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Abstract Chrysochus chinensis (Baly) (Chrysomelidae: Eumolpinae) is a phytophagous leaf
beetle that excels in climbing on its host plants’ leaf surfaces and has well-developed adhesive
setae on its feet. Using scanning electron microscopy, we examined the ultrastructure of the
adhesive setae and recognized three types of setae, namely pointed, spatulate, and discoidal.
The terminal plate areas of the three types of setae were 7.59 = 1.76 um? 41.16 = 1.46 pm?,
and 63.65 + 2.35 um?, respectively. The three-dimensional topography of the terminal plates
of three types of setae were imaged with an atomic force microscope. We found that the terminal
plate of the discoidal seta had a concave center and a high circular edge, and the edge was
200400 nm higher than the center. The ventral side of the spatulate seta was smooth with a
200-nm-high edge at two sides of the terminal plate. The results showed that the discoidal
seta had the biggest terminal plate area (63.65 + 2.35 um?) and its topography can gather
liquid and produce a 200- to 400-nm-thick fluid film between the terminal plate and smooth
substrates. With the help of capillary force of the tarsal secretion, it can enhance adhesion
force. The function of the discoidal seta, which is only present on male beetles, is hypothesized
to serve for strong attachment force during mating.
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The attachment ability of insects on smooth substrates has attracted considerable
interest since the beginning of the study of the natural sciences. Many insects are
capable of walking on a vertical wall, glass, or other smooth surfaces with the help
of the adhesion force generated by their feet (Gorb and Beutel 2001, Walker 1993).
In some cases, the adhesion force of insects can reach up to 100 times their body
weight (Vogel and Steen 2010). The tiny adhesive devices on insects’ feet play a
major role in the attachment process, and they are usually located on the distal part
of legs, such as tibia, tarsus, or pretarsus (Gorb 2001, Beutel and Gorb 2001).
Throughout evolution, insects have developed two entirely different mechanisms for
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attachment—"smooth” and “hairy” (Gorb 2001). The smooth adhesive devices are
composed of sacculate and soft materials, such as smooth arolium in Hymenoptera,
smooth pulvilli in Cicadellidae and Pentatomidae, and smooth euplantulae in Orthop-
tera (Federle et al. 2001, 2002; Goodwyn et al. 2006; Orivel et al. 2001; van Casteren
and Codd 2010). The hairy adhesive devices are pads covered with hair (setae).
These devices are classified into different types according to their distribution and
morphology, that is, hairy pulvilli in Diptera, a fossula spongiosa in Reduviidae,
and hairy adhesive soles of tarsomeres in Coleoptera (Betz 2003, Beutel and Gorb
2001, Bullock and Federle 2011b, Gorb 1998, Pelletier and Smilowitz 1987, Stork
1980, Stork and Evans 1976, Weirauch 2007, Wigglesworth 1987).

In many Coleoptera, there are amounts of microscale adhesive setae on the ven-
tral side of the tarsus. Each seta consists of two parts: a long setal shaft and an
expanded terminal plate. On the basis of the shape of terminal plates, these setae are
classified into different types. Diverse adhesive setae have been found in different
groups of Coleoptera, and even one species may have several different setal types
(Betz 2003, Bullock and Federle 2011b, Liu and Liang 2013, Pelletier and Smilowitz
1987, Stork 1980, Stork and Evans 1976). The terminal plate of an adhesive seta that
directly contacts a substrate is a very important ultrastructure in the adhesion process.
The Van der Waals force and capillary force between the terminal plate of an adhe-
sive seta and a substrate provides most of the adhesion force (Autumn et al. 2000,
Eisner and Aneshansley 2000), so the adhesion force is largely related to the shape,
area, and topography of the setal terminal plate. Previous studies usually provided
two-dimensional images of the adhesive devices, but the three-dimensional topogra-
phy was still unknown. To solve this problem, we observed both the two-dimensional
ultrastructure and three-dimensional topography of different types of adhesive setae
in a leaf beetle Chrysochus chinensis (Baly) (Chrysomelidae: Eumolpinae).

