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Abstract The present paper characterizes the attachment
ability of males and females of Nezara viridula (Heterop-
tera: Pentatomidae) on artificial surfaces (smooth hydro-
philic, smooth hydrophobic, different surface roughness)
and on both leaf surfaces of the typical host plant species
Vicia faba, using a centrifugal force tester and a traction
force experiments set up. N. viridula is a serious crop pest
in the world and shows attachment devices different from
the so far investigated Heteroptera, with a tarsus charac-
terized by distal smooth flexible pulvilli combined with
claws and proximal ventral hairy pad. Notwithstanding the
different body mass between the sexes, no difference was
found between friction forces generated by females and
males. Friction force was higher on hydrophilic surfaces
than on hydrophobic ones and was lower on both sides of
V. faba leaf compared with both hydrophilic and hydropho-
bic artificial smooth surfaces. On the surfaces with differ-
ent roughness, the friction force values varied significantly,
with the higher attachment ability on the surface with very
high asperity size followed by the smooth surface. The
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lowest attachment was on the surfaces with intermediate
asperity sizes. These results could be related to the specific
combination of attachment devices of N. viridula.
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Introduction

The attachment ability to various plant substrates is a cru-
cial factor for the evolutionary success of insects (South-
wood 1986). To achieve sufficient attachment for loco-
motion on widely diverse plant surfaces, insects evolved
various types of leg attachment devices (Gorb 2001). Claws
are adapted to interlock with rough surfaces (Nachtigall
1974; Betz 2002; Voigt et al. 2007), when the distances
between adjacent asperities as well as their heights are
larger than the claw tip diameter (Dai et al. 2002). On
smooth surfaces, insects attach themselves using their tar-
sal adhesive devices, such as hairy pads (for example, flies,
beetles, earwigs), or smooth flexible pads called arolia,
pulvilli and euplantulae (for example, cockroaches, ants,
aphids, grasshoppers, bugs, butterflies, moths) (Beutel and
Gorb 2001, 2006; Gorb 2001). Both types of insect adhe-
sive pads are flexible areas of the cuticle supplemented
with cuticular secretions (Dirks and Federle 2011).

To date, several studies have been carried out to char-
acterize the attachment ability of different insect taxa
including Blattodea (Roth and Willis 1952; Arnold 1974),
Coleoptera (Stork 1980; Ishii 1987; Gorb and Gorb 2002;
Voigt et al. 2008), Diptera (Walker et al. 1985; Gorb et al.
2001), Hymenoptera (Brainerd 1994; Federle et al. 2000,
2001, 2002; Frantsevich and Gorb 2002, 2004; Federle
and Endlein 2004; Endlein and Federle 2008), Orthoptera
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(Gorb et al. 2000; Gorb and Scherge 2000; Jiao et al.
2000), Thysanoptera (Heming 1972), Homoptera (Lees
and Hardie 1988; Dixon et al. 1990; Frantsevich et al.
2008) and Heteroptera (Gorb and Gorb 2004; Gorb et al.
2004; Voigt et al. 2007). In the last suborder, the knowl-
edge about attachment devices of Pentatomidae, a family
encompassing numerous dangerous pest species of agri-
cultural importance, is limited to a very few structural
data (Ghazi-Bayat and Hasenfuss 1980), but no experi-
mental study on attachment ability on different surfaces
has been performed so far.

One of the most known pentatomid species is the south-
ern green stink bug, Nezara viridula L. (Heteroptera: Pen-
tatomidae), a serious cosmopolitan pest of different crops
in most areas of the world (Todd 1989; Panizzi et al. 2000).
The adults of N. viridula are able to walk on different parts
of different plants, even if they prefer to lay their eggs on
the abaxial leaf surface (Tood and Herzog 1980; Colazza
and Bin 1995).

The aim of this paper is to characterize the attachment
ability of males and females of the southern green stink
bug on hydrophilic and hydrophobic artificial surfaces and
on the adaxial and abaxial leaf surfaces, using as a model
plant species Vicia faba L. (Fabaceae), one of the typical
host plants of this polyphagous insect. In consideration
that most natural surfaces, particularly plant substrates, are
rough, the friction forces of N. viridula males and females
were measured also on artificial substrates with different
roughness.

