedef
Adaxial petiolus 71.2+16.42°
Abaxial petiolus 74.1+17.96°
Young Adaxial leaf 102.0+13.89°
Abaxial leaf 105.1+ 11.67%%
Adaxial petiolus 67.8+17.80°
Abaxial petiolus 66.9+12.26°
Rape old Adaxial leaf 164.8 + 16,3824t
Abaxial leaf 161.0+20.6424f
Stem 149.2 + 34.0520cdel
Young Adaxial leaf 146.6 +5.11°
Abaxial leaf 144.8 + 10.05%0¢de!
White cabbage old Adaxial leaf 150.7 +3.75%¢f
Abaxial leaf 151.2 + 15.58%t
Stem 122.4 21,673t
Young Adaxial leaf 161.5+16.01°
Abaxial leaf 166.4 + 14,5024t

Mean +sd, n=10 per substrate

Different letters (abcdef) indicate statistical differences between means: Kruskal-Wallis one-way ANOVA
on ranks (P <0.001), followed by pairwise multiple comparison procedures, and Tukey test (P <0.05)

Contact angle measurements

Contact angles of water on glass and plant surfaces were
measured at 22.0 +£0.29 °C and 58.4 +3.32% relative
humidity, according to Bréuer et al. (2017). Glass slides,
turgescent young and old leaves, petioles or stems were
ablated from three living plants per species and flat fixed
to a holder via double-sided adhesive tape (tesa® extra
strong, 05696-00010; tesa SE, Norderstedt, Germany),
ensuring the adaxial or abaxial side faced upward. A
Research® plus 0.5-10 pl pipette (Eppendorf AG, Ham-
burg, Germany) was used to apply 10 pl drops of Aqua
Millipore water on each test surface type and plant spe-
cies. The droplets were visualised simultaneously using a
horizontally aligned stereo microscope, combined with a
SMP CMOS digital camera and the Vidmess TSO software
(Thalheim Spezial Optik, Pulsnitz, Germany). Ten drop-
lets per 20 substrate types (for a total of 200 droplets) were
imaged (Table 1). Static contact angles on each surface
were measured using the free sessile drop method with
ellipse-fitting and the SCA 20 Demo software (DataPhys-
ics Instruments GmbH, Filderstadt, Germany).
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Surface roughness measurements

Intact young and old leaves, petioles or stems of three living
test plants were ablated and then flat fixed to glass holders
using double-sided tape. Surface roughness parameters were
measured for an area of 3.26 mm? using a digital microscope
VHXO970F (Keyence Corp., Osaka, Japan). The parameters
considered included the arithmetic mean height (Sa), the
maximum roughness height (Sz), and the root mean square
roughness deviation (Sq). Five sites per 18 substrate types
were measured, resulting in a total of 90 measurements
(Table S1).

Weighing

The excellence balance XA205 Dualrange (81/0.00001 g;
Mettler Toledo GmbH, Greifensee, Switzerland) was used
to determine the egg mass. To do this, 10-26 eggs were
detached from the polystyrene surface using a 3 mm-wide,
30 mm-long loop of double-sided adhesive tape. The mass
of the tape loop was measured before and after the eggs
were attached. The number of eggs on the loop was counted,
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and the total mass was divided by the number of eggs. This
procedure was repeated 20 times.

Microscopy

The 1-3-day-old eggs attached to various substrates were
observed using the digital microscope VHX970F (Keyence
Corp., Osaka, Japan), which included measurement of egg
lengths and widths. Residues of glue on glass slides after
egg detachment were stained with Sudanblack B Solution,
made from 0.15 g Sudanblack B (CAS number: 4197-25-5,
ACROS-Organics™, Fisher Scientific Inc.) in 50 ml 70%
Ethanol, Rhodamine B (base 99%, CAS number: 81-88-9,
ACROS Organics™, Fisher Scientific Inc.), 0.1 g mixed
with 50 ml of ethanol, and Nile blue (Nilblau A, CAS num-
ber: 3625-57-8, Sigma Aldrich, Merck KGaA, Darmstadt,
Germany) at a concentration of 0.5% in water.

Cryo-scanning electron microscopy (cryo-SEM) was
used to examine samples in a frozen state, conducted at an
accelerating voltage of 5 kV and a temperature of -100 °C.
Fresh-cut plant parts, along with eggs and their adhesive,
were mounted on metal holders using polyvinyl alcohol
Tissue-Tek® O.C.T.™ compound (Sakura Finetek Europe,
Zoeterwoude, The Netherlands). These samples were frozen
in the preparation chamber at -140 °C, sublimed at -70 °C to
remove ice crystals, and then sputter-coated with platinum
(6 nm). Following this, they were transferred to a cryo-SEM
SUPRA 40VP-31-79 (Carl Zeiss SMT Ltd., Oberkochen,
Germany), which was equipped with the EMITECH K250X
cryo-preparation unit (Quorum Technologies Ltd., Ashford,
Kent, UK). For element analysis, energy dispersive spec-
troscopy (EDS) was used in conjunction with cryo-SEM.
The Bruker x-flash 6/100 EDS-detector was operated with
the Esprit 2.0 software (Bruker Corporation, Billerica, MA,
USA) on frozen samples at a working distance of 7-10 mm
and an acceleration voltage of 10 kV. Cryo-SEM micro-
graphs were morphometrically analysed using SigmaScan
Pro 5.0.0 software (SPSS Inc.).

Raman spectroscopy

Native, untreated eggs attached to hydrophilic glass slides
were used (refer to the sections Glass substrates and Insects).
Prior to chemical analysis, the eggs were manually removed
(pulled off) from the slides to analyse the remaining residues
of solidified egg adhesive that had been on the slides for
several weeks.

Micro-Raman spectroscopy was conducted by choos-
ing spots with a visible, thin layer of adhesive next to the
eggs. Raman maps were collected using a Horiba Yobin
Yvon LabRam 800 (HORIBA Jobin Yvon Ltd., Stanmore,
Middlesex, UK), a confocal Raman high-resolution spec-
trometer equipped with a silicon-based CCD detector

(Peltier-cooled). The system integrates an upright opti-
cal microscope (Olympus BX41; Olympus Corp., Tokyo,
Japan) and an automated x—y stage. Samples were meas-
ured using a 100 X long-distance objective (Leica PL
FLUOTAR L 100 x/NA 0.75; Leica Microsystems GmbH,
Wetzlar, Germany) with a 532 nm laser excitation and
100% power (approximately 21 mW). All spectra were col-
lected in the range of 200-3350 cm™' using a 300 g mm™!
grating and a slit width of 100 pm. The spectrometer was
calibrated using the 520.7 cm™! band of a silicon wafer.
The Raman map (25 x 35 um?) was collected with a step
size of 1.8 um (x) and 1.7 um (y), an exposure time of 10 s,
and two accumulations (Fig. 1). The spectral datasets were
imported into the Spectral Imaging software, developed
and provided by Matthias Finger based on Matlab (WITec
Wissenschaftliche Instrumente und Technologien GmbH,
Ulm, Germany). First, a baseline correction was performed
using an asymmetric least squares correction (smoothness
5, asymmetry 3.5). The averaged spectrum of the adhesive
was obtained from 23 pixels chosen from the measured
area (Fig. 1B).