Chrysochus chinensis is a medium-sized phytophagous leaf beetle and is
extremely good at climbing on leaves or stems. It is widely distributed in the Palearctic
realm of East Asia. Adult beetles emerge in middle or late May, reach peak numbers
in June, and disappear in early September (Yu et al. 1996). They have complicated
diets, primarily feeding on Cynanchum chinense R. Brown (Contortae: Asclepiada-
ceae) and Ipomoea aquatica Forsskai (Tubiflorae: Convolvulaceae) (Jiang 1980).
The leaves of Cy. chinense are covered with short hairs, and the leaves of . aquatica
are relatively smooth without hairs. The hairs on plant leaves have multiple functions
including defense against insects by affecting their movement (Gorb and Gorb 2002,
Tian et al. 2012). Chrysochus chinensis can attach to the surfaces of their host plants
or other smooth surfaces with their feet. Thus, it is a suitable research object to inves-
tigate the two- and three-dimensional ultrastructures of the adhesive setae.

Atomic force microscopy (AFM) was used to observe the three-dimensional
topography of the adhesive setae of Ch. chinensis. AFM is a powerful technique
that allows the detailed study of surface morphology and mechanical properties of
biological materials at the nanoscale or atomic scale (Pettinger et al. 2010). Three
AFM imaging modes exist: tapping mode, contact mode, and noncontact mode. The
PeakForce quantitative nanomechanical mapping (PF QNM) tapping mode is an
advanced tapping mode; images sample topography at very high spatial resolu-
tion while simultaneously mapping and distinguishing the nanomechanical prop-
erties such as adhesion force, modulus, dissipation, and deformation depth. Of
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importance, PF QNM is nondestructive to both tip and sample because changes
in force are directly used as feedback rather than the oscillation amplitude of the
cantilever (Braet et al. 1998, 2001), allowing for accurate measurement of the
soft biological hairs used in this experiment.

Materials and Methods

Specimens of investigation. Twenty specimens of Ch. chinensis, including
10 male and 10 female beetles, were collected from Cy. chinense (Asclepiadaceae)
at Olympic Forest Park, Beijing, China in July 2014. The specimens were deposited
in the Insect Collection of the Zoological Museum, Institute of Zoology, Chinese Acad-
emy of Sciences, Beijing, China.

Scanning electron microscopy (SEM). The tarsi of forelegs, mesolegs, metal-
egs, and elytra were dissected from the body, cleaned with 2% phosphate-buffered
saline, stepwise dehydrated in ascending ethanol concentrations (70%, 80%, 90%,
95%, 100%, x3), CO, critical-point dried, coated with platinum, and then viewed with
a Hitachi SU8010 field emission scanning electron microscope (Hitachi Co. Ltd.,
Tokyo, Japan).

The SEM images were postprocessed with Adobe Photoshop (Adobe Inc.) The
area of the tarsi and the length of setae were measured and analyzed using the soft-
ware package Image-Pro plus 6.0 (Media Cybernetics Inc.). Each part was measured
more than three times and averaged.

Atomic force microscopy. For measuring the three-dimensional topography
by AFM, untreated tarsi of Ch. chinensis were dissected and fixed with the setae
lying supinely. The discoidal setae were gently removed by scraping using a thin
blade from the center of the first tarsomere of male beetles. The spatulate and pointed
setae were separately removed from the third and the first tarsomeres of female bee-
tles. Then these setae were placed into a drop of distilled water on a glass slide.
The setae usually clustered together, so they were scattered in water using an
insect needle. Then the water was evaporated and dried by heating. In this process
the setae were fixed on a glass slide with the help of water. We positioned the setae
to measure the surface because the adhesive setae of Ch. chinensis were too long
and too soft and were easily deformed and disturbed under a very tiny pressure force;
the acquired images were unstable and unrepeatable. This method would not destroy
the topography of terminal plates. Before measurement we used a high-power optical
microscope to preliminarily fix the position of the target seta.

All experiments were conducted under ambient laboratory conditions (temperature:
292 K; air humidity: 46%). Measurement was carried out using a Dimension ICON2-
SYS atomic force microscope (Bruker Co. Ltd., Berlin, Germany). Key scan parame-
ters like setpoint, feedback response, and scan rate were automatically selected and
constantly adjusted. The model of the AFM probe used was SCANASYST-AIR, which
has a triangular silicon nitride cantilever and a rotated symmetric tip. The cantilever
used featured a normal spring constant of 0.4 N/m, as well as a normal resonant fre-
quency of 70 kHz. The tip of the probe was equipped with a normal curvature radius
of approximately 2 nm.

The surfaces of the discoidal setae were scanned in longitudinal direction. Images
of 20 X 20 pm? area were scanned at 256 X 256 pixels in a PF QNM tapping mode.
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The height sensor signal was used to display the surface image using nanoscope
analysis v1.7 (Bruker Nano Surfaces, Santa Barbara, CA).