Materials and methods
Insects

N. viridula bugs were collected in the field in July 2016
close to Foligno (Perugia, Umbria region, Italy) and reared
in a controlled condition chamber (14 h photophase, tem-
perature of 25 + 1 °C; RH of 70 & 10%), inside clear plas-
tic food containers (300 mm x 195 mm x 125 mm) with
5 cm diameter mesh-covered holes. All stages were fed
with seeds, fruits and vegetative parts of their preferred
food plants. In particular, sunflower seeds (Helianthus
annus L.) and French beans (Phaseolus vulgaris L.) were
used to feed the insects. Only adult insects of both sexes
have been used for the experiments. Each insect was used
only once to avoid using damaged or stressed individuals.

Structural studies
The shock-frozen samples of abaxial and adaxial leaf sur-

faces of V. faba, and the tarsi of N. viridula were studied
in a scanning electron microscope (SEM) Hitachi S-4800
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(Hitachi High-Technologies Corp., Tokyo, Japan) equipped
with a Gatan ALTO 2500 cryo-preparation system (Gatan
Inc., Abingdon, UK). For details of sample preparation
and mounting for cryo-SEM see Gorb and Gorb (2009).
Total mount specimens and fractured samples were sput-
ter-coated in frozen conditions with gold—palladium and
examined at 3 kV acceleration voltage and temperature of
—120 °C.

Force measurements

The experiments were performed using a centrifugal force
tester and a traction force experiments set up. The reason,
why these two different approaches were chosen to make
similar measurements, was that the centrifugal experiment
imitates a situation, where an external force (wind, preda-
tor, etc.) is applied to an insect, whereas the traction experi-
ment rather corresponds to the general locomotion situa-
tion, where applied force is generated by an insect itself.
Moreover, the traction experiment allowed testing natural
substrata, which were impossible to build into our centrif-
ugal setup. Prior to the force measurements, adults of N.
viridula were weighed on a micro-balance (Mettler Toledo
AG 204 Delta Range, Greifensee, Switzerland). Experi-
mental insects were anesthetized with carbon dioxide (for
60 s) and were made incapable of flying by carefully glu-
ing their forewings together with a small droplet of melted
wax. In insects used in the traction force experiments set
up, one end of a 15-20-cm long human hair was fixed with
a droplet of molten wax on the pronotum. Before starting
the experiments, insects were left to recover for 30 min.

All the experiments were performed during the daytime
at 25 £ 2 °C and 45 £ 5% relative humidity.

The centrifugal experiments were performed to evaluate
the attachment ability of N. viridula on smooth hydrophilic
(glass) and more hydrophobic substrates (epoxy resin). The
centrifugal force tester (Gorb et al. 2001) is constituted of
a metal drum covered by a substrate disc to be tested. The
metal drum is driven by a computer-controlled motor. Just
above the disc, the fiber-optic sensor monitored by a com-
puter is placed. After the positioning of the insect on the
horizontal disc, the centrifuge drum was allowed to begin
the rotation at a speed of 50 rev min~" (0.833 rev s'). The
position of the insect on the drum was monitored using a
combination of the focused light beam and the fiber-optic
sensor. The drum speed was continuously increased until
the insect lost its hold on the surface under centrifugal force
(see Online Resource ESM_1 as examples of plot of insect
position over time with increasing rotation speed). The
rotational speed at contact loss, position of the insect on the
drum (radius of rotation), and the insect mass were used to
calculate the maximum frictional component of the attach-
ment force and the safety factor (friction force normalized
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by the insect body weight). 19 males and 20 females were
tested and five repetitions were done with each individual
bug.

The traction force experiments set up was used in two
sets of experiments, performed to evaluate the attach-
ment ability of N. viridula: on smooth hydrophilic sur-
face (glass), smooth hydrophobic surface (epoxy resin),
the adaxial and abaxial leaf surfaces of the host plant V.
faba (first set of experiments), and on artificial (epoxy
resin) substrates with different roughness (second set of
experiments).