Force tests

Single 24-h-old eggs were tested on both glass and plant
substrates. As found in previous studies with the codling
moth C. pomonella, the egg secretion solidified after 24 h
(Al Bitar et al. 2025) and led to results comparable with
our earlier research on egg adhesion. Glass slides and tur-
gescent plant parts (young and old leaves, petioles, and
stems ablated from living plants) were fixed to a holder
using double-sided adhesive tape. Following the method-
ology of Al Bitar et al. (2012, 2014), a 2 mm wide and
10 mm long double-sided adhesive tape loop was attached
to a FORT-10 force transducer (10 g capacity, World Pre-
cision Instruments Inc., Sarasota, USA) combined with a
Lab-Trax-4/16 (LT4/16-5)-Transbridge 4 M system (World
Precision Instruments Inc., Sarasota, USA). The force
transducer with the adhesive tape loop was moved verti-
cally up and down using a motorised micromanipulator
DC-3 K (Mirzhduser Wetzlar GmbH & Co.KG, Wetzlar,
Germany) at a constant speed of 50 um s™' (Fig. S3). The
tape loop was brought into contact with the egg’s convex
surface and was preloaded with a force of 1.2-26.6 mN.
Care was taken to ensure that the tape loop made contact
only with the egg surface, not with the glass or plant sub-
strate. The force transducer was then moved upward until
the egg detached (i.e., pulled off) from the substrate and
adhered to the adhesive tape, while force-time curves were
recorded at a rate of 200 samples s!. In total, 450 single
measurements -25 measurements per substrate— were con-
ducted. The contact area of the egg (adhesive) on glass

@ Springer
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Fig. 1 Chemical analysis of the
egg adhesive (Raman spectros- A i
copy). A Brightfield image of

the secretion layer next to the

egg (left). The polarised light

image (middle) of the mapping

area reveals thicker secretion,

which is also visible in the

Raman image derived from

plotting the normalised Raman

intensity at 2925 cm™ (right).

B Averaged egg adhesive

spectrum taken from 23 pixels.

The spectrum shows bands

characteristic of CH, and amide

(C=0-NH) groups, indicating B

the presence of saturated fatty -
acids and proteins. ch, chorion;
ea, egg adhesive (secretion). For
detailed information on major
compounds present in the egg
adhesive, see Table S5

ea

2936
2883

Raman intensity [a.u.]

3064

1451

——
3000

substrates was estimated for all pulled off eggs via digital
imaging and analysed with SigmaScan Pro 5 (SPSS, Inc.,
Chicago, IL, USA).

Statistics

The R aov function was utilised to conduct a three-way
ANOVA, running on R version 4.4.0 (R Core Team 2021).
The three dependent factors and all possible combinations
of these factors (i.e., ‘interaction terms’, up to three-way)
were employed to explain the ‘response variable’. The aov-
function was used under the maximum likelihood estimation
method, with the error structure assumed to be normally
distributed. The factors included substrate type (hydro-
philic glass vs. hydrophobic glass vs. Brassica rapa subsp.
pekinensis vs. B. napus vs. B. capitata var. alba), plant site
(adaxial leaf vs. abaxial leaf vs. stem/petiole), and leaf age
(young vs. old). In addition, one-way ANOVA was applied
to evaluate differences between substrate types.
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Kruskal-Wallis tests were conducted to assess significant
differences in contact angles and surface roughness. Linear
regressions were also performed using SigmaPlot 12.0 (Sys-
tat Software, San Jose, CA, USA) to investigate the relation-
ship between pull-off force and substrate characteristics.

Results
The egg-substrate interface

The oval-shaped eggs measure 550-600 um in length, 330-
350 pum in width, and 200-220 pm in thickness. They overlap
several epidermal cells of the challenging waxy surfaces of
their host plants (Figs. 2, 3 and 4). These eggs were often
found near leaf veins, trichomes (Fig. 4F-H), and areas of the
plant surface that had been abraded of wax (Fig. 41).

Test plant leaves, petioles, and stems were covered with
hierarchically arranged nm- and um-sized crystalline wax
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Fig.2 Cryo-SEM images of leaf surfaces of cabbage plants. A-H.
Brassica rapa subsp. pekinensis ‘Michihili’, young adaxial (A, B),
young abaxial (C, D), old adaxial (E, F), old abaxial (G, H). I-P B.
napus ‘Licapo’, young adaxial (I, J), young abaxial (K, L), old adax-

structures, including horizontal, flat platelets (initially devel-
oping tubules), robust tubules, rods, and superimposed,
fragile filaments that are easily detachable (classification
according to Barthlott et al. 1998). The wax coverage dif-
fered between plant species, leaf age and leaf side, with
interactions between these factors. The number of crystalline

ial (M, N), old abaxial (O, P). Q-X B. capitata var. alba ‘Brunswi-
jker’, young adaxial (Q, R), young abaxial (S, T), old adaxial (U, V),
old abaxial (W, X). fi crystalline wax filaments, pl crystalline wax
platelets, ro crystalline wax rods, st stomata

wax tubules and filaments increased with leaf ageing (see
Fig. 2, Tables S2, S3). Young leaves were more densely
covered with waxes abaxially than adaxially. Older leaves
exhibited more waxes on the adaxial side and several sites
with abraded, altered, or smeared wax crystals, similar to
those found on stems (Fig. S4). The wettability properties

@ Springer
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Fig.3 Cryo-SEM images of petiolus and stem surfaces of cabbage
plants, overview (A, C, E, G, I, K) and detail (B, D, F, H, J, L).
A-D. Brassica rapa subsp. pekinensis ‘Michihili’, young adaxial peti-

of plant surfaces ranged from hydrophobic (with a water
contact angle of 68° on young adaxial Chinese cabbage
petioles) to predominantly superhydrophobic (with a water
contact angle of up to 166° on young abaxial white cab-
bage leaves; Table 1). Surface roughness (Sa) varied from
13 um on old adaxial white cabbage leaves to 122 um on
old abaxial Chinese cabbage petioles (Table S1). However,
these roughness values should be interpreted with caution
due to resolution limits (maximum magnification 2,000x)
and unreliable detection of smaller epicuticular wax crystals.

The eggs adhered to the substrate via an apparently
small volume of secretion that coated their entire sur-
face, which could be displaced by rinsing with acetone
(Fig. 5A-1, M). The eggs adhered firmly to the glass, with
an average thickness of the secretion layer measured at
37.8 £8.36 nm (mean + SD, n=20), forming a thin, homo-
geneous film ranging from 8 to 45 um in width. A few
lamellar filaments protruded at the egg-substrate transition
(Fig. SE-H), gradually thinning towards the edge. In con-
trast to glass, the eggs appeared to adhere more loosely to
cabbage and rape surfaces (Fig. 5J-Q). The egg adhesive
adequately wetted the adaxial and abaxial cuticles of Chi-
nese cabbage, forming thin films (Fig. 5K, L). Looser bonds
were observed on rape and white cabbage surfaces (Fig. SN-
Q). The less-densely dispersed wax crystals on rape were
largely embedded in the egg adhesive (Fig. 5P), though the
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olus (A, B), young abaxial petiolus (C, D), old adaxial petiolus (E,
F), old abaxial petiolus (G, H). I, J. Brassica napus ‘Licapo’ stem.
K, L. B. capitata var. alba ‘Brunswijker’ stem

secretion (egg adhesive) did not form thin films and did not
spread widely across the surface. The dense wax coverage
on white cabbage (Fig. 5P, Q) led to the formation of long,
bulky secretion filaments that frequently detached from the
plant surface (Fig. SP). Irregularly thick patches of secre-
tion covered the anti-adhesive waxy surfaces and were easily
removed (Fig. 5Q).