Results

Ultrastructure of the terminal plates of adhesive setae. We examined the
two-dimensional ultrastructures of adhesive hairs (setae) on the ventral surface of
tarsi in both male and female Ch. chinensis using SEM. Chrysochus chinensis
had five tarsomeres, with four tarsomeres visible from the ventral side. The first
tarsomere of the male Ch. chinensis was wider than that of the female beetle. The
proximal three tarsomeres that directly contacted the surface during attachment
were covered with dense adhesive setae. Each single seta consisted of two parts:
a setal shaft and a modified apex (terminal plate). According to the shape of the ter-
minal plates, three different types of setae (pointed, spatulate, and discoidal) were
recognized (Fig. 1). Measurements of the three types of adhesive setae of Ch. chi-
nensis are listed in Table 1.

These three types of setae were separately situated in specific parts of the tarsus.
The three female leg pairs and male metalegs had only two types of setae (Fig. 1G-I),
but all three types of setae were present on male forelegs and mesolegs (Fig. 1A—F).
The distribution of all three types of setae on male forelegs and mesolegs was
indicated with three different colors, with the tapered, spatulate, and discoidal setae
highlighted in blue, green, and orange, respectively.

Tapered setae were located on the ventral surfaces of the first and second tarso-
meres of the three female leg pairs and the male metalegs (Fig. 1G, H) and were pre-
sent only at the edge of the first and second tarsomeres of the male forelegs and
mesolegs (Fig. 1A, C). This type of seta was straight at the base and tapered upward,
82.01 = 1.71 (n = 10) um in length and 3.24 + 0.12 (n = 10) um in width at the base
(Fig. 1C). The mean (= SE) area of the terminal plates of tapered setae was 7.59 =
1.76 (n = 10) um?. On average the density of the tapered setae was 0.97 + 0.09 (n =
10) per 100 um? area.

Spatulate setae were situated on the ventral surfaces of the third tarsomeres of
both female and male leg pairs (Fig. 1A, G). The setal shaft is straight, 80.25 =
1.68 (n = 10) um in length and 3.13 * 0.16 (n = 10) um in width. Each seta had a
spatulate and broad terminal plate (Fig. 1D, I). The widest part of the terminal plate
was 10.38 * 0.24 (n = 10) um in width. The ventral and dorsal surfaces of the ter-
minal plate were both smooth. The density of the spatulate setae was 0.93 = 0.12
(n = 10) setae per 100 pm? area on average.

Discoidal setae were found only in the center of the first and second tarsomeres
of the male forelegs and mesolegs and were absent on female legs (Fig. 1A, E, F).
The setal shaft was straight, 75.63 = 3.48 (n = 10) um in length and 4.29 = 0.20
(n =10) um in width. Each seta had a round to oval-shaped terminal plate. The ter-
minal plate is 10.24 = 0.35 (n = 10) um in the long diameter and 8.47 = 0.27 (n =
10) um in the short diameter. The density of the discoidal setae was 0.73 = 0.08
(n = 10) per 100 pm? area on average.

Three-dimensional topography of the terminal plates of adhesive setae.
With SEM, we can obtain the ultrastructure of adhesive setae, but the images of
SEM remain only two dimensional. The three-dimensional topography of the termi-
nal plates of three types of adhesive setae (pointed, spatulate, and discoidal) were

$S900E 981J BIA Z0-/0-GZ0Z 1e /woo Alojoeignd-pold-swiid-yewssiem-1pd-awiid//:sdiy woll papeojumoc]



LIU AND LIANG: Ultrastructures of Micron-Scale Adhesive Setae 5

Fig. 1. Ultrastructure of the tarsus and adhesive setae of Chrysochus chinensis.
(A) Front tarsus of male, ventral side. (B) An ungue of male. (C) Pointed
setae of male. (D) Spatulate setae of male. (E, F) Discoidal setae of male.
(G) Front tarsus of female, ventral side. (H) Pointed setae of female. (l)
Spatulate setae of female. Blue indicates the distribution of the pointed
setae, green indicates the distribution of the spatulate setae, orange indi-
cates the distribution of the discoidal setae.

imaged and measured with AFM. The height of investigated materials must be lim-
ited to <12 pum across the z-axis for Dimension ICON. The length of the setae
upright onto the tarsus extended far beyond the range in the z-axis, causing the
tested seta to move even under very little pressure and would lead to unstable and
unrepeatable images. To avoid this, a single seta was positioned and mounted on a
glass slide so that the range in the z-axis was reduced to <2,500 nm.