The traction force experiments set up consisted of a
force sensor FORT-10 (10 g capacity; World Precision
Instruments Inc., Sarasota, FL., USA) connected to a force
transducer MP 100 (Biopac Systems Ltd, Goleta, CA,
USA) (Gorb et al. 2010). Data were recorded using Acq-
Knowledge 3.7.0 software (Biopac Systems Ltd, Goleta,
CA, USA). The insect was attached to the force sensor by
means of the hair glued to its pronotum and was allowed
to move on the substrate to be tested in a direction per-
pendicular to the force sensor. The force generated by the
insect walking horizontally on the test substrates was meas-
ured. Force—time curves were used to estimate the maximal
friction force produced by pulling insects (examples are
reported in Online Resource ESM_2).

In the first set of experiments, two V. faba leaves were
cut from the plant and attached (one leaf on its abaxial side
and the other on the adaxial side) with double-sided tape
to a horizontal glass plate. The leaves were changed after
every three tested insects to avoid their dehydration. Each
insect walked on glass, epoxy resin, and on the two leaf
sides, presented in random order, keeping glass as the first
and last tested surfaces to check the insect condition before
and after the experiment. The maximal friction force pro-
duced by insects on the different test surfaces was normal-
ized by the body weight to obtain the safety factor. In total,
20 males and 20 females were used.

In the second set of experiments, each insect walked on
glass and on seven (A—G) surfaces with different rough-
ness, presented in random order, keeping glass as the first.
In total, 20 males and 20 females were tested. The maximal
friction force produced by insects on the different test sur-
faces was normalized as percentage of the maximal force
produced on glass.

Substrate preparation and characterization

The wettability of surfaces used in experiments (smooth
hydrophilic surface (glass), smooth hydrophobic sur-
face (epoxy resin), adaxial and abaxial leaf surfaces of
V. faba) was characterized by determining the contact
angles of water (aqua Millipore, droplet size = 1 pl,
sessile drop method) using a high-speed optical contact

Table 1 Contact angles of water on tested substrates

Tested surfaces Contact angle (°)

Centrifuge experiments

Glass 37.15£1.10

Smooth epoxy resin 82.83 £ 0.69
Traction force experiments

Glass 40.81 +1.03

Smooth epoxy resin 98.94 + 1.07

Adaxial leaf side 86.06 + 1.11

Abaxial leaf side 87.46 £2.02

Data are presented as mean + s.e.m

angle-measuring instrument OCAH 200 (Dataphysics
Instruments GmbH, Filderstadt, Germany). Ten measure-
ments (n = 10) were performed for each substrate. The
values of contact angles of water obtained are given in
Table 1.

Artificial (epoxy resin) substrates with different rough-
ness were prepared to exclude the possible influence of
differences in the chemical properties of different sub-
strates. Epoxy resin casts of a clean glass surface and
polishing papers with defined asperity sizes (0.3, 1, 3,
9, 12 and 260 um) were made using a two-step mould-
ing method (Gorb 2007) to get artificial substrates with
different roughness parameters (A-G). We selected sub-
strates (0.3—12 pum) around the so-called critical rough-
ness, where other adhesive systems usually demonstrated
minima of attachment forces (Gorb 2001; Voigt et al.
2008) and one substrate with large roughness, where
claws are definitely engaged (260 pum).

The roughness of these substrates has been character-
ized using the white light interferometer New View 6000
(Zygo Middlefield, CT, USA) with the objectives 5x and
50x (N.A. 0.4, window size 1400 pym x 1050 ym and
140 pm x 105 pum, respectively). The roughness of the
adaxial and abaxial leaf surfaces of V. faba was meas-
ured using the same method. Five individual measure-
ments (n = 5) were performed for each substrate. Rough-
ness data for the above mentioned surfaces are given in
Table 2.

Statistical analysis

Friction force and safety factor (friction force divided
by the insect weight) data obtained in centrifugal force
test and in traction force experiments were analyzed with
two-way repeated measures ANOVA (Statistica 6.0, Stat-
soft Inc. 2001) considering the sex and the surface as
main factors. F tests were used to assess the significance
of the effects and their interactions. For significant fac-
tors, Tukey’s HSD post hoc test for multiple comparisons
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Table 2 Surface profile characteristics of the tested substrates