Egg adhesive chemistry

Staining of egg adhesive indicated the presence of various
lipids, including triglycerides, lipoproteins, neutral fats,
and phospholipids. Sudan black B stained these substances
black, while Rhodamine B produced a pink-to-red coloura-
tion. Neutral lipids, such as triglycerides, cholesterol esters,
and steroids, were stained pink by Nile blue. In contrast,
acidic lipids, including fatty acids, chromolipids, and phos-
pholipids, were stained blue by the same dye (Fig. S2).
EDS analysis of the egg adhesive identified several com-
ponents: carbon (18.6 weight%), nitrogen (2.5 weight%),
oxygen (11.3 weight%), sulfur (0.4 weight%), potassium
(0.4 weight%), and calcium (0.9 weight%) (Fig. 5SR).
Raman spectra of the thin adhesive layer could only be
obtained by scanning an area with a 100 X high magnifica-
tion in a confocal Raman microscope setup (Fig. 1A). The
averaged Raman spectrum of the P. xylostella egg adhesive,
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Fig.4 3D digital imaging of 24-h-old Plutella xylostella eggs on a
silicon wafer (A-D), Chinese cabbage Brassica rapa subsp. pekinen-
sis leaves (F, G), rape B. napus leaf (H), and white cabbage B. capi-
tata var. alba stem (I). A Top view: adult scales surround the egg. B,
C Topography colour maps. Note the adult scales on the glass sur-
rounding the egg (A-C). They can be covered with egg adhesive and
overlaid with eggs. D The egg transversal profile, corresponding to
the blue line in C. E The egg longitudinal profile corresponds to the

derived from the highlighted area in Fig. 1A (total of 23
pixels), is shown in Fig. 1B.

The Raman spectrum of the egg adhesive exhibits char-
acteristic features of both saturated lipids and peptides that
partially overlap (see Supplementary Materials, Table S5,
for full band assignments) (Rygula et al. 2013; Czamara
et al. 2014). The presence of a significant amount of pep-
tides in the adhesive is suggested by the characteristic amide
I band at 1670 cm™! and amide III band at 1247 cm™’. The
positions of these amide bands indicate a secondary struc-
ture consistent with a f-sheet structural motif (Maiti et al.
2004).

This observation is further supported by distinctive amino
acid vibrational bands at 1004 cm™ (phenylalanine) and at
855 and 831 cm™ (tyrosine). Additional bands at 3064 cm™
(C-H stretch) and 1617 cm™' (C=C stretch), which are
characteristic of aromatic compounds, reinforce this find-
ing. However, the absence of the C—H stretch of the cis-
double bond (=C-H), typically observed at 3005 cm™, and
the=C—H bend at 1264 and 974 cm™' suggests that non-
saturated fatty acids or other non-saturated hydrocarbons are
not likely to be present. Instead, the presence of saturated
fatty acids is indicated by specific Raman bands at 2035 cm™!
and 2850 cm™! (C—H asymmetric stretch assigned to CH,),
a broad band centred at 1451 cm™' (C—H bend assigned
to CH,), and a strong band at 1297 cm’! (CH, twisting).
Furthermore, two characteristic C—C stretch bands at 1128

400 600 800 1000 pm

400 600 800 1000 pm

red line in C. Note the different scaling of the x-axes in D and E. F
The egg attached to the abaxial vein-lamina transitions at the edge of
a trichome base in Chinese cabbage. G. Eggs adhering longitudinally
to the main leaf vein. H The egg position similar to F; however, on
an abaxial rape leaf, the egg glue forms a filamentous pattern. I Eggs
on a white cabbage stem are obviously supported by plant surface
sites having abraded waxes (arrows). eg egg glue, la leaf lamina, tr
trichome, ve vein

and 1065 cm’!, along with the C—O-0O skeletal vibration at
889 cm!, indicate the presence of saturated fatty acids. The
absence of a carbonyl stretch in the range of 1750-1690 cm™!
suggests that triglycerides can be excluded (Czamara et al.
2014).

Egg adhesion

The average weight of an egg was measured at 22.8 +1.82 g
(n=20). The contact area on hydrophilic surfaces was sig-
nificantly larger than on hydrophobic glass (0.2 +0.02 mm?
compared to 0.1 +0.02 mm?, respectively; ¢ test, =5.2,
p<0.001, n=10).

The highest pull-off forces were observed on hydrophilic
glass (22.7+5.59 mN), which were 12 times greater than
those on hydrophobic glass and 3 to 57 times higher than
those measured on plant surfaces (Figs. 6 and S4, Tables 2
and S4). The high standard deviations corresponding to mean
pull-off forces should be noted. It was found that more force
was required to detach eggs from Chinese cabbage than from
rape or white cabbage, and that egg detachment from older
leaves required more force than from younger ones. Addition-
ally, more force was needed to detach eggs from stems and
petioles than from leaf laminae. Significant interactions were
found between the factors substrate and plant site, plant site
and leaf age, as well as between substrate, plant site, and leaf
age, as determined by a three-way ANOVA (Table 2). A weak
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Fig.5 Cryo-SEM images of Plutella xylostella eggs on various sub-
strates. A. Lateral view of an egg attached to the hydrophobic glass.
B. Detail of the corrugated egg chorion surface. C, D. Egg chorion
surface after rinsing with acetone, elucidating the cell pattern (C)
and micropyle at one egg pole with pores (arrowheads; D). E. An
egg detached from hydrophilic glass; left: the ventral view of the
egg; right: the residues left after egg removal. F, G. Detail of the
egg adhesive bulge at the egg edge in contact with lamellar filaments
protruding from the thin glue layer and easily detachable, elongated,
tapered projections indicating extended fibrils in a fluid matrix (G,
Detail of F). H Edge of thin egg adhesive layer on glass. I The thin
egg glue layer on the chorion, cross-section. J-M Eggs on Chinese
cabbage Brassica rapa subsp. pekinensis; grouped on the adaxial leaf
lamina, close to a vein, between two non-glandular trichomes (J).
The egg adhesive spreads over the plant surface, forming a thin film
(K, L). The imprint of an adult scale on the egg surface indicates the
presence of egg adhesive also on the chorion (M). N, O The egg edge
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and secretion on a less wettable adaxial rape Brassica napus leaf,
close to epidermal cells having abraded wax crystals (N). A thicker
layer of secretion embeds the less dense wax crystal coverage on the
plant surface (O). P, Q Egg adhesive on the anti-adhesive adaxial
Brassica capitata var. alba leaf, forming easily detachable, elongated,
tapered projections (P) and, close to the egg, sparse, thick patches
covering the densely superimposed plant wax crystals. R A series of
energy dispersive spectroscopy (EDS) images (colour mapping and
spectrum) for egg and egg adhesive, elucidating the clear presence of
carbon, nitrogen, oxygen, sulfur, potassium, and calcium in the secre-
tion (spectrum). The red square in the left SEM image indicates the
site that was sampled for egg adhesive spectroscopy, as shown in the
spectrum. The summarising table does not reflect the chlorine peak.
Phosphorus, nitrogen, and sodium belong to the main compounds of
the chorion (mapping). Arrows point to the small bulge of egg glue at
the egg edge in contact with the substrate. ch chorion, gl glass, ea egg
adhesive, nt non-glandular trichome, ps plant surface, sc scale



Diamondback moth egg adhesion to cabbage plants: structural, chemical, and mechanical aspects

Page 110f24 91

Fig.6 Forces required to

old young
pull off eggs from glass and 30 ® O adaxial
cabbage surfaces: Chinese cab- T 10 - abaxial
bage Brassica rapa subsp. peki- stem/petiolus
nensis leaves and petioli, rape 25- O hydrophilic
B. napus leaves and stem, and b hydrophobic
white cabbage B. capitata var. £ 20
alba leaves and stem. Means 8 i
and standard deviations; n =25 S
per surface type. See Tables 2 ;; 154 5
and S4 and Fig. S4 for statistics Q
3 10-
) i
0 0 - é C)
glass chinese cabbage rape white cabbage

Table2 Three-way ANOVA Factor Df Sum of Squares Mean F value Probability (P)
for pull-off forces obtained
in experiments with Plutella Substrate 3 5452 18175  370.0 <2e-16%%%
Wylostella eggs attached o glass ) i 3 5506 18353 373.6 <2e-16%++
and plant surfaces (R Core
Team 2021) Leaf age 1 18 17.5 3.6 0.060 .