The three-dimensional topography of the terminal plate surface was recorded
at a high spatial resolution (256 X 256) with AFM. Both the ventral side and the
dorsal side of the terminal plate of the three types of setae were scanned in our
experiment. As shown in Fig. 2, the ventral side of the pointed seta was narrow
and the center part was slightly raised (Fig. 2A). The dorsal side of the pointed
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Fig. 2. Three-dimensional topography of the terminal plate of a single adhe-
sive seta of Chrysochus chinensis. (A) Ventral side of a pointed seta.
(B) Ventral side of a spatulate seta. (C) Ventral side of a discoidal
seta. (D) Dorsal side of a pointed seta. (E) Dorsal side of a spatulate
seta. (F) Dorsal side of a discoidal seta.

seta was smooth (Fig. 2D). The ventral side of the spatulate seta was triangular
and smooth with a short edge at two sides of the terminal plate. The edge was
about 200 nm high (Fig. 2B). The spatulate seta had rows of shallow longitudinal
ridges on its dorsal surface and the sides were about 100 nm high (Fig. 2E). The
surface topography of the ventral side of the discoidal seta was slightly concave in
the main part of the terminal plate with a circular and high edge (Fig. 2C). The edge of
the discoidal seta is 200—400 nm higher than the center. The surface topography of the
dorsal side of the discoidal seta was smooth and its tip lifted a little in front (Fig. 2F).
There was a boundary between the terminal plate and its setal shaft. The images
obtained were stable and the trace and retrace height profiles at the same position
were similar. Vertical movement of the z-piezo ranged from 0 to 2,361 nm.
Ultrastructure of the elytra epidermis of Ch. chinensis. According to our
observations, during mating, males usually remained on the back of females. They
grabbed the edge of female elytra with the sharp ungues and adhered to the
female elytra epidermis with the tarsal ventral side. It was quite difficult to separate
them. We examined the elytra ultrastructures of female Ch. chinensis using SEM and
found that there were many tiny holes uniformly distributed on the elytra; the other part
of the elytra was smooth without special structures. We examined the elytra ultrastruc-
tures of female Ch. chinensis using SEM and found that there were many tiny holes uni-
formly distributed on the elytra; the other part of the elytra was smooth without special
structures (Fig. 3). The density of the holes was approximately 11/0.25 mm? (n = 5)
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Fig. 3. Ultrastructure of the elytra epidermis of female Chrysochus chinensis.
A. Dorsal view of the elytra. B Hairs on the elytra.

and the average distance between two adjacent holes was 136.53 = 11.81 um. The
distance was much larger than the size of adhesive setae. There was a spine in each
hole, which was 31.80 + 5.00 um (n = 5) long.

Discussion

This research aimed to provide the two-dimensional ultrastructure and three-
dimensional topography of the micron-scale adhesive setae in Ch. chinensis and
to explore the mechanism of attachment. According to our results, Ch. chinensis
had three types of adhesive setae, pointed, spatulate, and discoidal, on the ventral
side of the first to the third tarsomeres. The pointed and spatulate setae were on
both female and male beetles, whereas the discoidal setae were observed only on
males. Our result showed that the terminal plate of the discoidal seta had a con-
cave center and a high edge (200—400 nm higher than the center). This structure
was more likely to gather and hold a 200- to 400-nm-thick layer of liquid film between
the terminal plate’s surface and the substrate. The fluid film could provide a capillary
force to enhance the foot adhesion force.

In contrast to geckoes and spiders, which use a “dry adhesion” mechanism in
which the adhesion force is Van der Waals force (Arzt et al. 2003; Autumn et al.
2000, 2002; Huber et al. 2005), insects, including beetles, use a “wet adhesion”
mechanism. They adhere to substrates with the additional aid of fluid film that is
secreted by gland cells under epidermis of the tarsus (Betz 2003). The secretion
droplet volume of ladybird beetles reduced to 65% within 1 h, suggesting compara-
tively stable compounds in the beetle fluid (Peisker and Gorb 2012). The topography
(a concave center and a higher edge) of the discoidal seta terminal plate was a suit-
able structure for wet adhesion. For the beetle’s micron-scale setae, the function of
capillary force plays a more significant role than Van der Waals force, although on a
submicron scale or nanoscale spatula of gecko’s toe hairs, Van der Waals interaction
is no longer negligible and can compete with the capillary force (PGeim at al. 2003).