Tested surfaces Objective 5x Objective 50x

R, (um) r.m.s. (um) R, (um) R, (um) r.m.s. (um) R, (um)
Adaxial leaf side 19.96 + 1.02 26.16 £ 1.19 174.87 £ 8.46 3.69 £0.34 4.79 £ 0.41 20.87 +£2.49
Abaxial leaf side 23.16 £0.76 3143 £0.82 186.2 +3.73 4.00 £0.16 4.92 £0.25 21.52 £ 1.31
A 0.12 +0.01 0.16 +0.03 492 +1.25 0.00134 £ 0.00006  0.00206 & 0.00021  0.05157 £ 0.01421
B 0.35 +0.04 0.46 + 0.04 8.33 £ 1.62 0.22 £ 0.00 0.30 £ 0.00 3.80 £ 0.12
C 0.80 = 0.01 1.00 £ 0.03 16.63 £5.23 0.74 £ 0.01 0.91 £ 0.01 7.30 £0.10
D 1.65 £0.01 2.08 +£0.01 18.20 £ 0.65 1.64 £0.09 2.09£0.10 12.72 £0.37
E 3.64 +0.04 4.58 £0.04 31.25+0.31 2.98 3.99 22.12
F 4.04 +0.03 5.17 £ 0.04 37.62 +2.30 4.29 5.59 28.93
G 108.99 £ 14.52  130.98 £12.75 79537 +£49.97 3.38 4.19 50.19

Data are presented as mean + s.e.m

R, roughness average (absolute value of the surface height averaged over the surface), rm.s. root mean square or quadratic mean (a statistical
measure of the magnitude of a varying quantity), R, determined roughness (average of N individual roughness depths over a specified length)

between means was used. To evaluate the possible
dependence of friction force and safety factor on body

mass, data obtained from males and females on hydro-
philic surface were fitted with the linear regression and
analyzed using one-way ANOVA. In the traction force
experiments performed to evaluate the attachment abil-
ity of N. viridula on smooth hydrophilic vs. hydrophobic
surface and on the adaxial vs. abaxial leaf surfaces, the
safety factor (friction force divided by the insect weight)
obtained on the glass at the beginning of the experiment
was compared to that obtained on glass at the end of the
experimental series using the Student’s ¢ test for depend-
ent samples. The body masses of N. viridula females
and males were compared using the Student’s 7 test for
independent samples (Statistica 6.0, Statsoft Inc. 2001).
Before the analysis, all the data were subjected to Box—
Cox transformations to reduce data heteroscedasticity
(Sokal and Rohlf 1998).

Results

Morphology of tested plant surfaces and attachment
organs of N. viridula

In V. faba, the adaxial and abaxial leaf surfaces show similar
structure: they are composed of slightly convex epidermis
cells having strongly sinuous walls and stomata scattered in-
between (Fig. 1a, b, d, e). Epidermis cells are slightly micro-
structured with cuticular folds (Fig. lc, f), whereas stomatal
guard cells are very sparsely covered by scale-shaped epicu-
ticular wax projections (Fig. 1g—i). Both leaf surfaces bear
accumbent glandular trichomes with short stalks (stalked
glandular heads, terminology after Voigt et al. 2007; Fig. 1a,
d). Density of stomata was slightly higher on the abaxial
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side (47-50 per mm?, n = 3) than on adaxial side (3640
per mm?, n = 3). Density of trichomes was much lower on
the abaxial side (0-1.25 per mm?, n = 3) than on the adaxial
side (1012 per mm?, n = 3).

Each pretarsus of N. viridula bears a pair of flexible
pulvilli, rounded cuticular structures connected to the lat-
eral parts of the claws (Fig. 2a, b). The ventral surface of
the pulvilli appears rather smooth at low magnification,
whereas the dorsal surface contains a pattern of micro-
scopical grooves (Fig. 2b, c). Together with these distally
situated smooth flexible pads, N. viridula bears also a hairy
pad on the ventral side of its pretarsus (Fig. 2a, d, e). The
claw tip diameter was measured from SEM images and is
7.9 & 0.4 um, n = 34 (mean =+ s.e.m.).