Substrate : plant site 4 148 37.0 7.5 7.16e-06%***

Substrate : leaf age 2 6 2.8 0.6 0.567

Plant site : leaf age 2 139 69.7 14.2 1.08e-06 ***

Substrate : plant site : leaf age 2 51 25.3 52 0.006%**

Residuals 432 2122 4.9

Evaluated factors (and comparisons): Substrate (hydrophilic glass vs. hydrophobic glass vs. Brassica rapa
subsp. pekinensis vs. B. napus, vs. B. capitata var. alba), Plant site (adaxial leaf vs. adaxial leaf vs. stem/
petiolus), Leaf age (young vs. old). See Fig. 6 for illustration

Df degrees of freedom

Significance codes: ***0.001, **0.01, *0.05, . 0.1

positive relationship was observed between pull-off forces
and surface wettability: pull-off forces=15.7-(0.1 X contact
angle), R?*=02,F=37, p=0.07; linear regression. It is note-
worthy that forces were not related to surface roughnesses:
pull-off force=8.9-(0.02 x Sa), R?=0, F=0.1 , P=0.8; pull-
off force =8.9-(0.003 x Sz), R?=0, F=0.1, P=0.8; pull-off
force=8.9-(0.01 X Sq), R?>=0, F=0.1, P=0.8; linear regres-
sions. However, the egg pull-off force significantly depended
on the number of plant epicuticular wax tubules (R*=0.5,
F=11.6, P=0.004) and filaments (R*=0.4, F=8.7, P=0.011)
but not platelets (R>=0.05, F=0.7, P=0.4) (Fig. 7).

Considering the maximum pull-off forces on glass and
the respective contact areas, the adhesive strength was cal-
culated to be 0.03 N mm™ (28.8 kPa) on hydrophobic glass
and 0.20 N mm™ (198.0 kPa) on hydrophilic glass.

Discussion

The present study combined optical, chemical, and mechani-
cal methods to investigate whether the adhesion of dia-
mondback moth eggs differs between artificial and natural
surfaces, among three Brassica host species, and across dif-
ferent leaf ages.

Raman spectroscopy indicated the presence of various
lipids, peptides, amides and aromatic amino acids, confirm-
ing the predominantly proteinaceous nature of the moth’s
egg adhesive.

Unlike the surface properties of the diamondback moth’s
preferred host plants, the egg adhesive adhered better to less
hydrophobic surfaces, as the compounds in the egg adhesive
are mainly polar. The limited wettability of plant waxes and
a reduced contact area led to a decrease in pull-off forces
with an increasing number of epicuticular wax crystals,
which diminish as leaves age. The least egg adherence was
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8
pull-off force = 3.5 - (0.2 * wax platelets),
R'=0.05F,,=07,P=04
pull-off force = 4.7 - (0.5 * wax tubules),
6 R'=05,F, =116, P=0.004

pull-off force = 4.7 - (0.2 * total wax),
R'=05,F,,=12.7,P=0.003

mean pull-off force [mN]
N
|

\ ! ! !

T
0 2 4 6 8 10 12 14 16 18
number of wax crystals

Fig. 7 Relationship between mean egg pull-off force and number of
wax crystals per 25 um? plant surface area, separated for wax crys-
tal categories (“platelets”/initially developing tubules), tubules, fila-
ments), and pooled for all categories (total wax); linear regression
equations, coefficients, F statistics and probability values (P)

observed on white cabbage and rape surfaces, while the
highest was on the petioles of older Chinese cabbage leaves.
Also, the amount of egg adhesive applied by the moths was
adapted to the structures of the plant surfaces.

One has to keep in mind that rearing insects predomi-
nantly on a single host species and allowing them to lay
eggs on artificial substrates for an extended period may have
influenced their physiology and behaviour, as well as the
results of this study. These effects should be examined in
further experiments. Nevertheless, since our observations
are consistent with previous studies, the comparisons pre-
sented in the Discussion section below seem to be valid.

Given that insect egg adhesion is little understood so far,
we will discuss our findings within a broader context, also
taking into account previous research regarding the effects
of rain impact and sprinkling on moth egg detachment (Rah-
man 2019; Rahman et al. 2019, 2023). This comprehensive
view aims to promote future integrative and multidiscipli-
nary studies on insect oviposition and egg adhesion.

Plant surfaces and oviposition

Various plant cues, potentially both physical and chemical
—particularly glucosinolates, isothiocyanates, and surface
waxes— stimulate oviposition and feeding in P. xylostella
(Reed et al. 1989; Justus and Mitchell 1996; Spencer 1996;
Renwick 2002; Marazzi et al. 2004; Ang et al. 2014, 2016).
Van Loon et al. (1992) reported that a combination of apolar
compounds, such as alkanes, and polar glucosinolates, both
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present in cabbage wax layers, significantly enhances ovi-
position compared to glucosinolates alone (Spencer 1996).
Female butterflies, such as those of Pieris brassicae, grasp
leaves and ‘taste’ them with their feet using tarsal chemo-
receptors. They attach to leaf margins and bend their abdo-
mens towards the abaxial leaf side after tasting the glucosi-
nolates on the adaxial leaf side, laying their eggs regardless
of the properties of the abaxial leaf side (van Loon et al.
1992; Caarls et al. 2023). Indeed, the distribution of chemo-
sensilla on the tarsi differs between P. xylostella moths and
P. brassicae butterflies; however, a chemosensory function
in assessing host plant quality has also been suggested for
P. xylostella tarsi and warrants further investigation (Qiu
et al. 1998).

Justus et al. (2000) highlighted the significance of a
proper foothold in P. xylostella for stabilising the female’s
body, especially on abaxial or aligned surfaces, which allows
abdominal lifts during egg deposition. This background
may explain why eggs are often found near leaf veins and
trichomes, as well as in areas with abraded wax, because
females can effectively grasp these sites, facilitating egg
fixation (Fig. 4F-I) (Hardy 1938; Harcourt 1957; Rosario
and Cruz 1986; Talekar and Shelton 1993; Rahman 2019;
Gopika et al. 2021). Consistent with this observation, Tale-
kar et al. (1994) demonstrated that the number of eggs on
Chinese cabbage leaves increased with trichome density.

Intact hierarchically arranged Brassicaceae plant surface
structures, composed of wax flat platelets (initial tubules),
robust tubules, rods, and superimposed filaments, may func-
tion similarly to the anti-adhesive wax layers in carnivorous
pitcher plants, Nepenthes sp. (Nepenthaceae). Waxes on the
pitcher surface have been experimentally shown to consist of
mechanically stable lower plates covered with fragile, irreg-
ular platelets connected by thin stalks. These upper plates
break easily, creating a separation layer between insects and
the pitcher’s surface. Prey entering the trap loses its foothold
due to tarsal contamination with detached waxes and further
contact minimisation by the lower waxes (Gorb et al. 2014).
In Fig. 5P and Q, detached wax crystals from white cabbage
can be seen adhering to egg adhesive. On this substrate, the
egg adhesive did not form strong bonds. This observation
aligns with previous findings that demonstrate thick wax
layers influence diamondback moth oviposition (Justus and
Mitchell 1996), indicating that more eggs are deposited on
glossy plants and plants with altered waxes (Eckenrode et al.
1986; Uematsu and Sakanoshita 1989; Justus et al. 2000;
Ulmer et al. 2002; Zhu et al. 2022a, b). On less waxy leaves,
eggs were usually laid singly, whereas clusters were found
on waxy plants, such as common cabbage, as clusters create
a larger contact area and adhere more efficiently (Rahman
2019).