Numerous studies have shown that many insects have excellent adhesion abili-
ties on smooth substrates, including artificial and natural substrates (Edwards
1982; Eigenbrode 1996, 1999; Federle et al. 2002; Stork 1980). For insects using
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an attachment mechanism based on hairy structures, the strong attachment ability to
smooth surface is based on the maximized real contact area between the foot and
surfaces (Kesel et al. 2004, Ruibal and Ernst 1965). However, usually the surfaces in
the natural environment are not absolutely smooth, rather than slightly structured in
the microscale. “Slightly structured” means that the surfaces have a microtexture. The
claws cannot sufficiently catch the substrate, and a normal foot cannot contact the
substrate completely because there are some micron-scale gaps on slightly struc-
tured surfaces. It is easier for the smaller setal terminal plates to insert into the gaps
of a slightly structured surface and to obtain a real contact area (Bullock and Federle
2011a). The miniaturized contact elements of the attachment apparatus and numer-
ous hairs can provide sufficient adhesion forces (Autumn et al. 2000).

According to our results, the three types of setae of Ch. chinensis had tiny terni-
mal plates. The pointed setae had the smallest terminal plates (7.59 + 1.76 um?)
and the spatulate setae had middle-sized terminal plates (41.16 = 1.46 pm?),
compared with the largest terminal plate (63.65 + 2.35 um?) in discoidal setae.
Although compared with a discoidal seta the pointed seta and the spatulate seta
have smaller terminal plate areas and the adhesion force of each seta is subse-
quently weaker, it can still provide sufficient adhesion force when the small setae
are able to move into the gaps and every terminal plate can contact the substrate
completely. To do so, the setae need to be quite small and be in large numbers. In
addition to adhesion forces, they also can supply a strong friction to hold the body
from dropping (Bullock and Federle 2011a). The function of both tapered and spat-
ulate setae is for climbing (Stork 1980), but they produce more friction rather than
adhesion (Bullock and Federal 2011a).

The discoidal seta of the male Ch. chinensis, which is very common on most
male leaf beetles, is a good model for artifically imitating. The discoidal setae have
the biggest terminal plate area (63.65 + 2.35 um?). The surface topography of the
expanded terminal plate directly affects the adhesion force. The topography of dis-
coidal setae can gather liquid and produce a 200- to 400-nm-thick layer of fluid film
between the terminal plate and smooth substrates. With the help of capillary force
of the tarsal secretion, it can provide a strong adhesion force. On a smooth surface,
such as the smooth female elytra, the real contact area of a discoidal seta is approx-
imately equal to the terminal plate area, so this type of seta might be more suitable
for smooth surfaces.

In our observation of mating behavior, the male beetles used the fore- and meso-
legs to tightly latch onto the elytra of female beetles. The function of the discoidal
seta, which is only present on the fore- and mesolegs of male beetles, is to serve for
strong attachment force during mating and, thus, it is also called “sex seta” (Stork
1980). Most parts of the elytral epidermis were quite smooth; the distance of the
holes on the elytra were much larger than the length of the discoidal, spatulate, or
tapered terminal plates. Thus, most of the terminal plates could contact the smooth
elytra completely. We hypothesized that the discoidal seta might be a functional
structure adapting to the female elytral surface.

Factors that affect adhesion force are complicated, such as contact area, sur-
face topography, number of adhesive setae, secretion and capillary force, softness
of setal materials, length of setal shafts, and even the incline angle of the terminal
plate surface.
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Conclusion

The surface topography of the discoidal seta was slightly concave in the main
part of the terminal plate with circular and high edges. This topography can more
easily gather liquid and produce a 200- to 400-nm-thick layer of fluid film. With the
help of the capillary force produced by the secretion of tarsal gland cells, it can pro-
vide strong adhesion force. For the beetle’s micron-scale setae, the function of
capillary force plays a more significant role than Van der Waals force. The discoi-
dal setae, which exist only in male beetles, may play roles in the mating process
as the tarsi of male fore- and mesolegs were observed contacting the surface of
the female beetle’s elytra while mating. Although the terminal plates of tapered
and spatulate setae were relatively smaller and the ability of collecting fluid film is
weaker compared with discoidal seta, the discoidal seta could more easily insert
into the gaps of a slightly rough surface and be more suitable for the slightly rough
natural environment such as host plants. Complicated factors, including the real
contacting area, number of adhesive setae, surface topography, secretion, and
capillary force, can affect the adhesion force.
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