Attachment ability of N. viridula to smooth hydrophilic
and hydrophobic substrates and to the host plant leaves

In the experiments with centrifugal force tester, the friction
forces as well as the safety factors generated by females
and males of N. viridula were not statistically different
(Figs. 3, 4), even if the females (199.99 + 10.09 mg) body
mass was higher than that of males (133.86 & 6.15 mg)
(t = 5.25; df = 37; p < 0.0001). The friction force and the
safety factor were higher on hydrophilic surface (glass)
than on more hydrophobic surface (epoxy resin). The inter-
action between the sexes and the different surfaces was not
statistically significant (Figs. 3, 4).

In males, the safety factor ranged from 17 to 59 on
hydrophilic substrates and from 10 to 49 on more hydro-
phobic substrates. In females, the safety factor was 10-70
on hydrophilic substrates and 5-64 on more hydrophobic
substrates.

In males, the friction force on hydrophilic surface
increased significantly (=027 F = 6.3; df =1, 17;



J Comp Physiol A (2017) 203:601-611

605

Fig. 1 Native abaxial (a—c) and adaxial (d—f) leaf surfaces of V. faba
under Cryo-SEM. a, d Leaf surfaces showing glandular trichomes; b,
e epidermis cells with strongly convex surface profile; ¢, f microstruc-

p = 0.022) with increasing body mass, while in females
this dependence has not been highlighted (¥* = 0.005:
F=0.1;df =1, 18; p = 0.77) (Fig. 5a). The safety factor
in both males (r2 =0.002: F=0.03;df=1,17; p =0.88)
and females (r2 =0.17: F=3.6;df =1, 18; p = 0.08) did
not show a significant dependence on body mass (Fig. 5b).

In the traction force experiments, the safety factor
recorded on the different surfaces was non-significantly
different between males and females (Fig. 6). It was
higher on hydrophilic surface (glass) than on hydropho-
bic surface (epoxy resin) and V. faba leaf, and was lower
on V. faba leaf than on hydrophilic and hydrophobic
surfaces. The friction forces on adaxial and abaxial leaf
sides differed non-significantly. The interaction between
the sex and different surfaces was not statistically sig-
nificant (Fig. 6). There was no significant difference
between the safety factor obtained on the glass at the
beginning (0.13 £ 0.07) of the experiment compared to

10" am

ture of epidermis cells showing cuticular folds (arrow); g—i stomatal
guard cells sparsely covered by scale-shaped epicuticular wax projec-
tions (arrows)

that obtained at the end (0.12 £ 0.07) of the experiment
(t=0.93; df =39; p = 0.3591).

Attachment ability of N. viridula to artificial substrates
with different roughness

The measured friction force of N. viridula varied signifi-
cantly depending on the surface roughness (see Table 2),
but not on the bug sex. The interaction between the sexes
and the different surfaces was not statistically significant
(Fig. 7). The higher attachment ability was recorded on the
surface with the highest asperity size (G). On other surfaces
(A-F), the higher force was generated on smooth surface
(A) and on surfaces with R, = 1.65 (D) and R, = 3.64 (E),
while the lower force was obtained on those with R, = 0.35
(B) and R, = 4.04 (F), with the minimum value on that
with R, = 0.80 (C) (Fig. 7).
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Fig. 2 Tarsus of N. viridula under Cryo-SEM. a Ventro-lateral view
showing different attachment devices: claws (C), a pair of flexible
pulvilli (P) and hairy tarsal pad (HP); b dorsal view of the pretarsus
showing the claws and pulvilli with microscopical grooves (arrows);

df. F P
70 Sex 1325 00798
m female O male Error 37
Surface 1 23.55 <0.0001
_ 60 a Surface xSex 1 0.18  0.6741
=3 Error 37
£ 50 b
3 T
2 40
2 1
§30
ke
T 20
10
0

Hydrophilic surface (glass) Hydrophobic surface (epoxy resin)

Fig. 3 Friction force generated in centrifugal force experiments by
Nezara viridula males and females on smooth hydrophilic and more
hydrophobic surfaces. Bars indicate the mean + s.e.m. Column cou-
ples (male and female) with different letters are significantly different
at p < 0.05, Tukey’s HSD post hoc test. Table inset shows the statisti-
cal parameters of two-way repeated measures ANOVA
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200 |J|ﬁ