Previously, more eggs have been observed on younger
leaves than on older ones (McCall and Fordyce 2010; Ang
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et al. 2014; Badenes-Pérez and Heckel 2023). Various expla-
nations have emerged: (1) higher concentrations of glucosi-
nolates and saponins in younger leaves as compared to older
ones (Badenes-Pérez et al. 2014) and (2) lower suitability
of older leaves for larval development and survival relative
to younger leaves (Larsson and Ohmart 1988; Raupp et al.
1988; Kause et al. 1999; Rodrigues and Pires-Moreira 1999).
Additionally, conditions on larger leaves are considered
stressful for eggs, as they can become hotter than those on
smaller leaves during the day (Potter et al. 2009). However,
the impact of epicuticular wax coverage on leaf temperature
has been overlooked despite its role in reflecting and protect-
ing against transpiration. Williams (1981) and Bonebrake
et al. (2019) noted that oviposition preferences may shift to
suboptimal, basal, and senescent leaves if egg mortality is
high on apical, more nutritious leaves in specific microcli-
matic contexts (e.g., sun, heat, wind, drought, or rain).

A B

This study demonstrates that the hierarchical complex-
ity of plant epicuticular wax coverage, i.e., the number
of superimposing wax tubules and filaments, increases
with leaf ageing (Fig. 2, Table S2). In addition, older
leaves often exhibit multiple sites with abraded, altered,
or smeared wax crystals, similar to those found on stems
(Figs. S4). Previous research indicates that P. xylostella
can detect subtle differences in phylloplane characteristics
even within a single plant, suggesting a combination of
stimuli that trigger oviposition (Gupta and Thornsteinson
1960; Tabashnik and Mau 1986; Uematsu and Sakanosh-
ita 1989; Pivnick et al. 1990; Talekar and Shelton 1993;
Talekar et al. 1994; Spencer 1996; Spencer et al. 1999;
Couty et al. 2006; Ang et al. 2014; Badenes-Pérez et al.
2014; Rahman 2019). These complex plant-moth interac-
tions may explain previous conflicting reports regarding
P. xylostella’s oviposition preference for adaxial leaves
(Harcourt 1957; Rahman 2019; Gopika et al. 2021; Lasota

C

es
egg /
hydrophilic glass hydrophobic glass plant surface
D E F
wt wi tr ve
wr wi wr

dr

Fig.8 Hypothetical schematic of Plutella xylostella eggs adhering
to various substrates. A The flat-shaped egg surrounded by the egg
adhesive, which spreads and establishes a thin film on the hydrophilic
glass. B A less flattened egg and a thicker secretion layer on hydro-
phobic glass. C The egg on a rather smooth plant surface, comparable
to the situation on hydrophobic glass. D The egg on a plant surface
covered with solid crystalline wax rods and tubules. The egg adhe-
sive embeds the waxes and contacts the plant cuticle, creating a stable
matrix. E The egg on a plant surface covered with solid crystalline
wax rods, tubules, and superimposed fragile filaments. The secre-
tion cannot contact the plant cuticle, embeds several wax filaments,
and forms a few loose lamellar bulks. F The same situation as E,
but the egg fixated between a trichome and the leaf vein, thus resist-

ing environmental influences. G-I The impact of rain and irrigation
water drops on plant surfaces, including the adhering eggs and sug-
gested interactions. The stable matrix of egg adhesive adhering to the
plant cuticle and embedding wax crystals keeps the egg attached to
the plant while a rain droplet makes contact with (arrow) and either
spreads over the surface or splashes (dotted line arrows) (G). Frag-
ile wax filaments and the egg detached and adhered to a rolling-off
water drop (H). Drop-induced leaf vibration shakes off the egg along
with embedded fragile wax filaments, which are separated from the
underlying stable wax rods and tubules; the drop either spreads or
splashes (I). dr water drop, ea egg adhesive, tr trichome, ve leaf vein,
wf crystalline wax filaments, wr crystalline wax rods, wt crystalline
wax tubules
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and Kok 1989) versus abaxial leaves (Harcourt 1957; Ang
et al. 2014; Gopika et al. 2021), which depend on experi-
mental and environmental conditions, leaf position, leaf
age, plant cultivar, and age. It has also been noted that
stems can serve as suitable oviposition substrates, with
veins and trichomes aiding in egg attachment (Fig. 8F)
(Reddy et al. 2004; Sarfaz et al. 2005; Silva and Furlong
2012).

Egg morphometric characteristics observed through
three-dimensional digital microscopy and cryo-SEM share
similarities with previous reports, confirming the oval egg
shape and sculptured surface of the egg (Hardy 1938; Ash-
wini 2014; Philips et al. 2014; Bhure et al. 2020; Gopika
etal. 2021; Saran and Geng 2021).

Egg adhesive

The limited and consistent distribution of adhesive secre-
tion (Fig. 5A-I, M), which covers and surrounds the egg at
a distance of 8-45 um, reflects the oviposition behaviour
of the diamondback moth. This behaviour involves prob-
ing the substrate with the ovipositor tip, sweeping the ovi-
positor as the distal abdominal segments bend, lifting the
wings, lowering the ovipositor, and making lateral contact
with the substrate to release a single egg. As the abdomen
moves slightly from side to side, the egg is glued to the sub-
strate while the female is walking; only 14% of oviposition
attempts result in successful egg deposition (Harcourt 1957,
Justus and Mitchell 1996).

The thin film of egg adhesive, with a few lamellar fila-
ments at the egg-substrate interface, gradually thins to the
edge (Figs. SE-H; 7A, B), suggesting that it has a low-vis-
cosity upon release. This secretion consolidates as it spreads
and embeds plant wax crystals, creating a nanometer-thin
layer that promotes intermolecular forces and high adhesion
(Habenicht 2009).

Rinsing with acetone resulted in the removal of the adhe-
sive from the egg surface. Similar observations have been
made for the eggs of the leaf insect Phyllium philippinicum
Hennemann, Conle, Gottardo, and Bressel (Phasmatodea,
Phylliidae), which are related to exteriorly polar and inte-
riorly nonpolar adhesive components (Biischer et al. 2020).

The egg adhesive effectively wetted the hydrophobic
adaxial and abaxial cuticles of Chinese cabbage, forming
thin films (Figs. 5K, L; 7C). Similar to the egg adhesive
of Cydia pomonella on waxy apple fruits (Al Bitar et al.
2012, 2014) and the asparagus beetle Crioceris asparagi
eggs on waxy Asparagus officinalis cladophylls (Voigt and
Gorb 2010), the diamondback moth egg adhesive covers the
sparse, single-layer wax crystals and the cuticle in between,
creating stable matrices resistant to removal (Fig. 8D). These
properties could be attributed to lipids (Fig. S5), which
have been confirmed in egg adhesive by this and previous
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studies (Hinton 1981; Li et al. 2008). In contrast, the highly
hydrophobic, double-layer, and densely wax-covered sur-
faces of rape and white cabbage were poorly wetted by the
P. xylostella egg adhesive (Figs. SN-Q, 7E, F). Evidently,
females released a higher volume of secretion to cover the
less numerous waxes on rape and to form long, bulky secre-
tion filaments on white cabbage, which were easily and fre-
quently detached. We hypothesise that physical (structural)
and chemical effects interact to influence egg detachment
from plant surfaces. So far, the majority of identified egg
elicitors that induce plant defences are of a non-proteina-
ceous nature (Hundacker et al. 2021; Caarls et al. 2023). Yet,
the primarily proteinaceous nature of insect egg adhesive
(Beament and Lal 1957; Amornsak et al. 1992; Burkhart
et al. 1999; Jin et al. 2006; Li et al. 2008; Betz 2010), as
observed in the present study, may explain the low wetting of
highly hydrophobic substrates. This phenomenon could be
underpinned by the presence of water-affine mucopolysac-
charide compounds in P. xylostella egg adhesive, identified
by Justus and Mitchell (1999). However, we did not find
such a compound in our current analyses.

The portions of carbon (18.6 weight%), nitrogen
(2.5 weight%), and oxygen (11.3 weight%) detected by
EDS result in ratios of C/N (7.4), C/O (1.6), and N/O (0.2),
which differ from those found in the egg glue of the West-
ern conifer seed bug Leptoglossus occidentalis Heidemann
(Heteroptera, Coreidae) (4.4, 3.4, 0.8, respectively; Sanchez-
Hernandez et al. 2023). However, the orders from the highest
to lowest ratio resemble each other in both moths and bugs.
According to Li et al. (2008), the egg adhesive in P. xylos-
tella contained less than 45 weight percent protein and did
not exhibit strong bands on electrophoresis.

Raman spectroscopy in the present study primarily
detected peptides and saturated lipids that partially over-
lap with each other. Accordingly, Hinton (1981) has stated
that some lepidopteran egg glues contain lipids and that
inorganic salts are undoubtedly present. We observed a low
potassium weight percentage in the EDS spectra, but this
was not confirmed by Raman analysis. This discrepancy may
be explained by the different ages of the glue material used
in both approaches; the material used for EDS was fresher.

While peptides primarily contribute to the inner structure
of the glue, lipids mainly aid in wetting different substrates.
Amides are common in biological adhesives, forming highly
stable bonds in various biomolecules, such as peptides and
proteins (Mahesh et al. 2018). Interestingly, the co-presence
of amide I and amide III, as identified in P. xylostella egg
glue, has also been reported in the silk of silkworms, silver-
fish, and crickets (Walker et al. 2013). The Raman spectrum
of diamondback moth egg glue shows several similarities to
that of the silk fibroin film and liquid from Bombyx mori L.
(Lepidoptera, Bombycidae; Monti et al. 2021). Silk produc-
tion in P. xylostella larvae is known to help them overcome
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challenging host substrates, escape enemies, and cope with
abiotic impacts, e.g., through abseiling. They also create
silk puparia (Zhu et al. 2022a, b). Thus, the synthesis of
fibroin is likely evolutionarily anchored in this moth spe-
cies and may influence the chemistry of the egg glue pro-
duced by adults. This hypothesis reflects the different silk
types and the incorporation of the f-sheet structural motif
(Craig 1997). For comparison, a recent proteomic study on
spider mite silk revealed that different glands can release
similar secretions, as do spider mite silk glands and saliva
glands for fibroins (Arai et al. 2025). The material released
by salivary glands appears viscous and exhibits adhesive
properties. Similarly, fibroin-like sticky substances could
be released from the moth’s colleterial glands to help fix
the eggs in place. The filaments into which the egg adhe-
sive is pulled in Fig. 5F and G may be explained by S-sheet
crystals embedded within an amorphous matrix, resulting in
polypeptide-based nanocomposites in natural silks, which
contribute to the high strength and toughness of spider silk
(Chan et al. 2025).

The simultaneous presence of the characteristic aro-
matic amino acids phenylalanine (Phe) and tyrosine (Tyr),
as found in P. xylostella egg glue, is widely associated with
the formation of L-3,4-dihydroxyphenylalanine (DOPA).
DOPA is an o-dihydroxy derivative of the monophenolic
amino acid Tyr, shared by phylogenetically different ani-
mals. It is well-known that marine bioadhesive systems,
such as those found in mussels and tubeworms (Flammang
et al. 2009; Lutz et al. 2022), exhibit this property. DOPA
contributes to the intermolecular crosslinking of adhesive
proteins and their bonding with surfaces, thereby enhanc-
ing both cohesive and adhesive strength (Yu et al. 1999;
Ooka and Garrell 2000; Power et al. 2010). It is involved
in various interactions with other molecules and surfaces,
including both covalent and non-covalent bonds. For exam-
ple, cation-z interactions occur between the benzene rings
of aromatic amino acids and the side-chain amine groups of
positively charged amino acids, resulting in strong intermo-
lecular interactions (Kamino 2006; Liang et al. 2019). The
hydroxyl groups of DOPA can interact with polar surfaces
through hydrogen bonds.

Additionally, Tyr exhibits amphiphilic characteristics that
allow it to wet both hydrophilic and hydrophobic substrates,
including nonpolar waxy plant surfaces. However, since
P. xylostella egg glue adheres better to less hydrophobic
surfaces, we suggest that the glue compounds are predomi-
nantly polar in nature. Furthermore, the saturated state of
these compounds, as identified in the present study, sug-
gests limited interaction with counterparts but also indicates
effective internal crosslinking, potentially mediated by gly-
cosylation (Graham 2018), protein condensation (covalent
joining of —H and —OH containing groups on amino acids
to form dipeptides or polypeptides), and disulfide (—-S—S-)

bonds (Hemmerich 2007; Power et al. 2010; Hennebert et al.
2019; Lutz et al. 2022). The latter have been indicated by the
S-S stretch in P. xylostella egg glue (Table S5).

Another vital process in biological adhesives is the pro-
tein phosphorylation of various target amino acids, including
Tyr (Flammang et al. 2009; Petrone 2013). This phenom-
enon is also likely present in P. xylostella egg secretion, as
suggested by a phosphate stretch in the Raman spectrum
(Fig. 1, Table S5). The calcium portion detected by EDS
(Fig. 5R) may contribute to Ca** bridging between mol-
ecules, which could enhance both the cohesion and adhe-
sion of secretion. Well-crosslinked materials are also more
resistant to weathering (Lutz et al. 2022).

Biological adhesives, such as P. xylostella egg glue, are
secreted onto the surface as viscous fluids or colloidal sus-
pensions and must solidify to form a load-bearing joint after
application (Stewart et al. 2011). In the case of fruit fly pupa
glue, glycosylated proteins are believed to enhance solubility
at high concentrations, which are necessary for glue release,
while f-sheets facilitate nucleation (Monier and Courtier-
Orgogozo 2022). Complex coacervation occurs when
proteins combine in solution to form soluble aggregates,
resulting in the phase separation of liquids into a denser
(coacervate) phase and a less dense (equilibrium) phase.
This process is pH-dependent and typically produces a low-
viscosity coacervate with low surface tension. Changes in
pH or temperature can trigger the subsequent crosslinking
of soluble protein aggregates (Waite et al. 2005; Power et al.
2010). This variable, trigger-dependent solidification, may
contribute to the considerable standard deviations observed
in pull-off forces.

Further research on moth egg glue should consider both
general findings and specific characteristics of biological
adhesives, including the interesting aspects found in the pupa
glue of D. melanogaster, where gene sequences undergo
rapid evolution and adaptations in glue adhesion to various
environmental conditions (Monier and Courtier-Orgogozo
2022). This aspect is particularly relevant, considering that
moth eggs are exposed to weathering conditions.

Egg adhesion

The average egg mass was 23 ug, which is less than the
previously reported measurement of 57 pg for diamondback
moth eggs (Saran and Geng 2021). This difference can be
attributed to variations in the moth populations, rearing con-
ditions, and measurement procedures used in the previous
and present studies.

The adhesive strength of P. xylostella eggs was meas-
ured at 29 kPa on hydrophobic glass and 198 kPa on hydro-
philic glass. These values are comparable to those of other
Lepidoptera, including codling moths C. pomonella on
waxy apple fruits (up to 98 kPa; Al Bitar et al. 2012, 2014)
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and butterflies Lycaeides idas on waxy Lotus nevadensis
(94 kPa; Fordyce and Nice 2003). Differently, asparagus
beetle C. asparagi eggs exhibited much stronger adhesion on
waxy Asparagus officinalis than P. xylostella eggs on glass,
reaching up to 271 kPa (Voigt and Gorb 2010). However, the
safety factor (the ratio of pull-off forces to egg weight) of
beetle eggs on Asparagus (8650) and P. xylostella eggs on
hydrophobic glass (8517) were similar. On host plants, the
moth egg safety factors ranged from 1795 on young adaxial
white cabbage leaves to 25,461 on old Chinese cabbage
petioles.