¢ ventral view of one pulvillus showing its rather smooth surface; d
lateral view of the basitarsus showing the hairy pad; e detail of the
hairy pad showing the tips of the hairs

df. F P

Sex 1 1.00 0.3233
40 | mfemale Omale Error 37

Surface 1 22.23 <0.0001
35 a SurfacexSex 1 0.07 0.7918

Error 37
30 b

T

Safety factor
S

Hydrophilic surface (glass) Hydrophobic surface (epoxy resin)

Fig. 4 Safety factor (friction force divided by the insect weight)
obtained in centrifugal force experiments with Nezara viridula males
and females on smooth hydrophilic and more hydrophobic surfaces.
Bars indicate the mean + s.e.m. Column couples (male and female)
with different letters are significantly different at p < 0.05, Tukey’s
HSD post hoc test. Table inset shows the statistical parameters of
two-way repeated measures ANOVA
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Fig. 5 Dependence of the friction force (a) and the safety factor (b)
on the body mass of males (solid line and black circles) and females
(broken lines and open circles), obtained in centrifugal force experi-

30 mfemale Omale

df. F P
Sex 1 3.31  0.0770
a Error 38
25 Surface 3  19.70 <0.0001
Surface x Sex 3 1.35 0.2619
Error 114
_ 20 b
]
13} Cc
©
c
:_; 15
2
*
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0

Hydrophilic surface Hydrophobic surface Adaxial leaf side  Abaxial leaf side

(glass) (epoxy resin)

Fig. 6 Safety factor (friction force divided by the insect weight)
obtained through a traction force experiments set up, with Nezara
viridula males and females on smooth hydrophilic and more hydro-
phobic surfaces and on the two sides of Vicia faba leaf. Bars indicate
the mean + s.e.m. Column couples (male and female) with different
letters are significantly different at p < 0.05, Tukey’s HSD post hoc
test. Table inset shows the statistical parameters of two-way repeated
measures ANOVA

Discussion
Morphology of N. viridula attachment organs

We have found that each tarsus of N. viridula, belonging
to the family Pentatomidae, bears a pair of distal smooth
flexible pulvilli and a hairy pad on the ventral side of
its basitarsus, with no evident sexual dimorphism. This
condition is different from that described in other Het-
eroptera families such as Coreidae with smooth flexible
pulvilli, (Gorb and Gorb 2004), Lygaeidae with arolium
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ments on hydrophilic surface. Data fitted with linear regression and
analyzed by one-way ANOVA

df. F P

140 | Sex 1 073 0.3999
— Error 38
& 40 | Surface 6 4477 <0.0001 mfemaleimale
o Surface x Sex 6 1.09 0.3670
15 100 Error 228
o
p b b b
2 80
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Fig. 7 Normalised friction force (maximal friction force on the dif-
ferent test surfaces normalized as percentage of the maximal force
produced on glass) generated by Nezara viridula males and females
on artificial epoxy resin surfaces with increasing roughness (see
Table 2). Date were obtained with a traction force experiments set up.
Bars indicate the mean £ s.e.m. Column couples (male and female)
with different letters are significantly different at p < 0.05, Tukey’s
HSD post hoc test. Table inset shows the statistical parameters of
two-way repeated measures ANOVA

(Beutel and Gorb 2001), Mirinae with an arolium and
smooth euplantulae (Voigt et al. 2007), Reduviidae with
smooth pulvilli and a fossula spongiosa (Beutel and
Gorb 2001), and Pyrrhocoridae with smooth pulvilli and
hooked setae (Gorb et al. 2004).

It is known that many insects have different types of
pads on the same leg, not only distal adhesive pads, but also
pads located further proximally on the tarsus. For example,
cockroaches (Clemente and Federle 2008), mantophasmids
(Beutel and Gorb 2008) and stick insects (Gorb et al. 2002)
show euplantulae on their tarsal segment and an arolium,
while wasps (Gladun et al. 2009) and ants (Endlein and
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Federle 2015) bear a distal arolium and proximal frictional
setae on the ventral side of their third and fourth tarsal seg-
ments. Investigations on the attachment ability of the above
mentioned insects showed a division of tasks between the
proximal and distal parts of the tarsus, with the proximal
pads serving mostly friction and the distal adhesive pads
being more specialized for adhesion (Roth and Willis
1952; Gorb et al. 2002; Beutel and Gorb 2008; Clemente
and Federle 2008; Bullock and Federle 2009; Labonte and
Federle 2013; Endlein and Federle 2015). A similar situa-
tion presumably applies to N. viridula, where distal smooth
flexible pulvilli and hairy pads on the ventral side of its
basitarsus could serve different functions.