Previous standardised measurements of lepidopteran
egg adhesive indicated potentially much higher adhesive
strength, such as silkmoth secretion measured between two
aluminium plates, resulting in 1.2 MPa for Bombyx mori
L. (Lepidoptera, Bombycidae; Yoshida and Nagata 1997),
2.0 MPa in Antheraea yamamai (Guérin-Ménéville), and
3.0 MPa in Rhodinia fugax (Butler) (Lepidoptera, Saturnii-
dae; Yago et al. 2001). The adhesive from the egg capsules
of the gum moth Opodiphthera sp. (Lepidoptera, Saturnii-
dae) was elastic and tacky, resembling a hydrogel, with shear
strengths between two wood blocks ranging from 1 to 2 MPa
(Li et al. 2008). These higher values compared to those of
diamondback moth egg adhesive may be attributed to dif-
ferences in measurement setups and varying sampling sites.

Interestingly, the adhesive strength of P. xylostella eggs
on glass is similar to that of Drosophila melanogaster Mei-
gen pupae (Diptera, Drosophilidae), fixing their bodies
to various substrates by a transparent thin-layered glue
(190 kPa on untreated hydrophilic and 21 kPa on hydro-
phobic surfaces) (Borne et al. 2020; Monier and Courtier-
Orgogozo 2022). An average force of 217 mN is required
to detach a 1.4 mg weighing pupa from a glass surface,
equating to 15,500 times the pupa’s weight, i.e., safety fac-
tor (Borne et al. 2020). The comparable appearance and
performance suggest the employment of similar secretions
during different insect life stages and in distantly related lin-
eages, suggesting convergence in substrate adhesion among
various phyla.

Our data, which include considerable standard deviations,
confirm that the degree to which a P. xylostella egg attaches
to a plant varies greatly and also depends on the physico-
chemical characteristics of the plant surface (Fig. 6, Table 1)
(Miiller and Riederer 2005). Pull-off forces are slightly
related to surface wettability and depend significantly on
the number of wax crystals (Fig. 7), suggesting both the
amphiphilic wetting properties and embedding challenges
of surface structures by the limited volume of egg adhesive.
The interactions between substrate x plant site, plant site x
leaf age, and substrate x plant site x leaf age were significant
in our pull-off force measurements (Table 2), indicating the
plant surface significance for proper egg adhesion. Stand-
ard deviations may originate from irregular dispersion and
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partial alteration of plant surface structures, as well as vary-
ing physiological moth fitness.

The significantly larger contact area on hydrophilic glass
compared to hydrophobic glass aligns with previous find-
ings by Uematsu and Sakanoshita (1989), which indicated
that eggs appeared flatter and formed a larger contact area
on less hydrophobic, glossy surfaces than on highly hydro-
phobic, waxier surfaces (cabbage, broccoli, and rape leaves).
A discussed, greater contact areas resulted in higher forces
required to detach eggs in the following contexts: (1) from
hydrophilic glass compared to hydrophobic glass, (2) from
the less waxy Chinese cabbage compared to waxy rape and
highly waxy white cabbage, (3) from older leaves compared
to younger leaves, and (4) from stems/petioles compared to
leaf laminae.

Reliable egg attachment to host plants is crucial for the
survival of diamondback moths in the field, as eggs can eas-
ily be washed off the leaf surface by rainfall, leading to mor-
tality rates of 56% to over 80% (Harcourt 1957; Annamalai
et al. 1988; Wakisaka et al. 1990; Rahman 2019). Corre-
sponding with the relatively low pull-off forces measured in
this study, eggs on common cabbage plants have been previ-
ously found to be more susceptible to rainfall than those on
Chinese cabbage plants in rain simulation experiments con-
ducted by Rahman (2019). Rahman ranked egg susceptibility
to simulated rainfall on different parts of common cabbage
plants as follows: adaxial leaf surfaces > petioles = abaxial
leaf surfaces > stem, which fits well with our force data. In
contrast, rain simulations showed no difference in egg sus-
ceptibility to rainfall in various parts of Chinese cabbage
plants, while we observed a stronger egg adhesion on the
younger leaf petioles and the older abaxial lamina. Differ-
ences in experimental conditions and cultivars between the
previous rain simulations and our pull-off force tests may
account for this discrepancy, although the plant ages were
nearly comparable.

In line with our findings on pull-off forces, eggs laid on
older common cabbage leaves were less susceptible to rain-
fall than those on younger ones. In Chinese cabbage, egg
susceptibility to rainfall was unaffected by leaf age (Rahman
2019; Rahman et al. 2019). However, pull-off forces were
higher on younger abaxial leaves compared to older ones,
and higher on older adaxial leaves and petioles compared
to younger ones. Rahman also demonstrated that eggs laid
in the leaf veins of common cabbage plants were less easily
dislodged by rainfall than eggs on other parts of the plant
(Rahman 2019). Eggs laid singly were more easily detached
by water droplets compared to clustered eggs. These aspects
have often been overlooked in force experiments, yet they
represent valuable questions for future research that need to
be addressed. Also, the bond between P. xylostella eggs and
leaves weakens with ageing (Rahman 2019), likely due to
the effects of time and the expansion of particularly young
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leaves, as observed for Helicoverpa armigera (Hiibner)
(Lepidoptera: Noctuidae) on cotton (Kyi et al. 1991), which
is an interesting point to be included in further egg adhe-
sion experiments. Furthermore, the egg adhesives of various
herbivorous insects contain elicitors that also contribute to
inducing plant defences against the eggs or hatching larvae.
This fact suggests that plants have not only evolved physi-
cal and chemical mechanisms to prevent insect attachment
but also receptors that can recognise certain substances in
the egg adhesive, adding another dimension to this topic
(Hilker and Fatouros 2015; Hundacker et al. 2021; Caarls
et al. 2023; Hilker et al. 2023).

The present results allow further integration with previ-
ous data, as discussed in the following paragraphs.

Knowledge integration: egg adhesion
and the influence of weather

Insect eggs are exposed to various abiotic environmental fac-
tors, including radiation, wind, and precipitation. Rainfall is
a significant mortality factor in P. xylostella eggs, which are
often washed or shaken off, inflecting plants by the impact
of raindrops (Annamalai et al. 1988; Kobori and Amano
2003). Water sprinkling can also dislodge eggs and larvae
from leaves, especially from those with thick wax layers
(Harcourt 1957; Nakagome and Kato 1974; Eckenrode et al.
1986; Talekar 1986; Wakisaka et al. 1990; Rahman 2019).

Raindrops have diameters of several millimetres and
reach mean fall velocities of approximately 9-10 m s,
exerting considerable forces upon impact (Gatlin et al. 2015;
Serio et al. 2019). The dynamics of drop impact involve
several variables, including force, drag, pressure, surface
wettability, and stress distributions, which are influenced
by drop size, shape, and release height (Cheng et al. 2022).
Depending on the material properties of the substrate,
drops may bounce, splash, or spread, transferring kinetic
energy when they strike leaf surfaces. Bhosale et al. (2020)
described the complex elastic responses of leaves to raindrop
impacts, including bending, torsion, and flapping (secondary
torsion). Leaves behave similarly to damped harmonic oscil-
lators, reaching amplitudes of several centimetres for large,
thin leaves at a velocity of up to 50 m s (Gart et al. 2015;
Kim et al. 2021; Gilet and Tardrist 2025).