Attachment ability of N. viridula to smooth hydrophilic
and hydrophobic substrates in a centrifugal force tester

The data collected in the present study using a centrifugal
force tester reveal the good attachment ability of N. virid-
ula bugs to different substrates, including rather challeng-
ing ones. Indeed, since the safety factor was always higher
than 1, it was concluded that adhesion has strongly con-
tributed to the measured friction. In N. viridula, the safety
factor ranged from 5 to 70 on the different tested surfaces;
interestingly, notwithstanding the different attachment
devices, the same range (7-70) has been calculated in the
bug C. marginatus on polished Plexiglas (Gorb and Gorb
2004). These values are intermediate between the high
safety factor values recorded in some Coleoptera belong-
ing to Chrysomelidae, such as L. decemlineata (Voigt et al.
2008), G. viridula (Zurek et al. 2017) and G. nymphaeae
(Grohmann et al. 2014), and the low safety factor values
obtained in C. pomonella belonging to Lepidoptera (Al
Bitar et al. 2009).

Notwithstanding the significantly different body mass
of the two sexes of N. viridula, with females being heavier
than males, our results revealed no difference among the
friction forces they generated. Moreover, in this species,
the friction force increases with increasing body mass in
males but not in females and no correlation was evident
between safety factor and body mass. A difference in the
friction force between the two sexes has been previously
recorded in L. decemlineata (Voigt et al. 2008) and G. vir-
idula (Zurek et al. 2017), but not in C. pomonella (Al Bitar
et al. 2009). However, in these three species, a difference
in the safety factor of the two sexes has been found. This
is due to the sexual dimorphism in the attachment devices,
such as in L. decemlineata (Voigt et al. 2008), or to the dif-
ference in body mass, such as in C. pomonella (Al Bitar
et al. 2009). The lack of a correlation between friction force
and body mass in N. viridula females could be explained
by the differences in the egg load among the females used
in the experiments. The evidence that relatively heavier
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animals generate relatively lower force has been demon-
strated in many insects with different attachment devices,
where the safety factor decreased slightly with an increas-
ing body mass, for example, in C. marginatus (Gorb and
Gorb 2004). This evidence seems not to be confirmed in
N. viridula, but Gorb and Gorb (2004) tested the broader
range of masses of different developmental stages without
distinction between the two sexes, whereas in the present
study on N. viridula, we tested only adult animals. Fur-
ther investigations on the role of the egg load in the female
attachment ability of N. viridula should be performed to
clarify this aspect.

The centrifugal experiments revealed a different attach-
ment ability of N. viridula bugs to hydrophilic and more
hydrophobic substrates. Both the friction force and safety
factor were higher on the hydrophilic surface (glass, water
contact angle about 37°) than on the more hydrophobic one
(epoxy resin, water contact angle about 82°). However,
the role of substrate wettability on the adhesion ability of
insects is not fully clear because of the contrasting results
obtained in the different researches with different insects
(Al Bitar et al. 2009; Liiken et al. 2009; Priim et al. 2013;
Grohmann et al. 2014). Our results on N. viridula are in
line with those of Liiken et al. (2009) on the beetles Cylas
puncticollis and Coccinella septempunctata In this regard,
the role of tarsal fluid needs to be elucidate.

Attachment ability of N. viridula to smooth hydrophilic
and hydrophobic substrates and to the host plant leaves
in traction force experiments

In the traction force experiments, similar to that obtained
with the centrifugal force tester, the safety factor obtained
for different surfaces was non-significantly different
between males and females: it was higher on the hydro-
philic surface (glass, water contact angle about 40°) than on
the hydrophobic surface (epoxy resin, water contact angle
about 98°). Our results also showed that the safety factor
was lower on both sides of V. faba leaf compared with both
hydrophilic and hydrophobic artificial surfaces. This result
could be explained by a combined effect of the low leaf
surface wettability (contact angle of water 86—87°), simi-
lar to that of more hydrophobic artificial surface, and the
combined effect of the coarse (R, = 20-23 pm) and fine
(R, = 3-4 um) leaf surface roughness. In this regard, it is
important to note here that although insect adhesive pads
have evolved for efficient locomotion on plant surfaces,
during the long period of coevolution with insects, plants
have developed a wide diversity of structural and chemical
features on their surfaces for defense against herbivores:
the evolution of plant surfaces and insect pads is a com-
petition between insect attachment systems and plant anti-
attachment surfaces (Gorb 2005). Interestingly, N. viridula
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bugs showed similar friction forces on adaxial and abaxial
leaf sides of V. faba. This is in agreement with the similar
morphology of the two V. faba leaf surfaces: We found no
specialized defensive structures on the abaxial side of the
plant leaf nor a particular adaptation of N. viridula tarsi to
this side of the leaf, where usually oviposition takes place
(Tood and Herzog 1980; Colazza and Bin 1995). The lack
of specific adaptations of the bug to this plant species can
be explained by the fact that N. viridula is a very polypha-
gous herbivore-attacking different plants belonging to at
least 32 families (Panizzi et al. 2000).

Another interesting result of this study is that insect
attachment forces revealed by the application of two differ-
ent methods were different on the same substrates (Figs. 4,
6). The larger values in centrifugal force experiments than
in traction experiments can be explained by two aspects.
First, the centrifugal experiment corresponds to a situation,
where an external force is applied to an insect, whereas the
traction experiment rather corresponds to the general loco-
motion situation, where the force is generated by an insect
itself. This implies that the attachment forces measured in
the centrifugal experiment correspond to the maximum
resistance of adhesive system to external forces, whereas
the attachment force of the traction experiment might be
limited by the performance of skeleton-muscle system.
Second, the velocity of the animals on the centrifuge might
be higher than in the traction experiment, which can poten-
tially add to viscose effects on the centrifuge, and therefore
to the stronger forces measured in this type of experiment.

Attachment ability of N. viridula to artificial substrates
with different roughness

The friction force varied significantly with roughness, with
no significant difference between males and females. The
higher attachment ability was recorded on the surface with
very high asperity (G), (R, about 109 um). At large scales,
surface roughness strongly enhances attachment abilities
of insects due to an increased contribution of the claws.
It is known that insect tarsi equipped only with claws
can attach to a vertical surface only at a substrate rough-
ness comparable or larger than the diameter of the claw tip
(Dai et al. 2002; Song et al. 2016). Considering that in N.
viridula, claw tip diameter is about 7.9 um, in our experi-
ments the role of claws can be taken into account only on
the surface with very high asperity (G). Claws can have a
relevant role on plant surfaces covered with large trichomes
where one can expect strong attachment of N. viridula. On
surfaces with the roughness ranging from R, = 0.12 pm
(smooth surface) to R, = 4.04 um, the higher attachment
force was generated on the smooth surface, probably due
to the contribution of smooth flexible distal pulvilli, which
are possibly adapted for generating adhesion to relatively

smooth surfaces. On the surfaces with very fine asperities
(R, = 0.80 um), the force is considerably lower, if com-
pared to the smooth surface. Similar effect, previously
reported in the fly Musca domestica (Peressadko and Gorb
2004) and beetles G. viridula (Zurek et al. 2017) and L.
decemlineata (Voigt et al. 2008), was explained by the
reduction of the contact area between small surface irregu-
larities and the characteristic size and shape of setal tips,
typical of the hairy attachment devices of these insects. The
previous authors found the minimum friction force on sur-
faces with asperity sizes of 0.3 and 1 pm; the force tended
to increase with an increase of the asperity size due to the
involvement of claws (Voigt et al. 2008). Similarly, in our
experiments with N. viridula, the friction force increased at
R, = 1.65 um, but surprisingly decreased at higher R, val-
ues (3.64 and 4.04 um). We hypothesize that these results
differing from those obtained with other insects could be
related to the particular combination of two types of attach-
ment devices of N. viridula showing both distal smooth
adhesive pads and hairy pads located proximally on the tar-
sus. An effect of the tarsal fluids produced by the two dif-
ferent pads of N. viridula could be also a reason for these
differences.
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