When raindrops hit a pruinose plant surface, part of the
wax bloom can be removed (Kimura et al. 1987; Rahman
2019). Fragile wax filaments (dendrites) may fracture (Baker
and Hunt 1986) and adhere easily to the surface of the water
droplet, potentially washing off moth eggs along with the
wax bloom due to the low contact area of the egg adhe-
sive with the rough, waxy leaf coverage (Fig. 8G and H).
This phenomenon resembles the self-cleaning Lotus effect
described by Barthlott and Neinhuis (1997). On hydropho-
bic plant surfaces, water droplets bead up (splashing). They

may dislodge spores and tiny objects, such as arthropod
eggs (Davies 1961; Soto et al. 2014). Additionally, Kim
et al. (2021) noted that a vortex ring forms during raindrop
impact, which can carry micron-sized spores away from
infested leaf surfaces.

The initial phase of drop impact causes a hydraulic shock
that lasts for nanoseconds, during which the water mass is
abruptly halted, resulting in a change in momentum for the
molecules involved (Soto et al. 2014). A shock wave travels
through the deforming drop at the sound velocity, exerting
pressure as a result. The second phase of impact (crash-
ing time), which lasts for milliseconds, reduces the drop’s
velocity to zero, applying dynamic pressure to the affected
area. This phase is crucial for energy conversion (Soto et al.
2014; Roth-Nebelsick et al. 2022). Given that a drop can
impact at speeds of up to 40 m s™ and a drop sound veloc-
ity of 1480 m s, the pressures involved can exceed 1 MPa,
making the elastic responses of leaves essential during these
impacts (Roth-Nebelsick et al. 2022). These pressures, along
with the resulting stresses and leaf deflections, can overcome
the adhesive strength of P. xylostella eggs (which ranges
from 0.4 to 6.8 mN on host plants and can be as high as
198 kPa on hydrophilic glass), potentially detaching the
eggs through washing-off or shaking-off (Fig. 8). The moth’s
preference for ovipositing on stems, veins, and alongside
trichomes (Rahman 2019; present study) appears to be not
only a strategy to avoid rain but also a means to escape high
pressures and leaf deflections caused by drop impact. Stems
and petioles are more stable structures that are less likely
to bend or flap compared to leaf laminae. Millimetre-sized
trichomes can significantly influence drop impact by absorb-
ing energy and suppressing splashing (Nasto et al. 2019). In
a study on Pieridae butterflies, Peters et al. (2024) observed
that oviposition away from leaves can also lower the risk of
eggs being harmed by plant leaf cell death and hypersensi-
tive responses.

Knowledge integration: ecological-evolutionary
perspective

Insect oviposition has been viewed as a complex tradeoff
influenced by various factors that can sometimes be contra-
dictory. These factors include egg-killing plant traits (Griese
et al. 2021), host plant range, clutch size, host quality, pre-
dation and parasitism risks, larval mobility, host-finding
capability, microclimate, and more (Janz 2002). Oviposit-
ing females face several selection pressures related to their
fitness, energy-efficient metabolism, and behaviour.
Importantly, female host plant preferences do not always
align perfectly with larval performance. Most insect larvae,
including those of diamondback moths, prefer and perform
better on younger leaves (although more exposed to abi-
otic impacts), which tend to have higher concentrations of
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defense chemicals, more nutrients, and water; they are softer
and less fibrous than mature or senescent leaves (“plant-age
hypothesis™) (Scheirs and De Bruyn 2002; Moreira et al.
2016). For neonate P. xylostella, waxy surfaces of Brassica
oleracea var. capitata provide a suitable substrate, causing
them to spend significantly more time palpating, biting, and
spinning silk (Eigenbrode et al. 1991). The “preference-
performance hypothesis” suggests that oviposition prefer-
ence should align with host suitability. Female phytophagous
insects tend to select host plants that optimise the fitness of
their progeny (Jaenike 1978; Price 1990; Gripenberg et al.
2010), as demonstrated in experiments with P. xylostella
by Zhang et al. (2012). Uematsu and Sakanoshita (1989)
noted that the oviposition site preference of P. xylostella
is not linked to factors that affect egg attachment; instead,
these factors influence preferences prior to egg release. As
a result, glossy surfaces that facilitate stronger egg adhesion
are not necessarily favoured over waxy ones by ovipositing
P. xylostella (Talekar and Shelton 1993). Conversely, eggs
are primarily concentrated in the lower leaf stratum of waxy
cabbage (Ang et al. 2014), supporting the food supply for
hatching larvae that have limited mobility (Silva and Furlong
2012). The preference for pruinose surfaces for laying eggs
may also be attributed to the effect that eggs deposited on
waxier Brassicaceae induce little or no plant cell death and
do not trigger hypersensitive responses (Fatouros et al. 2012;
Griese et al. 2021; Bassetti et al. 2022). However, Rahman
et al. (2023) observed fewer eggs on waxy plant parts that
wash away easily with rain, with these inadequate substrates
causing moths to cluster the eggs together. The authors con-
cluded that females may alter their behaviour to enhance egg
survival when suitable oviposition substrates are lacking.
Cryo-SEM images further suggest that the volume of egg
adhesive can be adjusted to meet these requirements; spe-
cifically, the thicker the epicuticular wax layers, the more
prominent the egg adhesive (Fig. SE-O).

Placing eggs on pruinose substrates may provide enemy-
free space for eggs and offspring, as many predators and
parasitoids are hindered by epicuticular plant waxes (e.g.,
Eigenbrode 2004). Shorter egg incubation times can mitigate
egg loss caused by rain impact, which can be counterbal-
anced by high fecundity. Similar to apple moths C. pomo-
nella (Wood 1965; Aghdam et al. 2009; Blomefield and
Giliomee 2009; Saeed et al. 2019; Saran and Geng 2021)
and asparagus beetles C. asparagi (Witt and Edwards 2002),
P. xylostella eggs usually hatch 2-6 days after oviposition
(Harcourt 1957; Rosario and Cruz 1986; Liu et al. 2002;
Gowri and Manimegalai 2016; Bhure et al. 2020; Gopika
et al. 2021), with a female laying an average of 150 eggs
and a maximum of up to 350 eggs throughout its lifespan
(Gunn 1917; Marsh 1917; Tsedeler 1931; Harcourt 1957,
Gopika et al. 2021). Unlike asparagus beetles, diamondback
moths can establish large populations (Bigger and Fox 1997;
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Ferenca and Tamutis 2017), which helps cushion egg losses
considerably.

Conclusions

Oligophagous diamondback moths lay their eggs on anti-
adhesive plant surfaces, which are covered with epicuticular
wax crystals. However, these oviposition sites do not always
correspond to substrates with the strongest egg adhesion.

The greatest force required to remove eggs was
observed on hydrophilic glass, indicating an adhesive
strength of 198 kPa and a certain polar affinity of the egg
adhesive. The viscous egg adhesive forms nanometer-thin
films on smooth and less structured surfaces, embedding
the epicuticular waxes. This adhesive primarily consists
of proteins and lipids, which could inspire the develop-
ment of advanced biomimetic adhesives for use on anti-
adhesive substrates in extreme environments (related to
previous descriptions of diamondback moths’ habitats).
Environmental influences on egg adhesion require further
detailed investigation.

By understanding the attachment and adhesive prop-
erties of eggs, we can develop more effective strategies
for plant protection, thereby enhancing pest control. This
study gives us at least three starting points for further
exploration. The first is to modify plant surface structures
(such as waxes and trichomes) through breeding tech-
niques to increase their tolerance to diamondback moths.
The second option is to alter the formulation of plant
protection products to incorporate mechanisms that inter-
fere with egg adhesion, thereby enhancing their efficacy.
The third approach focuses on physical plant protection
measures, including mechanical removal of herbivorous
eggs from plants by mechanical impact, such as sprinkling
drops and plant vibrations.

Comprehensive and integrative research approaches
will provide deeper insights into the evolution and ecol-
ogy of insect oviposition and egg adhesion.
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